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Editorial on the Research Topic
Mitochondrial OXPHOS System: Emerging Concepts and Technologies and Role in Disease

Mitochondria are eukaryotic organelles responsible for generating the main bulk of ATP, the cellular energy currency, via the process of oxidative phosphorylation (OXPHOS). The OXPHOS system is unique because it comprises subunits of dual genetic origin, encoded in the mitochondrial and the nuclear genomes. Therefore, to form the multimeric membrane-bound complexes responsible for this energy production process, proteins translated inside the organelle must be assembled in coordination with those expressed in the cytosol and imported into mitochondria by using a sophisticated import and translocation machinery. The idea that the OXPHOS system plays a role not only in ATP production but also in regulating many physiological and pathological processes has been emerging for more than 10 years. Recent evidence points to the existence of intricate quality control systems that guarantee the functionality of mitochondria, as well as the interactions of intramitochondrial and extramitochondrial factors that ultimately influence mitochondrial bioenergetics. For these reasons this Research Topic is a timely release, covering emerging concepts relating to the structure, function, and regulation of the OXPHOS system. In addition, the Research Topic also presents novel technological approaches to unravel the yet unknown intricacies involving this group of protein complexes as well as new mechanisms or pathways linking OXPHOS dysfunction and pathological states.
This Research Topic comprises thirteen contributions, including nine reviews, one perspective and three original research articles that highlight relevant new aspects influencing mitochondrial OXPHOS fitness. Guitart-Mampel et al. analyze the role of inorganic polyphosphate (polyP) in bioenergetics by using wild-type and MitoPPX SH-SY5Y (cells enzymatically deprived of mitochondrial polyP) via a thorough analysis of the changes in cell physiology, proteome and metabolome. Two key metabolic mitochondrial pathways (OXPHOS and TCA cycle) were affected by deficiency in polyP. This observation could be linked to a regulatory role of polyP in processes altered in neurodegenerative disorders, such as reactive oxygen species (ROS) production, apoptosis, inflammation, or energy metabolism. Illescas et al. explore mitochondrial function within a broader cellular context, depicting how cytoskeleton dynamics is related not only to mitochondrial trafficking, dynamics, and apoptosis but also to biogenesis and metabolism. Interestingly, they report novel findings of actin filaments located outside and inside mitochondria and the relevance of gelsolin (one of the most abundant actin-binding proteins) to mitochondrial function. Other articles in the Research Topic offer an updated view of key molecular pathways inside mitochondria. Padavannil et al. explore the intriguing question of why accessory subunits of Complex I (CI) have been added during evolution to the fourteen conserved core subunits. To explain the evolutionary and functional reasons for these additions, they used a combination of available structural information from CI assembly, subunit knockout, knockdown, and mutagenesis, and clinical studies. As a result of this analysis, they propose more sophisticated molecular functions for each of the accessory subunits, including, for example, assembly coordination, scaffold for protein localization to the cristae, response to ROS generation and sensors for energy supply/output. Eaglesfield and Tokatlidis provide an updated overview concerning the structure and mechanisms of protein insertion into mitochondria, highlighting the most exciting features of the various molecular machineries conducting protein translocation and insertion (including the TOM, MIM, SAM, TIM22 and TIM23 complexes, and OXA1). Den Brave et al. summarized the most recent and compelling insights on protein quality control mechanisms at the mitochondrial surface. They describe the current molecular pathways by which cells can survey and cleanup the mislocalization of mitochondrial proteins and protein blockages of the mitochondrial import channel in order to ensure optimal mitochondrial function.
An important focus of this Research Topic has been to highlight new experimental approaches that can be implemented to uncover different aspects of mitochondrial biology. Mitochondrial disorders affect various tissues and organs, and developing physiologically relevant cellular models is critical to understanding the basis of their pathology. Pavez-Giani and Cyganek present the latest advances in the use of human induced pluripotent stem cells to study mitochondrial cardiomyopathies. They analyzed different reported iPSC-CM models used to study a range of mitochondrial genetic mutations and their characteristics. They additionally describe the general limitations of this approach and different strategies to overcome them. Cabrera-Orefice et al. summarize the most relevant aspects of Complexome Profiling. This resolutive approach combines the separation of membrane complexes by native electrophoresis, size exclusion chromatography, or density gradient centrifugation with proteomic mass spectrometry analysis. This technique has proven its usefulness in evaluating the inventory, abundance, and arrangement of OXPHOS Complexes and related factors in health and disease. The authors give examples of different uses for this technical approach and discuss the limitations, improvements, and the use of Complexome Profiling to complement, for example, structural methods. Finally, Robinson et al. present an elegant original research article illustrating the application of carbonate extraction of mitochondrial membrane proteins, coupled to mass spectrometry, to investigate OXPHOS structural defects. In this way, they generated membrane association profiles for >800 mitochondrial proteins and clustered them into 6 different groups based on resistance to carbonate extraction at different pH Using Complex III (CIII) knockout cell lines as an example, they used this technique to assess the destabilization of protein associations within the mitochondrial membranes induced by CIII assembly defects.
The last group of articles uncovers new concepts related to mitochondrial dysfunction and disease. Zhang et al. link mitochondrial dysfunction and severe liver disease. Their review discusses how liver dysfunction impacts mitochondrial fitness and consequently which mitochondrial parameters could be used as a hallmark of liver disease. They further define novel methodologies for assessing mitochondrial function in this context and propose strategies to reverse the metabolic reprogramming observed in advanced liver disease. In their perspective article, Flønes and Tzoulis evaluate the role and influence of OXPHOS in idiopathic Parkinson’s disease (PD) neurodegeneration. They consider different aspects of OXPHOS dysfunction in PD patients to enlighten the nature of this defect in the brain. More specifically, they explore the discrepancies found in the OXPHOS phenotypes of PD patients, possible molecular causes for the defects, links to other known hallmarks of PD, such as alpha-synuclein, and the potential downstream impact of OXPHOS dysfunction in PD pathology. Chowdhury et al. summarize the most recent insights into the role of released mitochondrial nucleic acids and immune system activation. They provide a comprehensive review of the main pathways involved in nucleic acid release from mitochondria, sensing mechanisms, and the consequences of these molecular processes on human health. They point out how mitochondrial RNA and DNA release may play an essential role in critical diseases such as autoimmune disorders and neuroinflammatory diseases. Interestingly, mitochondrial gene expression requires approximately 25% of the mitochondrial proteome, highlighting the complexity and relevance of this process for mitochondrial physiology. Wang et al. present a thorough review analyzing the connection between mitochondrial translation and disease. They review the different molecular steps in the process and the known mutations that affect these steps. Furthermore, they discuss the possibility of different regulatory mechanisms mediated by microRNAs, as well as the coordination between cytosolic and mitochondrial translation. Finally, Jennings et al. contributed an original research article describing the molecular consequences of DNAJC3 mutations associated with a multisystemic neurological disorder and diabetes. Disruption of this Endoplasmic Reticulum (ER) BiP co-chaperone leads to alteration of lipid and cholesterol metabolism, resulting in ER stress, activation of the unfolded protein response (UPR), β-amyloid accumulation, and ultimately an alteration of the OXPHOS system. Interestingly, the abundance of OXPHOS subunits and, concomitantly, mitochondrial respiration rates were increased in these mutants, indicating a possible pro-survival mechanism triggered by ER-stress.
In conclusion, this Research Topic of articles summarizes and describes novel molecular aspects of mitochondrial fitness, state-of-the-art technologies to study mitochondrial organization, and novel associations of mitochondrial dysfunction to diseases. It provides an update on the most relevant insights into mitochondrial pathophysiology, setting the path to bringing discoveries into current experimental and clinical practices.
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Mitochondria are one of the most important organelles in cells. Mitochondria are semi-autonomous organelles with their own genetic system, and can independently replicate, transcribe, and translate mitochondrial DNA. Translation initiation, elongation, termination, and recycling of the ribosome are four stages in the process of mitochondrial protein translation. In this process, mitochondrial protein translation factors and translation activators, mitochondrial RNA, and other regulatory factors regulate mitochondrial protein translation. Mitochondrial protein translation abnormalities are associated with a variety of diseases, including cancer, cardiovascular diseases, and nervous system diseases. Mutation or deletion of various mitochondrial protein translation factors and translation activators leads to abnormal mitochondrial protein translation. Mitochondrial tRNAs and mitochondrial ribosomal proteins are essential players during translation and mutations in genes encoding them represent a large fraction of mitochondrial diseases. Moreover, there is crosstalk between mitochondrial protein translation and cytoplasmic translation, and the imbalance between mitochondrial protein translation and cytoplasmic translation can affect some physiological and pathological processes. This review summarizes the regulation of mitochondrial protein translation factors, mitochondrial ribosomal proteins, mitochondrial tRNAs, and mitochondrial aminoacyl-tRNA synthetases (mt-aaRSs) in the mitochondrial protein translation process and its relationship with diseases. The regulation of mitochondrial protein translation and cytoplasmic translation in multiple diseases is also summarized.

Keywords: mitochondria, protein translation, translation factors, mitochondrial ribosome, mitoribosome assembly factors, mitochondrial aminoacyl-tRNA synthetase, translation activators, cytoplasmic translation


INTRODUCTION

Mitochondria are important, semi-autonomous organelles in eukaryotic cells. Their independent genetic system includes mitochondrial DNA (mtDNA), messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA), and ribosomes. Mitochondrial DNA replication, mRNA transcription, and protein translation occur independently, including the synthesis of polypeptides encoded by mtDNA. Human mtDNA comprises 16,569 base pairs and exists in multiple copies (Surovtseva et al., 2011). The mitochondrial genome lacks introns and contains only one major non-coding region, as well as a displacement loop (D-loop), which contains the promoter for transcription initiation. Mitochondrial DNA has heavy (H) and light (L) strands. The L-chain is rich in adenine and thymine, encoding one protein (ND6) and eight tRNAs. The H-strand is rich in guanine and encodes the remaining 12 proteins and 14 tRNAs (Shokolenko and Alexeyev, 2015). Despite the presence of this system, most mitochondrial proteins are encoded by nuclear DNA (nDNA). Only 13 of the proteins involved in the respiratory chain of mitochondria are encoded by mtDNA. These 13 are the core components of the mitochondrial respiratory chain complex. ND1–ND6 and ND4L are subunits of complex I. Cytochrome b (CYTB) is a subunit of complex III. COX1–COX3 are subunits of complex IV. Finally, ATP6 and ATP8 are subunits of ATPase (complex V). All complex II subunits are encoded by nDNA and are translocated through the mitochondrial membrane (Schulz et al., 2015).

Mitochondrial translation includes initiation, elongation, termination, and ribosome-recycling stages (Figure 1). The mtDNA encodes two rRNAs, 22 tRNAs, and 13 proteins, which are important for mitochondrial function and biogenesis (Yokokawa et al., 2018). Mammalian mitochondrial ribosomes (mitoribosomes) synthesize proteins essential for ATP production via oxidative phosphorylation (OXPHOS). Mitochondrial translation mechanisms differ from those of cytoplasmic ribosomes, and are more similar to prokaryotic translation (Koripella et al., 2019a). At each stage, mitochondrial protein synthesis requires a series of mitochondrial factors (Mai et al., 2017). These include two initiation factors (MTIF2 and MTIF3), three elongation factors (EFTU, EF-TS, and mtEF-G1), a release factor (MTRF1L), and two ribosome recycling factors (MRRF and EF-G2mt). All are necessary for mitochondrial translation. Deficiency or mutation of these factors leads to abnormal mitochondrial translation and a series of metabolic disorders.
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FIGURE 1. Human mitochondrial translation. The process includes four phases: initiation, elongation, termination, and recycling. In the initiation phase, two distinct pre-initiation assembly steps, termed mitochondrial preinitiation steps 1 and 2 (mtPIC-1, mtPIC-2) are established. In the elongation phase, the aminoacyl-tRNA is transferred to the A site of mitochondrial ribosome by GTP ⋅ EFTU, and GTP ⋅ EFTU is transformed into GDP ⋅ EFTU. EF-TS converts GDP ⋅ EFTU to GTP ⋅ EFTU. The peptide-tRNA in the P site is transferred from the P site to the A site. mtEF-G1 binds to the ribosome at the A site and promotes translocation of the ribosome along the mRNA by inducing movement of A-tRNAs and P-tRNAs to the P site and E site. The tRNA at the E site leaves the monomer and this cycle continues until the polypeptide is completed and the stop codon appears at the A site. MRRF and EF-G2mt promote the separation of ribosomal subunits; MTIF3 combines with the small mitochondrial ribosomal subunits to prevent the premature reassociation of the large and small subunits.


Translation in mitochondria is carried out by specialized mitoribosomes. Mammalian mitochondrial ribosomes consist of a large subunit (39S) and a small subunit (28S). The large subunit contains a 16S rRNA and 48 proteins, while the small subunit contains a 12S rRNA and 30 proteins. To visualize the process of translation in human mitochondria, Aibara et al. (2020) determined eight cryogenic electron microscopy (cryo-EM) structures of human mitoribosomes in complex with mitochondrial mRNA (mt-mRNA), mitochondrial tRNAs (mt-tRNAs) and additional factors in different states. Most mutations in nuclear genes encoding mitoribosomal proteins, as well as mitochondrial DNA encoding tRNAs and 12S rRNA, lead to clinically and genetically heterogeneous infant multisystem diseases, such as Leigh’s syndrome, sensorineural hearing loss, encephalomyopathy, and hypertrophic cardiomyopathy (Jacobs and Turnbull, 2005; Perez-Martinez et al., 2008; Rotig, 2011).

Mitochondria are involved in many physiological and pathological processes, including electron transport, OXPHOS, fatty acid metabolism, and the tricarboxylic acid cycle. Changes in mitochondrial protein structure and function are involved in many human diseases, including nervous diseases, cardiovascular diseases, and cancers (De Silva et al., 2015; Mai et al., 2017; Ferrari et al., 2020; Kummer and Ban, 2021). Most mitochondrial diseases are characterized by oxygen- and phosphorus-related damage, affecting the OXPHOS system (Torraco et al., 2015). Many mitochondrial diseases are caused by defective mitochondrial protein synthesis. Mutations or deficiencies in mitochondrial protein translation factors (Table 1), mitochondrial tRNAs, mitochondrial aminoacyl-tRNA synthetases (mt-aaRSs), mitochondrial ribosomal proteins (MRPs), or mRNA, rRNA, and tRNA modification enzymes can lead to translation disorders and a wide range of phenotypes and diseases.


TABLE 1. Mitochondrial translation factor mutations and related diseases.
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ABNORMAL MITOCHONDRIAL TRANSLATION INITIATION AND DISEASE

The translation initiation process is a highly regulated and rate-limiting step in mitochondrial protein synthesis, which begins with the formation of an initiation complex. In bacteria, the first step of translation initiation is the dissociation of the ribosome into its small subunit (SSU) and large subunit (LSU). Then in the presence of mRNA, formylated methionine (fMet)-tRNAMet (fMet-tRNAMet), and three initiation factors (IF1, IF2, and IF3), the initiation complex can be formed to initiate protein synthesis. In mammalian mitochondria, the separation of the 28S and 39S mitochondrial ribosomal subunits leads to the formation of an initiation complex consisting of the 28S subunit, mRNA, fMet-tRNAMet, and initiation factors (Kuzmenko et al., 2014). These initiation factors (MTIFs) are encoded by nuclear genes that regulate the initiation of mitochondrial translation. One of these, MTIF2, closes the decoding center and stabilizes the binding of fMet-tRNAMet to leaderless mRNAs (Rudler et al., 2019). Therefore, MTIF2 promotes the binding of fMet-tRNAMet with the SSU of mitoribosomes (Gaur et al., 2008). Another important initiation factor is MTIF3, whose function has been widely studied. It enables the initiation codon (AUG) to correctly localize to the peptide (P) site of the mitoribosome and helps the mRNA bind to the mitochondrial SSU. In the absence of mRNA, fMet-tRNAMet and MTIF2 bind weakly to mitochondrial SSU; MTIF3 acts to prevent or correct the premature binding of these components (Christian and Spremulli, 2009). Furthermore, a recent paper mentioned two distinct pre-initiation assembly steps, termed mitochondrial preinitiation steps 1 and 2 (mtPIC-1, mtPIC-2). The study applied cryo-EM and fluorescence analysis to reveal that the interaction between mitochondrial-specific protein mS37 and MTIF3 keeps the mitochondrial SSU in a conformation favorable for the accommodation of MTIF2 in the second step. Then, MTIF2 produces an intermediate state mtPIC-2, which binds to the mitochondrial LSU, replaces MTIF3 with the initial tRNA, and accommodates mitochondrial leaderless mRNA, resulting in the formation of a complete elongation-competent initiation complex (Khawaja et al., 2020) (Figure 1). Some diseases are associated with abnormal mitochondrial translation initiation and mutations in the genes encoding translation initiation factors.


MTIF2

Despite its role in mitochondrial translation, MTIF2 is encoded by a nuclear gene. It participates in the activation of mitochondrial protein translation and is the main regulatory factor for initiation. It is considered to be the functional equivalent of bacterial IF1 and IF2 (Liao and Spremulli, 1990). A 37-residue sequence was inserted into the V and VI domains of MTIF2, making it substitute for the function of IF1. A cryo-EM study showed that this 37 amino acid insertion into MTIF2 produced a similar function to that of IF1, which could stereoscopically block the ribosomal A site, thus promoting the binding of the initial tRNA to the ribosomal P site during translation initiation (Yassin et al., 2011). This insert interacts with the decoding center of the small ribosomal subunit A-site and the 3′-CCA end of the sarcin/ricin loop (SRL) and fMet-tRNAMet near the large ribosome subunit peptidyltransferase center (PTC), under the action of guanosine triphosphate (GTP) and the mRNA template to generate a pre-start complex (Gaur et al., 2008). Mutation of this insertion domain seriously affects the ability of MTIF2 to bind to mitochondrial SSU and the formation of initiation complexes (Spencer and Spremulli, 2005). Similar to other protein synthesis systems, mitochondrial translation is initiated by methionine residues. However, for mitochondria, only one type of tRNAMet is used, which is in the form of fMet-tRNAMet at initiation and Met-tRNAMet during elongation. Formylation of Met-tRNAMet markedly enhances its affinity for MTIF2 (Spencer and Spremulli, 2004; Kummer et al., 2018). MTIF2 contains domains III to VI which are homologous to Escherichia coli IF2. Of these, subunit IV is the domain that mainly binds to fMet-tRNAMet (Spencer and Spremulli, 2004). Subsequently, Kummer et al. (2018) analyzed the cryo-EM structure of the complete translation initiation complex of mammalian mitochondria. They showed that the function of the additional domain insertion of MTIF2, which stabilizes the binding of leaderless mRNAs by closing the decoding center, induces the conformational changes of rRNA nucleotides involved in decoding. H678 of MTIF2 domain IV interacts with formyl of fMet-tRNAMet, while F632 interacts with methionine. The results showed that MTIF2 has a unique function in the identification of fMet-tRNAMet and the regulation of GTPase activity (Kummer et al., 2018). Thus, MTIF2 has dual functions in mammalian mitochondria (Gaur et al., 2008). Therefore, mtIF2 guides the association of fMet-tRNAMet with mRNA and the assembly of mitochondrial 55S ribosomes (D’Souza and Minczuk, 2018).

Previous studies have found a relationship between MTIF2 and cardiomyocyte death (Lee et al., 2019), but no mutation of the MTIF2 gene leading to mitochondrial diseases has been found. Specifically, in cell and animal models, MTIF2 has been linked to the oxidative capacity and redox state of cardiomyocytes (Lee et al., 2019). Its expression is reduced in the hearts of aged and obese mice, which decreases the oxidative capacity of cardiomyocytes. After in vitro hypoxic exposure, insufficient expression of MTIF2 can reduce oxygen consumption and increase cardiomyocyte death. Therefore, MTIF2 is necessary to maintain the oxidative properties of the myocardium, which plays a role in pathological myocardial hypertrophy during aging and obesity (Lee et al., 2019). The lack of MTIF2 in Saccharomyces cerevisiae reportedly results in disordered mitochondrial protein synthesis, which affects respiration. This defect was restored by either the S. cerevisiae MTIF2 gene (IFM1) or cDNA encoding bovine MTIF2 (Tibbetts et al., 2003). A recent study showed that the upregulation of MTIF2 is associated with poor prognosis of lung cell malignancy induced by inorganic arsenic (Zhang et al., 2019).



MTIF3

Mammalian MTIF3 is encoded by nuclear genes. It catalyzes the formation of initiation complexes in the presence of mitoribosomes, mRNA, mitochondrial initiator tRNA, and MTIF2 in vitro, and regulates mitochondrial protein translation. It contains N-terminal and C-terminal domains (NTD and CTD, respectively) that are separated by unstructured, flexible connection zones (Koc and Spremulli, 2002). Unlike its bacterial homolog, MTIF3 possesses unique terminal extensions on its N- and C-termini (Next and Cext, respectively). These extensions may have evolved as adaptations to the mitochondrial environment (Chicherin et al., 2019). The CTD participates in translation regulation in vitro (Haque and Spremulli, 2008). It may also play a role in the kinetics of translation initiation complex formation (Haque and Spremulli, 2008). One finding also showed that the NTD increases the fidelity function of MTIF3 in terms of the selection of the initiation codon and initiator tRNA (through its anticodon stem) (Ayyub et al., 2017). Koripella et al. (2019a) analyzed the cryo-EM structure of the mammalian mitochondrial 28S-MTIF3 complex. Unique contacts between the N-terminal domain (NTD) of MTIF3 and the 28S subunit were observed in the cryo-EM structure, which also explained the high affinity of MTIF3 for the 28S subunit. The location of mito-specific N-terminal extensions (NTE) of MTIF3 indicated the role of NTE in binding of the initial tRNA to the 28S subunit. The location of the CTD imparts anti-association activity, and the orientation of mito-specific C-terminal extensions (CTEs) explains why it can destabilize initiator tRNA in the absence of mRNA. The authors also speculate that CTD can recruit leaderless mRNAs and initiate translation. The study investigated the role of the NTD and CTD of MTIF3 in stabilization of the pre-initiator complex with mitochondrial SSU, also demonstrating the mutual binding site of MTIF3 and tRNA on the ribosome (Koripella et al., 2019a).

Mammalian MTIF3 has an affinity for small mitoribosome subunits. It locates the AUG or AUA promoter of mRNA at the P-site of 28S SSU, prevents the premature binding of 39S large subunits with the 28S SSU, and promotes the dissociation of mitoribosomes (55S) into small (28S) and large (39S) ribosomal subunits (Koc and Spremulli, 2002). It changes the equilibrium between the 55S mitoribosome and the separated 39S and 28S subunits by binding with free 28S, preventing further subunit rebinding. In addition, MTIF3 binds to the 55S mitoribosome and promotes its dissociation. This may be due to the formation of a transient intermediate that is rapidly distributed to the 28S subunit combined with MTIF3 and the free 39S subunit (Christian and Spremulli, 2009). Moreover, mammalian MTIF3 promotes the separation of the initiator tRNA from mitoribosomes with a lack of mRNA (Bhargava and Spremulli, 2005).

Another key role of MTIF3 is in mitochondrial translation initiation by regulating mitochondrial function. One study indicated that MTIF3 is essential for mitochondrial translation initiation and the coordinated assembly of respiratory complexes. Heart-specific and skeletal muscle-specific loss of MTIF3 in mice caused abnormal mitochondrial protein synthesis and induced cardiomyopathy (Rudler et al., 2019). Changes in the function or expression of MTIF3 protein may affect mitochondrial function, ATP production, or the formation of reactive oxygen species (ROS), affecting susceptibility to Parkinson’s disease (PD) and promoting its occurrence (Behrouz et al., 2010). The latter investigators also described an association of the rs7669 variant of MTIF3 with PD risk. Whether rs7669 is a functional variant remains to be confirmed. Thus, MTIF3 mutations are associated with multiple pathological processes such as PD, obesity, and diabetes. A synonymous polymorphism (Asp266Asp, caused by c.798C>T) is associated with sporadic PD, indicating that MTIF3 may be involved in the pathogenesis of PD (Anvret et al., 2010), and this single-nucleotide polymorphism (SNP, c.798C>T) in MTIF3 was shown to be strongly related to the PD allele by another group (Abahuni et al., 2007). MTIF3 is also involved in obesity (Abadi et al., 2016). It was reported that an MTIF3 SNP (rs4771122) is associated with increased body mass index (BMI) in Mexican children (Abadi et al., 2016). In addition, MTIF3 autoantibodies were found in patients with type I diabetes, indicating that MTIF3 is related to diabetes (Bian et al., 2017).



MITOCHONDRIAL TRANSLATION ELONGATION AND DISEASE

Elongation is the core of protein synthesis and is the most conserved (Ott et al., 2016). In the process of protein synthesis, ribosomes move along the mRNA, which is decoded continuously through the interaction between mRNA codons and the anticodons of cognate tRNAs on the SSU. The aminoacyl (A) site, the peptidyl (P) site, and the exit (E) site are three binding sites for tRNAs in the ribosome. EFTU, EF-TS, mtEF-G1, and GUF1 are involved in the regulation of mitochondrial translation elongation. EFTU brings aminoacyl-tRNA (aa-tRNA) to the ribosomal A-site and coordinates specific codon: anticodon pairing between the mRNA and tRNA. Then, EFTU mediates hydrolysis of GTP and release of newly formed EFTU ⋅ guanosine diphosphate (GDP). EF-TS promotes GDP release from EFTU. GDP, regenerating EFTU ⋅ GTP. Next, under the catalysis of the large ribosomal subunit, peptide bonds are formed between the peptide-tRNA at the P site and aa-tRNA at the A site. mtEF-G1 (also called GFM1) then binds to the ribosomal A site and promotes ribosomal translocation along the mRNA by inducing A- and P-tRNAs to move to the P and E sites, respectively (Christian and Spremulli, 2012; Hallberg and Larsson, 2014; Ott et al., 2016) (Figure 1). The clinical expression levels of EFTU, EF-TS, and mtEF-G1 can reflect the function and translational speed of mitochondria; they can be used to evaluate the functional state of cells. Mutations in genes encoding these factors lead to mitochondrial disease (Wang X. Q. et al., 2017). Clinical manifestations include diverse diseases and phenotypes. These are usually disabling, progressive, and/or fatal, affecting the brain, liver, skeletal muscle, heart, and other organs (Boczonadi and Horvath, 2014; Diodato et al., 2014).


EFTU

A highly conserved GTPase, EFTU is encoded by the TUFM gene. EFTU is highly conserved and has 55–60% homology with bacterial EFTU (Woriax et al., 1995). In its active form (EFTU ⋅ GTP), aa-tRNA is transferred to the A-site of the mitoribosome to coordinate codon:anticodon pairing between the mRNA and tRNA through the formation of a ternary complex. Because this process requires energy, EFTU ⋅ GTP is converted to the EFTU ⋅ GDP inactive complex by EFTU-mediated GTP hydrolysis. The latter is released from ribosomes as the substrate of EF-TS, which promotes the exchange of GDP and GTP, reactivating GTP (Di Nottia et al., 2017). After correct codon:anticodon pairing, EFTU ⋅ GDP leaves the mitoribosome and aa-tRNA enters the P-site. At the P-site, the formation of peptide bonds is catalyzed by the large ribosomal subunit and the growing peptide chain is elongated (Boczonadi and Horvath, 2014). Binding at the A-site, GFM1 promotes the translocation of the ribosome along the mRNA by inducing movement of A-tRNAs and P-tRNAs to the P site and E site, respectively (Cao and Qin, 2016). The overall structure of EFTU ⋅ GTP is similar to that observed in E. coli, but the nucleotide binding domain (domain I) is in a different orientation compared with that observed in prokaryotic EFTU. In addition, domain III is followed by a short extension of 11 amino acids, forming one helical turn (Polekhina et al., 1996). It is an important step for EFTU to select the correct aa-tRNA for the ribosome A site to ensure the fidelity of translation. Using structure-based and explicit solvent molecular dynamics simulations based on recent cryo-EM reconstructions, Girodat et al. (2020) investigated the structural mechanism of how EFTU is involved in proofreading. They found that switch I of EFTU is a gate that facilitates aa-tRNA selection. Switch I of EFTU converts from an α-helix to a β-hairpin to control the movement of aa-tRNA in the accommodation corridor through steric interactions between Arg58 and the correct acceptor stem of aa-tRNA. Recent studies have also shown that EFTU plays a non-canonical role in the regulation of mitophagy mediated by PINK1. EFTU has mitochondrial-cytosolic dual localization. Ser222 of EFTU is phosphorylated by PINK1, which localizes it mainly in the cytosol and plays a role in inhibiting mitophagy (Lin et al., 2020).

Mutations in TUFM are associated with OXPHOS deficiency, which leads to lactic acidosis and fatal encephalopathy (Cao and Qin, 2016). A study described a patient with a homozygous mutation in TUFM. The patient was affected by neonatal lactic acidosis, rapidly progressive encephalopathy due to mitochondrial translation disorder, and mtDNA-related mitochondrial respiratory chain (MRC) complex deficiency (Valente et al., 2007). Another study described the case of a female infant with polycystic encephalopathy, micropolygyria, and leukodystrophy changes. An Arg336Gln substitution in EFTU was identified and associated with the failure to form active EFTU; the GTP⋅aa-tRNA ternary complex affected mitochondrial translation (Valente et al., 2009). In mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) myoblasts, an almost complete lack of respiratory chain complexes I, IV, and V has been attributed to a heteroplasmic m.3243A>G substitution in the mitochondrial tRNALeu(UUR) (Emperador et al., 2016). The authors reported that the overexpression of EFTU or EF-G2mt (also called GFM2), but not EF-TS or GFM1, partially suppressed the phenotype. The finding of EFTU phosphorylation during myocardial ischemia and reperfusion prompted the hypothesis that the phosphorylation of mitochondrial translation factors inhibits mitochondrial protein synthesis, indicating that mitochondrial protein synthesis is a decisive factor in myocardial ischemia-reperfusion injury (He et al., 2001). Therefore, TUFM may affect the function of the mitochondrial respiratory chain by regulating mitochondrial translation and may play an important role in encephalopathy and other diseases.

A novel c.964G>A mutation in TUFM changed the evolutionarily conserved EFTU-Gly322 residue to Arg, resulting in an approximately 80% decrease in expression. Patients harboring this pathological variant of TUFM displayed metabolic acidosis and hyperlactatemia. Neurological examination revealed severe encephalopathy and leukodystrophy with microlymph nodes (Di Nottia et al., 2017). The cases presented in these studies have expanded the phenotypic characteristics of TUFM-related diseases, which are characterized by lactic acidosis and dilated cardiomyopathy, without progressive encephalopathy. These findings have implicated TUFM as a candidate gene for early cardiomyopathy and in the differential diagnosis of metabolic cardiomyopathy (Hershkovitz et al., 2019).

Moreover, some studies have shown that EFTU is involved in the process of epithelial-to-mesenchymal transition (EMT); thus, it is expected to become a new prognostic indicator. In human cancer tissues, EFTU has been reported to be downregulated; moreover, EFTU knockdown induced EMT by activating the AMPK-GSK3β/β-catenin pathway (He et al., 2016). Overexpression of EFTU in colorectal carcinoma (CRC) has been described. This may be a promising new prognostic indicator for CRC (Shi et al., 2012). Another study showed that EFTU was deubiquitinated by ubiquitin-specific peptidase 5 (USP5), and its level increased in CRC (Xu et al., 2019). Moreover, EFTU knockout decreased mitochondrial respiratory chain activity, increased glycolysis, and produced ROS, inducing EMT (Samec et al., 2018). However, it has also been reported that high expression of EFTU in gastrointestinal stromal tumors (GISTs) is related to the occurrence, development, and prognosis of the tumors (Weng et al., 2020).

Some studies have shown that EFTU also participates in the process of disease by regulating oxidative stress. Silencing TUFM in Paracoccidioides brasiliensis reportedly alters translation elongation, causes respiratory defects, and increases the sensitivity of yeast cells to reactive oxygen stress, indicating the involvement of TUFM in the pathogenicity of this fungus (Marcos et al., 2019). Moreover, EFTU can physically interact with Xeroderma pigmentosum group D (XPD) protein, which is involved in mitochondrial oxidative DNA damage repair (Liu et al., 2015). Recently published articles have reported that EFTU is associated with Alzheimer’s disease (AD)-like pathologies. The expression of EFTU is decreased in the brains of AD patients. Further studies showed that EFTU participates in the pathological process of AD through ROS in Beta-secretase 1 (BACE1) translation, apoptosis, and tau phosphorylation (Zhong et al., 2021).



EF-TS

EF-TS is a guanine nucleotide exchange factor encoded by TSFM. This factor combines with the EFTU ⋅ GDP complex to promote GDP release and form a stable EFTU ⋅ EF-TS heterodimer. GTP then promotes the separation of EF-TS from this complex and regenerates EFTU ⋅ GTP, which then binds to another aa-tRNA. This ternary complex combines with the ribosome A site. When the correct codon:anticodon recognition is established, GTP is hydrolyzed, EFTU ⋅ GDP is released, and the cycle repeats (Cai et al., 2000; Mai et al., 2017). The three-dimensional crystal structure of the bovine EFTU ⋅ EF-TS complex has been determined (Jeppesen et al., 2005).

Studies have described that decreased EF-TS in fibroblasts induced the upregulation of EFTU and mitochondrial biogenesis-related genes, along with increased expression of respiratory chain subunits and an increase in normal oxygen consumption rate (Perli et al., 2019). Forced overexpression of EFTU in cells obtained from carriers of pathogenic TUFM mutations can rescue EFTU deficiency. The predicted instability of EF-TS and EFTU in a bioinformatics analysis was consistent with a significant decrease in the steady-state levels of both proteins in clinically affected myocardium (Perli et al., 2019). These findings indicate that the lack of respiratory chain enzymes leads to OXPHOS dysfunction and eventually to multiple mitochondrial diseases.

Symptoms of mitochondrial cardiomyopathy caused by mitochondrial translation disorder have been described for a patient with a new complex heterozygote variant in TSFM (Perli et al., 2019). Two novel compound heterozygous mutations, c.944G>A, p.Cys315Tyr and c.856C>T, p.Gln286Xaa, in the TSFM gene of patients with juvenile-onset Leigh disease, ataxia, neuropathy, and optic atrophy, were reported to lead to EFTU protein degradation and marginally increased mitochondrial protein translation activity (Ahola et al., 2014). Recently, the first case of a patient with a childhood-onset chorea caused by complex heterozygous mutation of TSFM (MIM∗604723) without basal ganglis lesions was reported (van Riesen et al., 2021).

A homozygous mutation of EF-TS (p.Cys997Thr) was found in both patients with encephalomyopathy and hypertrophic cardiomyopathy. The mutation resulted in mitochondrial translation defects and reduced amounts of assembled complexes I, IV, and V in fibroblasts (Smeitink et al., 2006). SNP genotyping has been used to detect homozygous TSFM mutations. The p.Arg312Trp substitution changed arginine to tryptophan, suggesting that mitochondrial translation deficiency is an increasingly serious cause of infant liver failure (Vedrenne et al., 2012). Another homozygous missense mutation was found in the mitochondrial translation elongation factor TSFM gene in a patient with slow progressive childhood ataxia and hypertrophic cardiomyopathy (Ahola et al., 2014; Emperador et al., 2016). Whole-exome sequencing (WES) was used to identify mutations in the TSFM gene leading to p.Gln111ThrfsTer5 and RNA mis-splicing in a patient with rare mitochondrial disorders (Seo et al., 2019). There is evidence that children with hypertrophic or dilated cardiomyopathy who progress slowly due to TSFM mutations develop neurological symptoms that include optic-nerve and/or peripheral neuropathy, ataxia, Leigh disease, and others, which are the main manifestations of the disease (Emperador et al., 2016). A next-generation sequencing (NGS)-based multigene panel for mitochondrial dysfunction was used to identify a TSFM homozygous variant, c.547G>A, p.Gly183Ser, associated with early onset encephalomyopathy with sensorineural hearing loss and peculiar neuroimaging features. This result showed that EF-TS-mediated mitochondrial protein translation is valuable for studies of mitochondrial diseases in children with neurological and cardiac involvement (Scala et al., 2019). A patient with a novel TSFM mutation has been reported to have an adult-onset complex generalized hyperactivity disorder (Traschutz et al., 2019). The collective findings indicate that TSFM mutations are the cause of autosomal recessive mitochondrial cardiomyopathy, encephalopathy with optic and/or peripheral neuropathy, ataxia, and Leigh syndrome.



mtEF-G1

The human genes GFM1 and GFM2 encode mtEF-G1 and EF-G2mt, respectively. Both are highly conserved homologs of bacterial translation elongation factor G (EF-G). The mtEF-G1 elongation factor displays mitoribosome translocation activity. The EF-G2mt factor disassembles the mitoribosome at the end of translation to allow a subsequent protein-synthesis cycle (Glasgow et al., 2017).

The sequence homology between the functional human mtEF-G1 and its bacterial counterpart is ∼45%. The main difference is that there is a mito-specific extension of 11 amino acids at the former’s C-terminus (Bhargava et al., 2004). It was shown that the CTE in mtEF-G1 is directly involved in the translocation of the mt-tRNA receptor arm at the A site. The complex of human 55S mitochondrial ribosome and human mtEF-G1 has three different conformational states including an intermediate state and post-translocation state (Koripella et al., 2020). mtEF-G1 is a five-domain GTPase that catalyzes the transfer of peptide-tRNA from the A site of the ribosome receptor to the P site after the formation of peptide bonds, while removing the deacylated tRNA, promoting mRNA translocation, and exposing the next codon (Brito et al., 2015). mtEF-G1, as a translational GTPase, uses the energy of GTP hydrolysis to facilitate the rearrangement of the pre-translocation ribosomes and tRNA movement, so as to accelerate the process of translocation (Chen et al., 2013). Cryo-EM structures provide insights into the structures of elongation complexes from mammalian mitochondria at two different steps of the tRNA translocation reaction using in vitro reconstitution systems. Results have shown that mtEF-G1 not only controls the conformational changes in SSU to promote the movement of tRNA, but also causes the large rearrangement of the GTPase-associated center of mitochondrial LSU. mtEF-G1 binding leads to GAC closure, which stabilizes mtEF-G1 from a weakly to a tightly bound state with translocation ability (Kummer and Ban, 2020).

A study described two new mutations in GFM1, which resulted in decreased levels of mtEF-G1, abrogated assembly of mitochondrial complexes III and V, and decreased activity of mitochondrial complexes I and IV. These changes manifested as OXPHOS defects with complex clinical manifestations (Brito et al., 2015). However, the residual steady-state level of mtEF-G1 protein found in the heart and skeletal muscle was higher than that in the liver and fibroblasts, which reduced the sensitivity of these tissues and accentuated the nerve and liver involvement. The difference in residual protein levels among cells may be due to differing regulatory and compensatory responses of the mitochondrial translation system in different tissues (Brito et al., 2015). A tissue-specific effect of novel GFM1 mutations has been described in three patients by other investigators. In these patients, the respiratory chain enzyme activity of muscle and fibroblasts decreased slightly, while the liver function was seriously deficient (Ravn et al., 2015). A GFM1 mutation was found in two siblings with serious defects in mitochondrial translation. This mutation is located in a conserved residue in the GTP binding domain of mtEF-G1 (Coenen et al., 2004). A case report showed a GFM1 mutation in a patient affected by severe, rapidly progressive mitochondrial encephalopathy. This mutation results in a p.Arg250Trp substitution in the mtEF-G1 G′ subdomain and may block ribosome-dependent GTP hydrolysis (Smits et al., 2011a). Another study showed that patients with GFM1 mutations were affected by severe lactic acidosis, rapidly progressive and fatal encephalopathy, and early onset Leigh syndrome (Valente et al., 2007). A novel intronic GFM1 mutation was described. The prognosis of patients with this mutation was poor, with death almost always occurring in infancy, although one child was still alive at 6 years of age (Simon et al., 2017). A comprehensive genomic analysis revealed that GFM1 is one gene mutation known to cause OXPHOS disease in patients with childhood-onset mitochondrial respiratory chain complex deficiencies (Kohda et al., 2016). Recently, a study reported a family that carries a novel GFM1 variant, which is associated with a rare fatal mitochondrial disease. A p.Cys1576Thr mutation in exon 13 of GFM1 resulted in a premature stop codon at amino acid position 526 (Coenen et al., 2004; Su and Wang, 2020). WES revealed a novel composition of two heterozygous mutations of GFM1 in a Chinese child with epilepsy and mental retardation (You et al., 2020). In recent years, nine unrelated children were found to carry GFM1 mutation. All of these patients presented with nervous system involvement during the neonatal period, and five of them were diagnosed with West syndrome. mtEF-G1 expression was decreased, mitochondrial translation was impaired, and OXPHOS protein levels were decreased in these patients (Barcia et al., 2020). In conclusion, GFM1 is one of the known gene mutations causing OXPHOS disease, and its mutations and abnormal expression are closely related to a series of mitochondrial diseases.



GUF1

Bacterial and organellar translation employ a specific regulatory mechanism that differs from that of eukaryotes, involving the highly conserved EF4 translation elongation factor. In this phase of bacterial protein synthesis, EF4 catalyzes the back-translocation of P- and E-tRNAs to A- and P-tRNAs (Zhang et al., 2016). EF4 was originally termed lepA, because the gene encoding the protein is the first cistron of the bicistronic lep operon leader peptidase (lepB or lep) (March and Inouye, 1985). EF4 is highly conserved among all bacteria and almost all eukaryotes. In bacteria, EF4 catalyzes the translocation of peptidyl-tRNA and deacylated-tRNA in the opposite direction of EF-G catalysis. Therefore, EF4 is a back-translocase that maintains translation fidelity by back-translocating the ribosome under stress conditions (Qin et al., 2006). The E. coli lepA translation elongation factor has a mitochondrial homolog, mtEF4. Initial studies on budding yeast identified mtEF4 as an evolutionarily conserved GTPase with unknown function. Accordingly, it was also named GTPase of unknown function 1 (GUF1) (Bauerschmitt et al., 2008). In eukaryotes, the N-termini of GUF1 homologs have a mitochondria-targeting signal localized to the mitochondrial outer membrane and are considered to be mtEF4. Under suboptimal conditions, such as low temperatures and high Mg2+ concentrations, GUF1 mutant yeast displayed enhanced mitochondrial protein synthesis. At higher temperatures, the assembly of cytochrome c oxidase was shown to be defective in GUF1-deficient mutants (Bauerschmitt et al., 2008). The observations that mtEF4 ablation can reduce the mitochondrial translation rate and disrupt the assembly of complex IV-containing supercomplexes support the important roles of mtEF4 in mitochondrial translation and adaptation to stressful conditions, suggesting that mtEF4 is a key protein that maintains the fidelity of mitochondrial protein synthesis (Bauerschmitt et al., 2008; Yang et al., 2014). It has been shown that mtEF4 is essential for the quality control of respiratory chain biogenesis. Dysregulation of mitochondrial translation caused by its overexpression may be crucial in the development of human cancers. Different mtEF4 levels induce distinct bioenergetic pathways in cancer cells due to different types of speed-quality imbalances. Specific downregulation of mtEF4 expression in tumor tissue could be a promising new therapy for cancer treatment (Zhu et al., 2018). Other authors used exome sequencing to detect mutations in relatives of patients with isolated West syndrome. A homozygous variant (c.1825G>T, p.Ala609Ser) was identified in GUF1 in three affected siblings (Alfaiz et al., 2016).

In Caenorhabditis elegans, a GUF1 deletion resulted in delayed growth, and MRC complex assembly defects resulted in mitochondrial dysfunction (Yang et al., 2014). We demonstrated testis-specific dysfunction in OXPHOS by genetic ablation of mtEF4 in mice, leading to male infertility (Gao et al., 2016). Our observations demonstrated crosstalk between the mtEF4-dependent quality control in mitochondria and cytoplasmic mammalian target of rapamycin (mTOR) signaling. We showed that with mtEF4 ablation, the main feedback signal from the somatic cytoplasm was mTOR-upregulated and was accompanied by increased cytoplasmic translation, indicating that mTOR is a critical downstream effector compensating for mitochondrial translation deficiency (Gao et al., 2016). We concluded that cytoplasmic translation regulated by mTOR and mitochondrial translation involving mtEF4 have a bidirectional causal relationship. The essential function of mtEF4 provides a plausible explanation for its high degree of evolutionary conservation throughout eukaryotes. Our findings suggest a disease mechanism involving developmental decoupling of crosstalk, such as during spermatogenesis in the testis or pathological conditions in other tissues. Thus, mtEF4 could be a biomarker for human diseases and a drug target for male contraception (Gao et al., 2016).



MITOCHONDRIAL TRANSLATION TERMINATION/RIBOSOME RECYCLING


Mitochondrial Translation Termination

Once the translation complex reaches the stop codon, the finished protein must be separated from the final tRNA, ribosome, and its homologous mRNA. In human mitochondria, UGA is not a stop codon, but a tryptophan codon. It is striking that AGA and AGG are not arginine codons, but terminating codons, only at the very end of open reading frames (ORFs) of the mitochondrial transcripts MT-CO1 (also named COX1) and MTND6 (also named ND6), respectively. This results in the possibility of a −1 frameshifting mechanism at the termination stage (Richter et al., 2010a). The remaining 11 mitochondrial ORFs are terminated by either the standard stop codon UAA or UAG. Several release factors are required during this termination. The proteins responsible for these functions are termed release factors (RFs). They recognize mRNA stop codons on the ribosome and control termination of protein synthesis (Soleimanpour-Lichaei et al., 2007). When a termination codon appears at the A site, RFs bind to the ribosome and promote ribosomal PTC-dependent hydrolysis of the ester bond of the peptide-based tRNA binding to the P site (Kisselev et al., 2003). Human mitochondria harbor four different members of the class 1 RF family: MTRF1L, MTRF1, MTRFR (previously called C12orf65), and MRPL58 (previously called ICT1) (Akabane et al., 2014). Mammalian MTRF1L is similar to the bacterial RF sequence. The absence of MTRF1L in human cells leads to growth deficiency (Soleimanpour-Lichaei et al., 2007). Changes in MTRF1L levels related to the mitochondrial inner membrane affect assembly of the respiratory complex and ROS production. MTRF1L is responsible for decoding the UAA/UAG termination codon (Kaji et al., 2001), which enables a single MTRF1L to terminate the translation of all 13 mtDNA-encoded peptides. This is sufficient to release all new human mitochondrial gene products from mitoribosomes (Rao and Varshney, 2001). Further analysis of other mitochondrial factors related to mitochondrial translation termination, such as RRFs, will help us to understand the process of mitochondrial translation termination in mammals and the role of MTRF1L (Nozaki et al., 2008). Desai et al. (2020) described the structure of MTRFR and mitochondrial LSU in rescuing the mitoribosome stalled state by analysis of cryo-EM structures of elongating mitoribosomes and revealed that MTRFR ejects the nascent chain (Desai et al., 2020).

The MRPL58 protein is a component of the human mitoribosome. It has codon-independent peptidyl-tRNA hydrolysis activity through its conserved Gly-Gly-Gln (GGQ) motif. Its function is crucial for hydrolysis of peptidyl-tRNAs that have been prematurely terminated in mitoribosomes and for cell viability (Richter et al., 2010b). MRPL58 gene knockout results in apoptosis, decreased mitochondrial membrane potential and mass, and decreased cytochrome c oxidase activity (Handa et al., 2010). The MTRFR protein is similar to MRPL58 and plays a similar role in rescuing stalled mitoribosomes. Its knockdown can increase ROS production and apoptosis, thus inhibiting cell proliferation. Compared with control cells, the mitochondrial membrane potential and mass of MTRFR knockout cells change considerably. These results indicate that the function of MTRFR is crucial for cell viability and mitochondrial function (Kogure et al., 2012). Some human diseases are caused by a disorder of translation termination in mitochondria (Temperley et al., 2003). MTRFR participates in the process of mitochondrial translation and is related to multiple phenotypes, including early onset optic atrophy, progressive encephalomyopathy, peripheral neuropathy, and spastic paraparesis (Fang et al., 2017a). Loss of MTRFR gene function causes mitochondrial translation defects, leading to encephalomyopathy (Temperley et al., 2003). Another study identified a 2-base deletion in MTRFR in a Japanese woman with mitochondrial dysfunction in choroid plexus cell bodies (Nishihara et al., 2017). Other groups identified a novel protein-truncating mutation in the MTRFR gene in a family with neuropathy and optic atrophy. Cells from these individuals exhibited mitochondrial defects, including reduced mitochondrial respiration complex activity and stability, decreased mitochondrial respiration rate, and decreased mitochondrial membrane potential (Tucci et al., 2014). Another group reported that a compound heterozygous mutation of MTRFR caused distal motor neuropathy and optic atrophy in a Chinese patient (Fang et al., 2017b). Siblings diagnosed with combined OXPHOS deficiency type 7 (COXPD7) had MTRFR compound heterozygous mutations. They displayed optic atrophy, mild developmental delays, and bilateral brainstem symmetry (Heidary et al., 2014). Homozygosity mapping was used to identify mutations in MTRFR in two patients who developed Leigh syndrome, optic atrophy, and ophthalmoplegia. Analysis of mitochondrial translation in fibroblasts from these patients revealed decreased mitochondrial translation, with considerable decreases in complexes I, IV, and V, and with a slight decrease in complex III (Antonicka et al., 2010). Finally, the analyses of two affected siblings with mild intellectual disability, spastic paraplegia, and strabismus revealed a homozygous premature stop mutation at codon 139 of MTRFR using homozygosity mapping and exome sequence analysis (Buchert et al., 2013). A homozygous nonsense mutation of MTRFR (NM_001143905:c.346delG, p.Val116∗) was described in a pair of female twins diagnosed with Leigh syndrome (Imagawa et al., 2016). Other groups described four patients with the classical Behr syndrome phenotype who had homozygous nonsense mutations in the MTRFR gene (Pyle et al., 2014). A novel MTRFR mutation was identified in seven affected individuals from two closely related families by whole-genome homozygosity mapping and exome sequencing. Disruption of the GGQ domain in the first coding exon led to a more severe phenotype (Spiegel et al., 2014). In one case, a new pathologic variant of the MTRFR gene was identified. The mutant protein lacked the GGQ domain (Perrone et al., 2020). The homozygous pathologic variant of MTRFR displayed a damaged mitochondrial OXPHOS system. The findings indicated that loss-of-function variants are more likely to lead to disease, while variations affecting the GGQ domain are associated with more severe phenotypes (Perrone et al., 2020). The results of these two cases are consistent, indicating that the GGQ domain of MTRFR is crucial for its phenotype, and its deletion causes a more severe phenotype.



Mitochondrial Translation Recycling

After the termination of protein synthesis, the mRNA and deacylated-tRNA in the peptide/exit (P/E) state remain associated with the ribosome to form the post-termination complex (PoTC) (Kaji et al., 2001). To start a new round of protein synthesis, the ligands binding to ribosomes must be removed from the PoTC and the ribosomes must separate into their two subunits. In this process, the RRF and EF-G2mt cooperate to disassemble the PoTC (Rao and Varshney, 2001), with the EF-G2mt transferred to the A site together with RRF to catalyze the release of mRNAs, deacylated-tRNA, and ribosome subunits, which are necessary for ribosome recycling (Hansen et al., 2000). The binding of EF-G2mt⋅GTP to the RRF-PoTC results in the disassembly of the 55S ribosome into two subunits during GTP hydrolysis (Peske et al., 2005). The cryo-EM structure of the human 55S mitoribosome-RRF complex revealed that the mito-specific NTE of RRF has α-helix and loop structures. These structures produce a functional key region that interacts with mitochondrial ribosomes. The structure revealed the presence of a tRNA at the P/E position and the rotation of small mitochondrial ribosomal subunits upon RRF binding. The research also revealed the interaction between P/E tRNA and mL64. These findings help to understand the unique features of the mitochondrial ribosome cycle (Koripella et al., 2019b). Furthermore, a recent paper mentioned the role of GTP binding protein 6 (GTPBP6), a homolog of the bacterial ribosome recycling factor HflX, in the division of ribosomal subunits, especially under stress conditions. This study showed that GTPBP6 plays a dual role in the ribosome cycle and biogenesis. On the one hand, it is conducive to the dissociation of ribosomes; on the other hand, it promotes the assembly of mitochondrial ribosomes. These findings contribute to our understanding of the assembly of large ribosomal subunits and the mitochondrial ribosomal recycling pathway (Lavdovskaia et al., 2020).

The EF-G2mt [also designated RRF2mt and GFM2 (Takeuchi et al., 2010)] protein mediates ribosomal recycling together with human RRF, but lacks translocation activity. The functional specificity of EF-G2mt involves domains III and IV. Therefore, EF-G2mt represents a class of guanosine triphosphate hydrolases (GTPases) involved in ribosome recycling. It cooperates with RRF and mediates ribosome dissociation during ribosome recycling, which is essential for the recycling stage.

The MRRF protein (also called RRF) was previously named mtRRF-1 (Takeuchi et al., 2010). It is a GTP-binding protein. Its binding can stabilize the rotational conformational state of mitoribosomes and has multiple weakened specific subunit bridges, preparing the complex for the dissociation of the EF-G2mt-binding subunits (Zhang and Spremulli, 1998). Deletion of MRRF in yeast does not decrease mitochondrial protein synthesis or stability of mtDNA. Thus, MRRF is involved in the coordination between yeast mitochondrial translation and OXPHOS assembly (Ostojic et al., 2016). Only the combination of EF-G2mt and MRRF can rescue the temperature-sensitive characteristics of E. coli RRF (Qin et al., 2006).

The MRRF protein is essential for the survival of human cell lines. Depletion of MRRF in human cell lines is fatal, which initially leads to severe mitochondrial abnormalities, mitoribosome aggregation, increased mitochondrial superoxide production, and eventual loss of the OXPHOS complex. Hence, MRRF loss results in decreased growth rate and cell death, leading to a variety of mitochondrial dysfunctions and diseases (Rorbach et al., 2008). Two biomarkers, RRF and ribosomal protein S18 (RPS18), distinguish early PD from normal control samples and are thus considered high-confidence biomarkers of distinct protein autoantibodies for early PD (Wu et al., 2020). These findings could help establish a timely and accurate method for the diagnosis of early PD (Wu et al., 2020). Mutations in GFM2 have been found in patients with Leigh syndrome. GFM2 mutations (c.206 + 4A>G and c.2029-1G>A) were found in both siblings, resulting in abnormal splicing of the premature stop codon (p.Gly50Glufs∗4 and p.Ala677Leufs∗2, respectively). Thus, the GFM2 mutation may be the cause of Leigh syndrome with multiple congenital arthritis phenotypes (Fukumura et al., 2015). WES was used to identify compound heterozygous (c.569G>A, p.Arg190Gln; c.636delA, p.Glu213Argfs∗3) and homozygous (c.275A>C, p.Tyr92Ser) recessive variants of GFM2 in patients presenting in early childhood with global developmental delay, elevated cerebrospinal fluid levels of lactate, and abnormalities on cranial magnetic resonance imaging (Zhang et al., 2016). Further research also identified these recessive GFM2 variants in two unrelated patients with early-onset neurological presentations of mitochondrial disease (Glasgow et al., 2017).



MITORIBOSOMES AND RELATED DISEASE


Mammalian Mitoribosomes and Mitochondrial Ribosome Assembly

Unlike 70S ribosomes in prokaryotes and 80S ribosomes in the cytoplasm of eukaryotes, human (mammalian) mitochondria contain 55S ribosomes (O’Brien, 2003). The mitochondrial genome encodes both 12S rRNA and 16S rRNA, but all MRPs are encoded by the nuclear genome. The rRNAs have catalytic function, while ribosomal proteins have not only structural but also biological function in the process of translation. The MRPs are imported into mitochondria and assembled with the rRNAs transcribed by the mitochondria to form ribosomes responsible for translating mRNAs of 13 essential proteins in the OXPHOS system (O’Brien, 2003). The bovine 55S mitochondrial ribosome with a molecular weight of 2.71 MDa consists of two subunits of different sizes: a small subunit (28S) and large subunit (39S) (O’Brien, 1971). Compared with bacterial 30S consisting of 16S rRNA (1,542 nucleotides) and 21 proteins (S1–S21), the 28S SSU contains a 12S rRNA (950 nucleotides) and 29 proteins (Suzuki et al., 2001). Compared with bacterial 50S composed of two rRNA molecules (5S, 120 nucleotides; 23S, 2904 nucleotides) and 33 proteins (L1–L36), the 39S LSU of mitoribosomes contains a 16S rRNA (1560 nucleotides) and 48 proteins (Koc et al., 2001). Therefore, compared with bacterial ribosomes (33% protein and 67% RNA), the ratio of MRP to RNA is completely reversed, with 69% protein and 31% RNA. Of the 77 mitoribosomal component proteins, almost half are mitoribosome-specific and the remainder are bacterial protein homologs. Sharma et al. (2003) first analyzed the 3-dimensional cryo-EM map of the bovine mitochondrial 55S ribosome with a resolution of 13.5 Å. It was found that many proteins occupied a new position in ribosomes. Mitochondrial ribosomes have intersubunit bridges composed of proteins and have a gate-like structure at the mRNA entrance, which may be involved in the recruitment of unique mitochondrial mRNAs (Sharma et al., 2003). Subsequently, in 2009, the mitochondrial ribosomes of Leishmania tarentolae were reconstructed with a resolution of 14.1 Å. Greber et al. (2015) published the complete structure of the porcine 28S mitoribosome SSU and the reconstruction model of the 55S mitoribosome complexes with mRNA and tRNA. This structure revealed that the interaction between subunits in mitochondria is not as extensive as that in bacteria, and many bridges are formed by mitochondria-specific RNA and protein components. Reduced peripheral contacts may result in increased conformational flexibility of mitoribosomal subunits, including relative tilt between subunits (Greber et al., 2015). Subsequent studies confirmed the previous structure discovery that the large reduction in ribosomal RNA led to topological changes in some function-related regions in mammalian mitoribosomal structures, including the tRNA binding sites and nascent polypeptide-exit tunnels (Kaushal et al., 2015).

Despite the high-resolution mitoribosomal structures, the problem of how these macromolecular structures are assembled remains. Ribosome assembly involves the coordinated processing and modification of the time-related relationship between rRNAs and ribosomal proteins (De Silva et al., 2015). Many ribosome assembly factors act as macromolecular machines to improve efficiency and provide higher levels of control over mitochondrial translation. Mitochondrial assembly factors include GTPases, helicases, pseudouridine synthases, methyltransferases, endonucleases, and factors without known enzyme activity (Lopez Sanchez et al., 2021). To date, many mitochondrial assembly factors are RNA-binding proteins related to 12S and 16S rRNA, which have molecular chaperone activity and help them fold correctly (Lopez Sanchez et al., 2021). Studies have shown that mitoribosome assembly factors play a very important role in the process of mitochondrial translation, and are involved in diseases caused by mitochondrial translation disorders. Next-generation WES helps to identify pathogenic mutations in nuclear genes of different components of the mitochondrial protein translation machinery, including mitoribosome biogenesis and assembly. Pathogenic mutations have been identified in the RNA components of the mitoribosome (12S, 16S, and CP-tRNAVal), MRPs, and mitoribosome assembly factors. These mutations are associated with a wide range of clinical features, can be present at all stages of life, and are associated with variable tissue specificity (Lopez Sanchez et al., 2021).



MRPs Mutations

In 2004, it was reported for the first time that the nonsense mutation of mitochondrial SSU protein S16 (MRPS16) gene significantly reduced the transcription level of 12S rRNA, resulting in mitochondrial protein translation defects. This report found a case of neonatal lactic acidosis with agenesis of corpus callosum, dysmorphism, and lethality. The activities of complexes I and IV in the patient’s muscle and liver were significantly decreased, accompanied by extensive mitochondrial translation defects. Analysis of the patient showed a homozygous C-to-T substitution at nucleotide 331 of the MRPS16 cDNA (Miller et al., 2004). Similar results showed that in Drosophila, a missense mutation in mitochondrial ribosomal protein S12 prevented ribosomal proteins from assembling into active ribosomes, resulting in a significant reduction in 12S rRNA transcripts (Toivonen et al., 2001). Another mitochondrial ribosomal SSU protein mutation occurs in MRPS22. That report identified MRPS22 gene mutations in patients with antenatal skin edema, hypotonia, cardiomyopathy, and tubulopathy born to the same set of consanguineous parents. Transfection with wild-type MRPS22 cDNA could increase 12S rRNA content and normalize enzyme activity (Saada et al., 2007). Another study also reported that a patient with Cornelia de Lange-like dysmorphic features, brain abnormalities, and hypertrophic cardiomyopathy had a mutation in MRPS22. This study found that a mutation at a conserved site in the MRPS22 gene resulted in a p.Leu215Pro substitution, which seriously damaged the mitochondrial protein translation in fibroblasts and caused defects in OXPHOS complexes I, III, and IV. The amount and activity of OXPHOS complex IV and the transcription level of 12S rRNA could be restored to normal levels by transfection to increase the expression of MRPS22 in fibroblasts (Smits et al., 2011b). Researchers investigated phenotypes of mice carrying a homozygous mutation in mitochondrial ribosomal protein of small subunit 34 (MRPS34) and found that the mutant mice developed cardiac hypertrophy and liver steatosis with age. MRPS34 is one of 15 mammalian mitochondria-specific MRPs, which has not been found in the ancestors of bacterial ribosomes (Greber et al., 2015). Further studies have shown that MRPS34 is required for mitochondrial translation, stability of small ribosomal subunits, and its association with the large subunit. The MRPS34 mutation caused an obvious decrease in this protein, resulting in reduced levels of mitochondrial proteins and complexes, which led to decreased oxygen consumption and respiratory complex activity (Richman et al., 2015). The research group then identified the MRPS34 autosomal-recessive mutations in six individuals in four families with OXPHOS deficiency and Leigh syndrome or Leigh-like disease. Further investigation showed that these mutations caused reduced mitochondrial translation and combined OXPHOS deficiency by destabilizing the small mitochondrial ribosome subunit (Lake et al., 2018).

Galmiche et al. (2011) first identified mutations of MRPL3, the first large ribosomal subunit protein, through WES of individuals with multiple respiratory chain defects. The compound heterozygotes with a missense MRPL3 mutation (p.Pro317Arg) and a large-scale deletion were shown to have altered ribosome assembly and mitochondrial translation defects in skin fibroblasts, resulting in abnormal assembly of several respiratory chain complexes (RCC). The investigators also showed that these MRPL3 mutations were the cause of severe hypertrophic cardiomyopathy in four siblings born to non-consanguineous parents (Galmiche et al., 2011). NGS exome sequencing of two siblings with recessive hypertrophic cardiomyopathy uncovered a homozygous mutation (p.Leu156Arg) in the MRPL44 gene. MRPL44 is one of 20 mitochondrial ribosomal LSU proteins without a bacterial homolog and is reported to be located near the tunnel exit of the mitochondrial ribosome in yeast. Missense mutations in the MRPL44 gene affect protein stability, resulting in a severe decline in MRPL44 levels in the heart, skeletal muscle, and fibroblasts of patients. In patient fibroblasts, the reduction in MRPL44 has no effect on de novo mitochondrial translation, but seriously affects the assembly of large ribosomal subunits and the stability of 16S rRNA, resulting in the lack of complex IV. These results indicate that MRPL44 directly affects the assembly and stability of nascent mitochondrial polypeptides such as COX1 and likely interacts with chaperones or assembly factors. These studies suggest that some mitochondrial ribosomal subunit defects can produce tissue-specific phenotypes such as cardiomyopathy (Carroll et al., 2013). This conclusion was further confirmed by another study, which found that the heart muscle is particularly vulnerable to metabolic defects. This study expands the clinical spectrum of mitochondrial diseases associated with MRPL44 and indicates that the defect also leads to slowly progressive multisystem diseases, including those of skeletal muscle, liver, kidney, and the central nervous system. Therefore, MRPL44 mutations are more likely to occur in patients with slowly progressing mitochondrial multisystem diseases, especially in patients with cardiomyopathy (Distelmaier et al., 2015). In addition, one research group sequenced the mitochondrial ribosomal protein L12 (MRPL12) gene in a patient who was born to consanguineous parents and presented with growth retardation and neurological deterioration; they identified a c.542C>T missense mutation in exon 5, which converted a highly conserved alanine to valine (p.Ala181Val). This mutation led to decreased MRPL12 protein levels, which affected the assembly of large ribosomal subunits, caused overall mitochondrial translation defects, and significantly reduced the synthesis of COX1, COX2, and COX3 subunits. Studies in eubacteria have shown that eubacterial L7/L12, which are MRPL12 homologs, play an important role in protein synthesis by interacting with translation factors and regulating the speed and accuracy of protein synthesis (Pettersson and Kurland, 1980; Dey et al., 1995; Helgstrand et al., 2007). Modeling of MRPL12 showed that the p.Ala181Val change may alter the binding with elongation factor, thus reducing the affinity of mutant MRPL12 for the ribosome (Serre et al., 2013).



mt-tRNA (MT-T) MUTATIONS AND DISEASE


mt-tRNA (MT-T) Overview

Among the 37 genes encoded by mtDNA, 13 encode electron transfer chain components, 2 encode mt-rRNAs, and the remaining 22 encode mt-tRNA (MT-T) genes. The MT-T gene has a unique secondary structure and forms endonuclease sites (Ojala et al., 1981; Taanman, 1999). After transcription, 14 cytosine-rich “light” mt-tRNAs and 8 guanine-rich “heavy” mt-tRNAs are released into the matrix (Anderson et al., 1981; Larsson and Clayton, 1995; Taanman, 1999). The secondary structure of tRNAs typically consists of a cloverleaf-shaped base-pairing pattern containing four domains: the acceptor stem, D-stem/loop, TψC-stem/loop, and anticodon stem/loop. Compared with cytoplasmic or bacterial tRNAs, the intrinsic thermodynamic stability of mt-tRNAs is decreased, mainly due to decreased GC content and increased non-Watson–Crick base pair frequency in the stem region. Thermodynamic instability may lead to inactivation of mt-tRNAs due to pathologic mutations; a single base substitution is more likely to destroy these weaker structures than structures with stronger contact sets (Wittenhagen and Kelley, 2003). There are more than 300 pathological mutations in the region of mtDNA encoding the MT-T gene. Although these mutations are widely distributed in the MT-T gene, three tRNAs, namely mt-tRNAIle (MT-TI), mt-tRNALeu (UUR) (MT-TL1) and mt-tRNALys (MT-TK), contain almost 50% of the known pathologic mutations (Wittenhagen and Kelley, 2003).



mt-tRNA (MT-T) Mutations

MT-T gene mutations are associated with many clinical characteristics, many of which also occur in mitochondrial diseases (Taylor and Turnbull, 2005). In general, there is little correlation between MT-T gene mutations and clinical manifestations. Mutations at different sites of the same MT-T gene may lead to completely different clinical symptoms, and the same point mutation may also lead to several different clinical phenotypes. The MITOMAP and Mamit-tRNA databases show the clinical variability of MT-T mutations, and mutations in different MT-T genes can lead to the same clinical presentation. For example, MELAS, chronic progressive external ophthalmoplegia (CPEO), and maternally inherited diabetes and deafness (MIDD) are reported clinical syndromes of m.3243A>G mutation within MT-TL1, which are also closely related to other MT-T gene mutations. Studies have identified many different possible effects of mutations, including interference of 3′ terminal maturation, prevention of aminoacylation, disruption of transcription factor binding, and codon recognition (Florentz et al., 2003). However, the basic molecular mechanism of mutation leading to disease is not well understood (Zifa et al., 2007). The only common feature of MT-T mutation is the loss of stability of MT-T. Among all the mutants, m.8344A>G and m.3243A>G are the two most common heteroplasmic MT-T genetic variants. Because pathologic changes usually occur in Watson–Crick pairs, which are structurally important in stems, it is unexpected that both mutations occur within loop structures (Yarham et al., 2010).

m.8344A>G, located in the T loop of mt-tRNALys, was the first pathologic heteroplasmic mutation of the MT-T gene to be identified (Shoffner et al., 1990). m.8344A>G is the sole cause of mitochondrial protein synthesis defects (Chomyn et al., 1991). Mutant transmitochondrial cybrids showed 10-fold reduced oxygen consumption, decreased cytochrome c oxidase activity, and respiratory defects caused by impaired protein synthesis (Chomyn et al., 1991; Masucci et al., 1995). Heteroplasmic mutation of the MT-T gene is closely related to the myoclonic epilepsy with ragged-red fiber (MERRF) phenotype. However, the mechanism of m.8344A>G mutation causing this phenotype has not been determined. One report suggested that this mutation causes a decrease in mt-tRNALys steady-state levels (Masucci et al., 1995). It was also reported that m.8344A>G causes a decrease in aminoacylation, which may be the primary cause of protein synthesis defects (Enriquez et al., 1995). Some studies have shown that m.8344A>G causes the post-transcriptional taurine modification defect of wobble position uridine in mt-tRNALys, which is also a reason for mitochondrial protein synthesis defects (Enriquez et al., 1995; Yasukawa et al., 2000a). Therefore, we suggest that the m.8344A>G mutation leads to the MERRF phenotype mainly by preventing the post-transcriptional taurine modification of wobble position uridine. m.8344A>G weakened the codon-anticodon interaction in mt-tRNALys, stalled translation, and reduced protein synthesis. Furthermore, ribosomal shifting may then occur, leading to premature translation termination and resulting in abnormal translation products. Although m.8344A>G is the most common mutation associated with MERRF (∼80% of cases) (Ozawa et al., 1997), other mutations such as m.8356T>C have also been reported (Masucci et al., 1995).

Mitochondrial disease MELAS syndrome is usually associated with many MT-T gene point mutations. Approximately 80% of MELAS syndrome patients had m.3243A>G mutations in the MT-TL1 gene (Morgan-Hughes et al., 1995). The m.3243A>G mutation occurs in the mtDNA binding site of MTERF1, which leads to a decrease in MTERF1 affinity, resulting in mitochondrial protein synthesis defects and respiratory disorders (Chomyn et al., 1992; King et al., 1992). As was previously observed with m.8344A>G, m.3243A>G mutation caused mt-tRNALeu(UUR) molecules to lack wobble position uridine modification (Yasukawa et al., 2000b, 2002). Because wobble uridine is considered to play an important role in stability, this mutation leads to protein synthesis defects, resulting in the MELAS phenotype (Yasukawa et al., 2002; Sasarman et al., 2008). Interestingly, the m.3243A>G. mutation enhanced the dimerization of mt-tRNALeu (UUR), resulting in a 10-fold reduction of aminoacylation in dimers (Wittenhagen and Kelley, 2002). Hence, decreased aminoacylation and post-transcriptional modification defects are crucial to causing respiratory deficiency and MELAS syndrome (Yasukawa et al., 2000b).



MITOCHONDRIAL AMINOACYL-TRNA SYNTHETASES (mt-aaRSs)

Aminoacyl tRNA synthetases (aaRSs) are a group of nuclear-encoded enzymes that conjugate each of the 20 amino acids to their cognate tRNA molecules to ensure correct translation of the genetic code (Sissler et al., 2017; Ognjenovic and Simonovic, 2018). mt-aaRSs are imported into the mitochondrial matrix and supply mt-tRNA conjugates for protein translation. In principle, each amino acid is recognized by its specific aaRS, resulting in 20 aaRS protein synthesis systems per cell. However, in human mitochondria, only 19 aaRSs are present, because Gln-tRNAGln is synthesized indirectly via misacylated Glu-tRNAGln through transamidation (Nagao et al., 2009). Recently, mutations in the genes encoding mt-aaRSs have been identified as a new cause of human diseases. They are believed to impair mitochondrial protein synthesis, thereby affecting the OXPHOS system and leading to surprising tissue-specific phenotypes. At present, nine gene mutations encoding mitochondria-specific aaRSs have been reported. Among these mutations, encephalopathy is the most common phenotype, while cardiomyopathy, tubulopathy, myopathy, or sensorineural neuropathy is the next most common phenotype (Konovalova and Tyynismaa, 2013). DARS2, EARS, and AARS2 are three typical genes whose mutations lead to rare and well-defined leukodystrophy (LD) syndrome. The mutations occur in mitochondrial aspartyl-tRNA synthetase, mitochondrial glutamate tRNA synthetase, and mitochondrial alanyl-tRNA synthetase, respectively (Fine et al., 2019). Mt-aaRSs as key players in the mitochondrial translation machinery play an important role in cell energy production. In AARS2 ovarian LD, leukoencephalopathy with thalamus and brainstem involvement and high lactate (LTBL), and leukoencephalopathy with brainstem and spinal cord involvement and lactate elevation (LBSL), protein and enzyme activities are reduced to varying degrees, but are not completely lacking. For AARS2 ovario-LD and LTBL, RCC dysfunction occurred, which was not detected in LBSL patient cells (Scheper et al., 2007; Mikhailova et al., 2009; Synofzik et al., 2011; Taskin et al., 2016). In addition, in LTBL, the oxygen consumption rate decreased significantly (Fine et al., 2019). Moreover, AARS2 was found to be the disease gene for early-onset fatal hypertrophic cardiomyopathy with lactic acidosis (Gotz et al., 2011). The patients died during the perinatal period or within 10 months after birth. Cardiomyopathy was a prominent clinical manifestation, but in addition to the heart, OXPHOS deficiency in the brain and muscle was observed at autopsy. The patients, however, did not show OXPHOS deficiency in fibroblasts or myoblasts. AARS2 mutations have been identified as homozygous or heterozygous, but to date, all the patients described have a mutation leading to p.Arg592Trp in mitochondrial alanyl-tRNA synthetase (Gotz et al., 2011; Calvo et al., 2012). Mt-aaRSs not only promote the translation of proteins forming the mitochondrial respiratory chain complex, but they also affect cell signaling, transcription, and RNA biological genesis in neurons (Sissler et al., 2017). At present, many studies have reported the non-canonical effects of mt-aaRSs, such as the angiogenic function of rat mitochondrial tryptophanyl-tRNA synthetase (WARS2) and the possible role of mt-aaRS mutations in the integrated stress response (ISR) (Agnew et al., 2018). Complete inhibition of mitochondrial translation in DARS2 knockout mice leads to the accumulation of unassembled nuclear-encoded respiratory chain subunits, resulting in severe protein homeostasis stress and mitochondrial unfolded protein response (UPRmt)-dependent ISR activation. The ISR does not reach steady state, which leads to severe heart disease and decreased survival (Dogan et al., 2014). In addition to mt-aaRS mutations that affect the pathology of the central nervous system, mt-AlaRS, mt-GlyRS, and mt-LysRS mutations are known to cause cardiomyopathies (Hei et al., 2019; Sommerville et al., 2019); mt-TyrRS mutations caused myopathy, lactic acidosis, and sideroblastic anemia (MLASA syndrome) (Shahni et al., 2013); and mt-SerRS mutations caused hyperuricemia, pulmonary hypertension, renal failure in infancy, and alkalosis (HUPRA syndrome) (Rivera et al., 2013). Generally speaking, the characteristics of mt-aaRSs are relatively poorly understood, and future research will provide important knowledge regarding the function of these synthetases. The detection of identified AARS2 mutations provides some clues for understanding the molecular mechanism of these rare diseases.



MITOCHONDRIAL TRANSLATIONAL ACTIVATORS

Mitochondrial translational activators are nuclear-encoded proteins. A yeast translational activator was proposed in the late 1980s. These activators generally interact with the 5′-untranslated region (UTR) of mitochondrial mRNA. They may also bind to nascent proteins or interact with mitoribosomes. Translation activators are often bound to the membrane, which may limit translation to the region close to the inner membrane (Fox, 2012). It is not clear whether all translational activators exhibit all of these activities. Unfortunately, due to the lack of an in vitro translation system, analyzing their activities in the process of translation initiation and elongation is not yet possible. Some protein factors, such as translational activator of cytochrome oxidase I (TACO1), mitochondrial translation regulation assembly intermediate of cytochrome c oxidase (MITRAC), and COX14 (previously called C12orf62), are recruited to bind directly to mitochondrial transcripts and regulate the translation of MT-CO1 (Szklarczyk et al., 2012; Weraarpachai et al., 2012; Richter-Dennerlein et al., 2016). In yeast, the translational activator of COX2 (MT-CO2) is PET111 (Sanchirico et al., 1998), which is necessary for COX2 mRNA translation (Fiori et al., 2005). PET54, PET122, and PET494 are translational activators of COX3 (MT-CO3). They interact with the 5′-UTR of COX3 mRNA, the small ribosomal subunit protein, and the inner membrane to promote the synthesis of COX3 (Naithani et al., 2003). The mitochondrial translation activators CBS1 and CBS2 interact specifically with the cytochrome b gene (MT-CYB or COB) mRNA via its 5′-UTR (Mittelmeier and Dieckmann, 1995). Both activators participate in translation initiation and promote the synthesis of MT-CYB by binding to mRNA-ribosome complexes (Rodel, 1986). CBP1 is another protein that binds to the 5′-UTR of MT-CYB mRNA, which is necessary for MT-CYB mRNA translation (Dieckmann et al., 1984; Islas-Osuna et al., 2002). In addition, CBP3 and CBP6 participate in the translation of MT-CYB (Gruschke et al., 2011).

Most yeast genes involved in the translation of mitochondria-encoded proteins lack mammalian homologs due to the lack of 5′-UTRs in mammalian mitochondrial mRNAs (Fontanesi et al., 2006). To date, TACO1 is the only specific mitochondrial mammalian translation activator. Expression of TACO1 in fibroblasts rescued the COX1 (MT-CO1) synthesis and assembly defects (Weraarpachai et al., 2009). TACO1 is necessary for the efficient translation of COX1. Investigations on TACO1mut/mut mice showed that TACO1 is required for COX1 translation through its specific binding of MT-CO1 mRNA and association with mitochondrial ribosomes. These mutant mice developed a late-onset syndrome similar to human patients with visual impairment, motor dysfunction, and cardiac hypertrophy (Richman et al., 2016). MITRAC is a complex IV assembly intermediate that regulates mitochondrial translation. MITRAC was found to interact with multiple assembly factors and efficiently translate COX1 mRNA (Mick et al., 2012). Lrpl30 and leucine rich pentatricopeptide repeat containing (LRPPRC) are translation activators of the human cytochrome c oxidase subunits (Debray et al., 2011). Both have multiple targets, including COX1 and COX3. Mutations result in a deficiency of cytochrome c oxidase, leading to French–Canadian Leigh syndrome (Kohler et al., 2015).



REGULATION OF MITOCHONDRIAL microRNAs (mitomiRs) IN MITOCHONDRIAL TRANSLATION AND THEIR ROLE IN DISEASE

MicroRNAs (miRNAs) are single-stranded non-coding RNAs that are 18–23 nucleotides in length. They can translocate into the mitochondria and regulate mitochondrial translation (Bandiera et al., 2013). MitomiRs regulate mitochondrial gene expression and function under physiological and pathological conditions (Paramasivam and Vijayashree Priyadharsini, 2020). Several mitomiRs may be derived from mitochondrial genomic mRNA. MitomiRs post-translationally regulate gene expression in the mitochondria (Das et al., 2012; Fan et al., 2019). Most importantly, differentially expressed mitomiRs were observed in heart failure (Pinti et al., 2017; Wang X. et al., 2017). However, the translocation mechanism of nuclear-encoded miRNAs into mitochondria is not clear. MitomiR transport is one of the most controversial fields in mitochondrial research. Researchers have questioned the transport of RNA into mitochondria. In recent years, many miRNA processing proteins, including Ago, Dicer and RISC, have been found in mitochondria (Chen et al., 2010; Wang et al., 2015). Knowledge of the mechanism of miRNA transport to the mitochondrial matrix may provide important insights into the pathophysiology of disease and may become a new target for therapeutic intervention.

MicroRNAs miR-1, miR-210, and miR-338 can enhance mitochondrial translation and regulate mitochondrial proteomics and mitochondrial bioenergetics in myocytes (Aschrafi et al., 2008; Colleoni et al., 2013; Zhang et al., 2014; Srinivasan and Das, 2015). In mitochondria, miR-1 unexpectedly stimulates, rather than inhibits, translation of mitochondrial genome-encoded transcripts. The observed positive role of mitomiRs in mitochondrial translation suggests that miR-1 regulates the myogenic program by mediating mitochondrial translational activation and inhibiting cytoplasmic translation. Thus, mitomiRs play an important role in the crosstalk between mitochondrial and cytoplasmic translation. However, another study showed that hypoxia induced the expression of miR-210 in fibroblasts, while the expression of its downstream targets, iron-sulfur cluster assembly enzyme (ISCU) and the COX10 cytochrome c oxidase assembly protein, decreased. Moreover, miR-210 inhibited protein synthesis, thus reducing the level of the electron transport system (ETS) complex protein (Colleoni et al., 2013). MicroRNA-181c (miR-181c) inhibits the translation of COX1, resulting in the remodeling of complex IV and enhancement of mitochondrial function in ventricular myocytes. It regulates the mitochondrial genome and bioenergy and may potentially regulate heart failure in vivo (Das et al., 2012, 2014). The microRNA miR-762 translocates into mitochondria and is upregulated during hypoxia/reoxygenation in cardiomyocytes. Therefore, miR-762 can directly reduce MT-ND2 translation, mitochondrial complex I enzyme activity, and ATP levels, and increase ROS levels and cardiomyocyte apoptosis (Yan et al., 2019). It can also be translocated to the mitochondria to inhibit the downregulation of MT-CYB. Overexpression of miR-92a enhances mitochondrial translation and reduces ROS production and lipid deposition, thus improving diabetic cardiomyopathy (Li et al., 2019). Another study reported significant upregulation of miR-21 in spontaneously hypertensive rats. Computational prediction and biochemical analyses revealed that miR-21 directly targets MT-CYB and positively regulates its mitochondrial translation. miR-21 also reduces blood pressure and myocardial hypertrophy in spontaneously hypertensive rats by upregulating the mitochondrial translation level of MT-CYB (Li et al., 2016). Therefore, some mitomiRs promote mitochondrial translation, while others inhibit it. The mechanism of mitomiRs regulating mitochondrial translation needs further study.



CROSSTALK BETWEEN MITOCHONDRIAL AND CYTOPLASMIC PROTEIN SYNTHESIS

OXPHOS subunits are encoded by both the nuclear and mitochondrial genomes. However, the co-regulation of OXPHOS subunit genes remains poorly understood. This cooperative translation program provides one-way control through complex and dynamic cytoplasmic translation control. Therefore, the nuclear genome precisely guides the coordination of mitochondrial and cytoplasmic translation to coordinate the synchronous synthesis of the OXPHOS complex (Tang et al., 2020). Recently, Guo et al. (2020) identified the molecular pathway of the mitochondrial stress signal relayed to the cytoplasm. In mammalian cells, mitochondrial dysfunction caused by mitochondrial translation disorders leads to an ISR. This ISR is mediated through eIF2α phosphorylation. Phosphorylation of eIF2α decreases overall protein synthesis, but increases the translation of only ATF4, the master transcriptional regulator of ISR. Mitochondrial stress stimulates a mitochondrial stress-activated protease (OMA1)-dependent cleavage of DAP3 binding cell death enhancer 1 (DELE1), a protein found to be associated with the inner mitochondrial membrane. Hence, DELE1 accumulates in the cytosol and interacts with eukaryotic translation initiation factor 2 alpha kinase 1 (HRI or EIF2AK1), an eIF2α kinase necessary for activating eIF2α kinase (Guo et al., 2020). Another investigation further uncovered the OMA1-DELE1-HRI signaling axis that constitutes a link between mitochondrial perturbation and the cytosolic ISR. Moreover, this research combined genome engineering and haploid genetics to identify a suite of additional regulators in ISR. Therefore, this pathway is a potential therapeutic target, which can fine-tune ISR and obtain beneficial results in treating diseases involving mitochondrial dysfunction (Fessler et al., 2020). The serine/threonine kinase mTOR integrates extracellular and intracellular signals to drive growth and proliferation. mTORC1 is an important upstream regulator of integrated mitochondrial stress response (ISRmt). Khan et al. (2017) reported that mTORC1 is activated by mitochondrial DNA replication defects, which drive ISRmt through ATF4 activation. mTORC1 activation induces the mitochondrial one-carbon cycle, fibroblast growth factor 21 (FGF21), and the UPRmt. Downregulation of this response by rapamycin reverts progression of mitochondrial myopathy in mice (Khan et al., 2017). In mammals, mTOR coordinates the energy consumption of mRNA translation mechanisms with mitochondrial energy production by stimulating the synthesis of nuclear-encoded mitochondrial-related proteins, including mitochondrial transcription factor A (TFAM), mitochondrial ribosomal protein, and components of complexes I and V (Chapman et al., 2018). We have shown that mTOR, which is the upstream regulator of mitochondria, can sense mitochondrial translation defects and subsequently activate cytoplasmic translation to compensate for them (Gao et al., 2016). We recently found that mTOR adapts cytoplasmic translation to mitochondrial translation defects caused by mtEF4 ablation in C. elegans and mice (Gao et al., 2016) (Figure 2). Another example of mTOR regulation by mitochondrial stress is the ubiquitination of mTOR by Parkin, an E3 ubiquitin ligase located in mitochondria. Parkin is required to maintain mTORC1 activity during mitochondrial stress (Park et al., 2014). Thus, mTOR may be important in sensing mitochondrial translation defects and subsequently activating cytoplasmic translation. It is conceivable that cytoplasmic translation regulated by mTOR and mitochondrial translation controlled by mitochondrial translation factors, such as mtEF4, have a bidirectional causal relationship (Gao et al., 2016).
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FIGURE 2. Crosstalk between mitochondrial and cytoplasmic translation. mtEF4, translation activators, and mitomiRs are important regulators that directly affect mitochondrial translation. The components of mitochondrial complexes I, II, III, IV, and V are produced by both mitochondrial and cytoplasmic translation, requiring coordination between the two translation systems. mtEF4 has a back-translocation effect and catalyzes the back-translocation of the P- and E-tRNAs to A- and P-tRNAs. Mitochondrial translation activator promotes mRNA-specific translation initiation. MitomiRs function at the 3′ end of mRNA. mTOR and ATF4 play an important role in the crosstalk between mitochondrial and cytoplasmic translation.


RNA interference to reduce expression of mitochondrial ribosomal protein MRPS5 leads to an imbalance of OXPHOS subunits (mitonuclear protein imbalance) encoded by nDNA and mtDNA. Expression of the mtDNA-encoded MT-CO1 homolog MTCE.26 and nDNA-encoded ATP5PF homolog H28O16.1 can be unbalanced (Houtkooper et al., 2013). In mammalian cells, MRP knockout results in mitochondrial protein imbalance, decreased mitochondrial respiration, and activation of the UPRmt. Specific antibiotics or ethidium bromide, targeting mitochondrial translation, can extend lifespan by inducing mitonuclear protein imbalance (Houtkooper et al., 2013). Silencing miRNA-382-5p significantly increases the expression of genes related to mitochondrial dynamics and biogenesis. Conventional microarray analysis revealed the downregulation of MRPs and respiratory chain proteins in C2C12 myotubes upon silencing of miRNA-382-5p. This effect was accompanied by an imbalance between mitochondrial proteins encoded by nDNA and mtDNA and induction of heat shock protein 60 (HSP60), indicating that UPRmt was activated and that silencing of miR-382-5p resulted in mitonuclear protein imbalance and activated UPRmt in skeletal muscle (Dahlmans et al., 2019). Chloramphenicol and other antibiotics inhibit mitochondrial protein translation, effectively decreasing the synthesis of mitochondrial proteins in INS-1E cells and reducing the expression of mtDNA encoding the COX1 subunit of the respiratory chain, rather than the ATP synthase subunit ATP5PF. Although expression of the important respiratory chain subunit COX1 was significantly reduced, the INS-1E cells maintained a normal respiratory rate, indicating that inhibition of mitochondrial protein translation caused mitonuclear protein imbalance. However, in insulin-secreting cells, a compensatory mechanism effectively maintained a normal respiratory rate and even increased ATP synthase-dependent respiration and calcium signaling pathways (Santo-Domingo et al., 2017).



CONCLUSION

Mitochondria participate in important life activities of cells and are important in the study of evolution. Mitochondrial protein translation is an important and unique mitochondrial function, essential for the biogenesis of mitochondrial OXPHOS, cellular energy supply, and other mitochondrial functions. Mitochondrial protein translation is directly regulated by mitochondrial translation initiation, elongation, termination factors, translation activators, and mitomiRs. Mitochondrial translation and cytoplasmic translation are regulated by mTOR and other signaling pathways. Mitochondrial translation defects are the main causes of devastating human diseases. In this group of diseases, most mutations in mtDNA-encoding tRNAs, as well as mutations in nuclear genes encoding mitoribosomal proteins, translation initiation factors, and elongation factors, are the causes of clinical and genetic heterogeneity of infant multisystem diseases, such as Leigh syndrome, sensorineural hearing loss, encephalomyopathy, and hypertrophic cardiomyopathy (Perez-Martinez et al., 2008; Rotig, 2011). Many patients with mitochondrial diseases have multiple OXPHOS defects of unknown genetic causes, which indicates that many genes related to the biogenesis and function of mitochondrial translation mechanisms still need to be identified. Comprehensive clinical diagnosis and treatment based on mitochondrial translation defects remain challenging. With the advent of a boom in mitochondrial research and the progress in modern sequencing technology, the study of protein function will be more in-depth, and research on mitochondrial protein translation regulation will increase in importance. Research on mitochondrial protein translation will enhance our understanding of the pathogenesis and early diagnosis of human diseases.
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AD, Alzheimer’s disease; aa-tRNA, aminoacyl-tRNA; CTD, C-terminal domain; COXPD7, OXPHOS deficiency type 7; CPEO, chronic progressive external ophthalmoplegia; CRC, colorectal carcinoma; CTEs, mito-specific C-terminal extensions; MT-CYB, mitochondrial cytochrome b; EMT, epithelial-to-mesenchymal transition; ETS, electron transport system; fMet, formyl-methionine; GDP, guanosine diphosphate; GGQ, Gly-Gly-Gln; GTP, guanosine triphosphate; GTPBP6, GTP binding protein 6; GUF1, GTPase of unknown function 1; HUPRA syndrome, hyperuricemia, pulmonary hypertension, renal failure in infancy, and alkalosis; ISCU, iron-sulfur cluster assembly enzyme; ISR, integrated stress response; LBSL, leukoencephalopathy with brainstem and spinal cord involvement and lactate elevation; LRPPRC, leucine rich pentatricopeptide repeat containing; ISR, integrated stress response; LSU, large subunit; LTBL, leukoencephalopathy with thalamus and brainstem involvement and high lactate; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MERRF, myoclonic epilepsy with ragged-red fiber; MIDD, maternally inherited diabetes and deafness; miRNA, microRNA; mitomiRs, mitochondrial miRNAs; MITRAC, mitochondrial translation regulation assembly intermediate of cytochrome c oxidase; MLASA, syndrome, myopathy, lactic acidosis, and sideroblastic anemia; mt-tRNA, mitochondrial transfer RNA; MT-TI, mt-tRNAIle; MT-TL1, mt-tRNALeu; MT-TK, mt-tRNALys; mt-aaRSs, mitochondrial aminoacyl-tRNA synthetases; mitoribosomes, mitochondrial ribosomes; mRNA, messenger RNA; mtDNA, mitochondrial DNA; mtPIC, mitochondrial preinitiation step; mTOR, mammalian target of rapamycin; MTRF, mitochondrial release factor; nDNA, nuclear DNA; NGS, next-generation sequencing; NTD, N-terminal domain; NTEs, mito-specific N-terminal extensions; OXPHOS, oxidative phosphorylation; PD, Parkinson’s disease; PoTC, post-termination complex; PTC, peptidyltransferase center; RCC, respiratory chain complexes; ROS, reactive oxygen species; RRF, mitochondrial ribosome recycling factor; rRNA, ribosomal RNA; SNP, single nucleotide polymorphism; SRL, sarcin/ricin loop; SSU, small subunit; TACO1, translational activator of cytochrome oxidase I; TFAM, mitochondrial transcription factor A; tRNA, transfer RNA; UPRmt, mitochondrial unfolded protein response; USP5, ubiquitin-specific peptidase 5; UTR, untranslated region; WES, whole-exome sequencing.
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Recessive mutations in DNAJC3, an endoplasmic reticulum (ER)-resident BiP co-chaperone, have been identified in patients with multisystemic neurodegeneration and diabetes mellitus. To further unravel these pathomechanisms, we employed a non-biased proteomic approach and identified dysregulation of several key cellular pathways, suggesting a pathophysiological interplay of perturbed lipid metabolism, mitochondrial bioenergetics, ER-Golgi function, and amyloid-beta processing. Further functional investigations in fibroblasts of patients with DNAJC3 mutations detected cellular accumulation of lipids and an increased sensitivity to cholesterol stress, which led to activation of the unfolded protein response (UPR), alterations of the ER-Golgi machinery, and a defect of amyloid precursor protein. In line with the results of previous studies, we describe here alterations in mitochondrial morphology and function, as a major contributor to the DNAJC3 pathophysiology. Hence, we propose that the loss of DNAJC3 affects lipid/cholesterol homeostasis, leading to UPR activation, β-amyloid accumulation, and impairment of mitochondrial oxidative phosphorylation.
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INTRODUCTION

DnaJ Heat Shock Protein Family (Hsp40) Member C3 (DNAJC3, p58IPK) is an endoplasmic reticulum (ER)-resident co-chaperone of BiP (GRP78, HSPA5), which transiently binds to a broad range of newly synthesized proteins present in the ER to impede the misfolding of susceptible domains. In its “rested” state, DNAJC3 is localized to the ER lumen. The N-terminus of the protein is able to directly bind to hydrophobic regions of misfolded proteins present in the ER (Rutkowski et al., 2007). Once the misfolded protein is bound to the N-terminus of DNACJ3, further ATP-dependent interaction via the J-domain with BiP supports the refolding of the misfolded protein (Oyadomari et al., 2006). Additionally, activated DNAJC3 is thought to downregulate the signaling of the unfolded protein response (UPR) effector PERK [protein kinase R (PKR)-like endoplasmic reticulum kinase], presumably by interaction with its cytoplasmic domain (Yan et al., 2002). Dimerization of PERK via the phosphorylation of eukaryotic initiation factor 2 alpha (eIF2-α) reduces protein synthesis. Therefore, inhibition of PERK dimerization by DNAJC3 increases protein synthesis and, during periods of sustained UPR signaling, assists in returning the ER to normal homeostasis. Dysregulation of this process may therefore have toxic effects on cellular protein homeostasis. DNAJC3 affects ER maintenance and apoptosis, particularly under conditions of cellular stress, and it has been highlighted as a protective factor in retinal neurons (Boriushkin et al., 2015).

Mutations in components of the UPR frequently cause neurodegenerative diseases. Expression of mutant BiP lacking the carboxyl terminal in a mouse model results in neurodegeneration and severe muscle weakness, associated with aggregation of proteins in the spinal cord alongside upregulation of UPR-related proteins such as GRP94, calnexin and DDIT3 (Jin et al., 2014). Similarly, transgenic mice expressing just 50% of the wild-type BiP exhibit disruption of neural development, defects of cortical neurons, and cerebellar abnormalities, while homozygous loss-of-function mutations result in intrauterine death in mice (Luo et al., 2006). Biallelic mutations in the BiP co-chaperone SIL1 cause Marinesco–Sjögren syndrome (MSS) in humans, a condition characterized by cataracts, early-onset cerebellar ataxia, cognitive deficits, short stature, and progressive vacuolar myopathy (Anttonen et al., 2005; Senderek et al., 2005; Krieger et al., 2013). The MSS-mouse-model (woozy mouse) lacks a functional Sil1 gene and replicates the human phenotype (Buchkremer et al., 2016). Pathological examination of the woozy mouse reveals the loss of Purkinje cells associated with the accumulation of protein aggregates (Zhao et al., 2010), a process found to be accelerated by additional suppression of GRP170, another BiP interacting protein. This process is partially ameliorated by loss of Dnajc3 (Zhao et al., 2010). Furthermore, mutations in the BiP co-chaperone DNAJB2 have been found to be causative for distal hereditary motor neuropathy, accompanied by an increased rate of SOD1 inclusion formation in a neural cell model (Blumen et al., 2012). These studies suggest a causal relationship between dysfunction of protein processing and ER stress and the manifestation of neurological diseases.

Autosomal recessive mutations in DNAJC3 have been first reported to cause a neurological disorder in two Turkish families, in which individuals presented with ataxia, upper-motor neuron signs, demyelinating neuropathy, neuronal hearing loss, and cerebral atrophy, complicated with early-onset type 2 diabetes mellitus (MODY, OMIM #616192) (Synofzik et al., 2014) and hypothyroidism in a distant relative of the originally reported family (Bublitz et al., 2017). Moreover, isolated type 2 diabetes mellitus has been reported in association with the heterozygous c.712C > A (p.His238Asn) DNAJC3 mutation (Kulanuwat et al., 2018); however, the same mutation was also observed in two non-diabetic individuals in the study and has been seen at a low frequency in the ExAC database, questioning the role of DNAJC3 as a dominant type 2 diabetes-associated gene. The p.His238Asn mutation caused minor decrease in DNAJC3 expression, in contrast to the apparent absence seen in the other reported cases. Moreover, two DNAJC3 patients presenting with juvenile-onset diabetes, short stature, hypothyroidism, neurodegeneration, facial dysmorphism, hypoacusis, microcephaly, and skeletal bone deformities were described (Lytrivi et al., 2021). Symptoms resulting from mutations in DNAJC3 are partially overlapping with phenotypes caused by mutations in DNAJB2 and SIL1, but with the addition of diabetes (Bublitz et al., 2017).

The mechanisms underlying the pathophysiology of mutations in other BiP co-chaperones such as SIL1 have been extensively explored (Roos et al., 2014, 2016; Ichhaporia et al., 2015; Kollipara et al., 2017; Phan et al., 2019), while in contrast, there is little known about the precise cellular mechanisms underlying the pathogenicity of DNAJC3 mutations. Studies of primary patient-derived fibroblasts revealed loss of the DNAJC3 protein and a structurally normal ER, and upon ER stress induction, only minor changes were observed in protein secretion and Ca2+ leakage (Synofzik et al., 2014). Studies on DNAJC3-silenced rat and human β cells did not affect insulin content and secretion but sensitized cells to ER stress, triggering mitochondrial apoptosis (Lytrivi et al., 2021). To further unravel this pathophysiological route here, we focused on elucidating the pathomechanism of DNAJC3-related pathology by performing proteomics in patient-derived primary fibroblasts, a suitable model to study the etiology of rare neurological diseases (Hentschel et al., 2021), and further investigation of the suggested cellular phenotype.



RESULTS


Loss of Functional DNAJC3 Alters Proteomic Signature of Human Fibroblasts

Three human primary fibroblast lines carrying previously reported pathogenic homozygous DNAJC3 mutations (two with c.580C > T; p.Arg194∗ and one with a large deletion of 72 kb, spanning the UGGT2 gene NM_006260.5) alongside three fibroblast lines of age-matched healthy controls were used for our proteomics analysis. While the large deletion is spanning the UGGT2 gene, which can raise concerns of possible overlapping phenotypes, all DNAJC3 patients present with very similar phenotypes. No disease has been so far associated with mutations in the UGGT2 gene.

We detected 2,531 proteins in total with a minimum of two unique peptides, of which 165 presented with a p-ANOVA < 0.05, and from these, 24 were considered as altered in abundance (12 are upregulated and 12 are downregulated). The most significantly downregulated protein was DNAJC3, which was expressed at log2−2.66 in DNAJC3mut fibroblasts compared to controls, thus confirming that the mutations lead to reduced protein level and demonstrating the robustness of our untargeted proteomic profiling approach. Thresholds were set to 2 standard deviations from the median in either increase or decrease to identify the most significantly altered proteins, which are highlighted in Figure 1A.
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FIGURE 1. Comparative proteomic profiling results of DNAJC3-patient-derived fibroblasts versus control ones. (A) The volcano plot depicts all proteins identified in fibroblasts, making a clear delimitation between the statistically significant and non-significant quantified proteins (p-ANOVA < 0.05; horizontal line). Proteins with decreased abundances are represented in red, while the upregulated ones are highlighted in green color. (B) In silico analyses of proteomic findings included pathway analysis of the regulated proteins. All proteins with altered abundances were searched using KEGG, DAVID, and Reactome databases for protein pathway annotation. Vulnerable pathways (left Y-axis) were color-coded and referred to affected proteins (right Y-axis). Fold of regulation of the individual proteins is indicated on the X-axis. GGA1, ADP-ribosylation factor-binding protein GGA1; SMARCB1, SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily B member 1; SDHB, succinate dehydrogenase; SOAT1, Sterol O-acyltransferase 1; CHMP6, charged multivesicular body protein 6; ACADSB, short/branched chain specific acyl-CoA dehydrogenase; ETHE1, persulfide dioxygenase ETHE1; SERPINE2, Glia-derived nexin; PLPP1, phospholipid phosphatase 1; PLIN2, perilipin-2; PTRH2, peptidyl-tRNA hydrolase 2; AARS, alanine–tRNA ligase, cytoplasmic; ALAD, delta-aminolevulinic acid dehydratase; SYNPO2, synaptopodin-2; OCIAD2, OCIA domain-containing protein 2; SF3B4, splicing factor 3B subunit 4; HTATSF1, HIV tat-specific factor 1; APOOL, MICOS complex subunit MIC27; ADD3, gamma-adducin; DNAJC3, DnaJ homolog subfamily C member 3.


Pathways associated with dysregulated proteins (KEGG, Reactome, and DAVID libraries; Figure 1B) include lipid homeostasis, specifically cholesterol metabolism, which was perturbed in the DNAJC3mut cells (Figure 1B). Furthermore, a dysregulation of ADP-ribosylation factor-binding protein GGA1, involved in the processing of APP as an amyloid precursor (von Arnim et al., 2006), was also observed. Apolipoprotein O (APOOL) was increased, which has important roles in mitochondrial lipids and prevention of mitochondrial lipotoxicity (Montero et al., 2010; Turkieh et al., 2014), as well as the Succinate dehydrogenase subunit B (SDHB), a major subunit of mitochondrial respiratory complex II. We therefore identified loss of DNAJC3 to be associated with a proteomic signature of dysregulation of the ER, lipid and cholesterol metabolism, dysregulation of mitochondrial cholesterol processing, and induction of respiratory complex expression.



Loss of Functional DNAJC3 Results in Cellular Lipid Increase

Prompted by the proteomic findings and the fact that altered lipid homeostasis impacts a variety of cellular processes, such as energy homeostasis, signaling, and on a general note organelle homeostasis (Greenberg et al., 2011), we investigated perturbed lipid homeostasis in our control and DNAJC3mut fibroblasts. Levels of triglycerides and cholesterol esters were investigated using the fluorescent neutral lipid dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY) and subsequent fluorescence microscopy. Results of these studies showed an increased diffuse staining with perinuclear accumulation and additional nuclear lipid-enrichment in DNAJC3mut fibroblasts compared to the controls (Figures 2A,B), supporting the concept of altered lipid homeostasis in cells lacking functional DNAJC3.
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FIGURE 2. Lipid-level in DNAJC3-pathophysiology. (A) Results of BODIPY staining are shown for one representative fibroblast derived from controls (left panel) and two from DNAJC3 patients (right panel). Notably, in DNAJC3mut cells, nuclear accumulated BODIPY staining can be observed (red arrows), which is absent in controls. (B) Single-cell histogram analysis: comparison of intensity histograms for DNAJC3mut cells (green circles) with control cells (gray squares). Two samples per group were analyzed and at least 10 individual cells were used per sample for statistical analyses. For each cell, a histogram analysis was performed giving the frequency of intensity values in the specified ranges. Counts per intensity range were normalized to percentage values for individual cells before calculating the mean and standard deviation for each group. DNAJC3mut fibroblasts tend to have more points with high fluorescence intensity than control cells, indicating an increased level of BODIPY stained lipids and thus an agglomeration/accumulation of lipids in these cells. (C) Confocal microscope images of Filipin III staining are shown for one representative fibroblast derived from controls and one DNAJC3 patient in the presence or absence of cholesterol or Tunicamycin. (D) Quantification of mean Filipin III positive area relative to cell area (%) for DNAJC3mut and control fibroblasts. Both tunicamycin (Tunic) and cholesterol stress (Chol) treatments increase % Filipin positive area relative to control (p < 0.01, Student’s t-test with Welch’s correction) in both DNAJC3mut and control, with * indicating statistical significance between DNAJC3mut and control groups of the same treatment type.


As our proteomic data indicated a specific dysregulation of cholesterol metabolism, we studied free cholesterol levels using the filipin fluorescent staining technique (Figures 2C,D). While we did not observe an increase in free cholesterol under basal conditions, induction of ER stress with tunicamycin resulted in a significantly greater accumulation of cholesterol in DNAJC3mut fibroblasts compared to controls, demonstrating that DNAJC3mut fibroblasts have functional dysregulation of ER–cholesterol interactions. Treating cells with cholesterol and an inhibitor of Acyl-CoA-: cholesterol acyltransferase (ACAT-I) resulted in a significant increase of cholesterol in both controls and DNAJC3mut fibroblasts (Figures 2C,D). This treatment saturated cholesterol clearance capacity and put both DNAJC3mut and control fibroblasts under hypercholesterolemic stress, with only a non-significant slight increase observed in DNAJC3 patient cells compared to controls.



The Endoplasmic Reticulum Is More Vulnerable Against Stress in DNAJC3mut Fibroblasts

It was previously shown that in the presence of tunicamycin or thapsigargin, which perturbs ER function and thus affects the secretory machinery, DNAJC3 mutant fibroblasts exhibit ER dysfunction (Synofzik et al., 2014). An increased sensitivity against additional ER stress burden was identified in DNAJC3-silenced rat and human β cells (Lytrivi et al., 2021). Notably, several publications demonstrated that cellular cholesterol accumulation leads to UPR activation (Feng et al., 2003; Cunha et al., 2008; Fu et al., 2011). DNAJC3mut fibroblasts present a higher tendency of cholesterol aggregation compared to control cells (Figures 2C,D). Taking these findings into consideration, and the fact that neurons (as the vulnerable cellular population of the DNAJC3-phenotype) present with a more pronounced sensitivity against both ER stress and lipid accumulation (Jazvinscak Jembrek et al., 2015), DNAJC3mut and control fibroblasts were further stressed by cholesterol overload to exacerbate ER stress. Parallel reaction monitoring (PRM) was employed to evaluate the respective activation of the UPR (Figure 3A). Statistically significant increases (p < 0.05) following cholesterol overload were observed for targets in both patient and control fibroblasts. Remarkably, ATF3, DDIT3, ERN1, PR15A, and XBP1 were significantly increased in DNAJC3mut fibroblasts compared to controls (Figure 3A). To further elucidate an increased sensitivity of DNAJC3mut fibroblasts against additional ER stress burden, additional immunoblot studies were carried out: BiP, major chaperone of the ER and a key modulator of UPR (Dudek et al., 2009), along with its co-chaperone GRP170 and SIGMAR1, SEC63, and HSP90. We observed an increase in BIP, SEC63, and SIGMAR1 proteins in DNAJC3mut fibroblasts compared to controls. Furthermore, cholesterol treatment leads to a more significant increase of these proteins in DNAJC3mut fibroblasts than controls, suggestive of an increased vulnerability toward ER stress upon cholesterol loading (Figures 3B,C). We observed a considerable increase in eIF2α phosphorylation, a master regulator of protein translation upon stress (Boye and Grallert, 2020), while PERK shows a mild increase in DNAJC3mut fibroblasts after cholesterol-treatment (Figures 3B,C), which constitutes a hallmark of ER stress and UPR activation. ATF4 shows a decrease in cholesterol-stressed control fibroblasts in contrast with the increase observed in DNAJC3mut cells after treatment (Figures 3B,C). Moreover, ATF6, one of the main UPR branches, seems unaffected by the loss of function of DNAJC3. Our combined proteomic and immunoblot findings suggest that loss of DNAJC3 leads to a very mild UPR activation with a slight increase of some UPR-modulated proteins under basal conditions, while further stress caused by cholesterol accumulation leads to an increase in UPR-associated proteins, which is more severe in DNAJC3mut cells (Figure 3).
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FIGURE 3. Endoplasmic reticulum (ER) stress in DNAJC3mut fibroblasts. (A) Mean values (two technical and two biological replicates for each sample type, respectively) of PRM-based quantification of known ER stress-related proteins following treatment with either DMSO (mock) or soluble cholesterol + ACAT inhibitor in patient and control fibroblasts, respectively. Cholesterol treatment and concomitant inhibition of cholesterol acyltransferase (ACAT; esterifies cholesterol) resulted in pronounced ER stress in both DNAJC3mut and control fibroblasts. Notably, significantly greater increases in ER stress protein expression was seen following soluble cholesterol treatment for ATF3 (p = 0.026), DDIT3 (p = 0.031), ERN1 (p = 0.049), PR15A (p = 0.028), and XBP1 (p = 0.003) in treated DNAJC3mut cells. Student’s t-tests compared either mock-treated or cholesterol-treated control versus the correspondingly treated DNAJC3mut fibroblasts. Student’s t-test (n = 2) of changes between mock-treated and cholesterol-treated expression levels is statistically significant between mock-treated DNAJC3mut versus control fibroblasts for ATF3 (p = 0.027), DDIT3 (p = 0.031), ERN1 (p = 0.049), PR15A (p = 0.029), and XBP1 (p = 0.0033). Targeted peptides were ATF3: NFLIQQIK; ATF6: EAQDTSDGIIQK; DDIT3: VAQLAEENER; E2AK3: FLDNPHYNK; ERN1: FPNNLP; PR15A: GAALVEAGLEGEAR and XBP1: LLLENQLLR. (B) Results of immunoblot analysis of UPR markers in two DNAJC3-patient-derived and three control cells (treated under the same conditions as for the PRM ER stress investigations) showing changes in UPR markers in DNAJC3 cholesterol-treated cells, thus underlining the vulnerability of these cells to lipid accumulation. GAPDH was used to show equal loading. (C) Densitometry analysis of the immunoblotting from panel (B). Graphs show mean±SD of triplicate samples (control fibroblasts and DNAJC3mut fibroblasts under mock-treated and cholesterol-treated). For statistical analysis, Fisher’s LSD test was employed where ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 was considered as statistically significant.




Cholesterol Accumulation Affects Mitochondrial Homeostasis

The upregulation of several proteins involved in mitochondrial biogenesis observed in the DNAJC3mut proteome (Figure 1) prompted us to examine the mitochondrial function in DNAJC3mut fibroblasts. We evaluated mitochondrial function and the structure of mitochondrial networks in control and DNAJC3mut fibroblasts using a redox staining (Mitotracker), with and without cholesterol treatment. Cholesterol treatment induced a clear fragmentation of the mitochondrial network in DNAJC3mut and control cells (Figure 4A), indicating that cholesterol treatment induced combined ER/mitochondrial stress. As network imaging by redox staining is dependent on the membrane potential, differences in dye incorporation as a result of cholesterol treatment may be caused by changes in mitochondrial membrane potential. However, further studies would be needed to clarify this.
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FIGURE 4. Study of mitochondrial integrity in DNAJC3 pathophysiology. (A) Mitotracker staining in DNAJC3mut and control fibroblasts revealed a more fragmented mitochondria in patient cells with reduced staining in DNAJC3mut cells compared to controls. One representative cell is presented per condition, whereby 30 cells have been studied for each of the analyzed conditions. (B) Mean mitochondrial DNA copy number quantitative real-time PCR relative abundances (two technical and two biological replicates for each sample type, respectively) show that cholesterol overload results in a mild increase of mtDNA copy in control but not in DNAJC3mut fibroblasts. (C) Immunoblot studies of the mitochondrial respiratory chain complexes I–V (left panel) revealed a significant increase of complex I and II as well as IV and V in DNAJC3mut cells, which was more pronounced in DNAJC3mut cells after cholesterol-treatment; ∗t-test < 0.05. Level of the proteins representing the different complexes have been normalized to VDAC1. Densitometry analysis of the Western blotting results is represented in the right panel. (D) Mean oxygen consumption rate (OCR) of two biological replicates for each condition (each consisting of ≥12 technical replicates). Statistical significance indicated between treated versus non-treated DNAJCmut or control cells, and between DNAJCmut versus control cells under either treated or non-treated conditions. Student’s t-test, ∗p < 0.05.


Next, we investigated mitochondrial copy number in control and DNAJC3mut fibroblasts under basal conditions and after cholesterol treatment. Neither loss of DNAJC3 or cholesterol treatment affected mtDNA copy number, despite the associated changes in mitochondrial morphology (Figure 4B).

To further elucidate the effects upon loss of functional DNAJC3 on mitochondria, immunoblot studies focusing on expression of all five mitochondrial complexes were performed. DNAJC3mut fibroblasts display a statistically significant increase in complex I (NDUFB8), complex II (SDHB), complex III (UQCRC2), and complex V (ATP5A) compared to controls, suggestive of a oxidative phosphorylation (OXPHOS) defect. Cholesterol treatment induces an increase in in mitochondrial complexes in both control and patient fibroblasts (Figure 4C) with a statistically significant increase of complexes I and III in DNAJC3 cells compared to controls (Figure 4C). These biochemical findings suggest that cholesterol accumulation leads to secondary upregulation of the respiratory complexes in DNAJC3mut and, less prominently, in control cells (Figure 4C).

To determine whether the upregulation observed in the OXPHOS system has a functional effect on bioenergetic capacity, we performed oxygen consumption studies by Seahorse assay. DNAJC3mut cells have increased basal respiration compared to controls, in accordance with the increased levels of mitochondrial complexes. In contrast, cholesterol-treated DNAJC3mut and control cells show a decrease in basal respiration, ATP-linked respiration, and non-mitochondrial respiration compared to mock-treated cells. The decrease in maximal respiratory capacity after cholesterol treatment was greater in DNAJC3mut cells compared to controls, suggesting that cholesterol treatment is compromising the compensatory capacity of DNAJC3mut cells (Figure 4D). Additionally, we can observe an increase in non-mitochondrial respiration (Figure 4D) in DNAJC3mut cells compared to controls, suggestive of the hindered bioenergetic health of the cells. This type of respiration has been suggested to increase in the presence of different stressors such as oxygen reactive species (Dranka et al., 2010; Hill et al., 2012).



DNAJC3 Mutant Fibroblasts Have Disrupted Regulation of Intracellular Amyloid Precursor Protein

ER stress may lead to an accumulation of β-amyloid (Aβ) and amyloid precursor protein (APP), and indeed stimulation of expression of other DnaJ family BiP co-chaperones has been shown to ameliorate the accumulation of Aβ in cellular Alzheimer’s disease models (Evans et al., 2006; Mansson et al., 2014). Moreover, impaired cholesterol homeostasis has been previously linked to Aβ accumulation (Ledesma and Dotti, 2006). These previously reported findings prompted us to study APP and Aβ in DNAJC3mut fibroblasts compared to controls. Our findings show that cellular loss of functional DNAJC3 results in a significant increase of monomeric APP (Figure 5B). Moreover, DNAJC3mut fibroblasts present two extra bands at higher molecular weight corresponding to the immature and mature dimeric form of APP (Figure 5B). Similar to DNAJC3mut cells, cholesterol treatment in control cells leads to an increased level of APP compared to the mock-treated controls but without dimerization of APP (Figures 5A,B), suggesting that DNAJC3 loss impacts APP dimerization. The increase in the mature and immature APP dimers after cholesterol treatment in DNAJC3mut cells suggests that the additional ER stress triggered by cholesterol treatment and cholesterol accumulation exacerbates this process. It is also worth noting that cholesterol treatment of DNAJC3mut fibroblasts has no impact on the monomeric APP (Figures 5A,B).
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FIGURE 5. Analysis of amyloid accumulation in DNAJC3mut cells. (A) Immunoblotting of APP reveals increased levels of this protein monomer in DNAJC3mut cells, while cholesterol treatment leads to a further increase only in control cells. (B) Densitometry analysis of immunoblotting from panel (A). Graphs show ±SD of triplicate samples, and all data were normalized to GAPDH. The mature and immature APP dimers on immunoblotting are present only in the DNAJC3mut cells and cholesterol treatment increases the amount of these proteins, which are further cleaved to form the β-amyloid (Aβ) fragment. Cholesterol treatment induced an activation of caspase-3 protein (corresponding to the 17-kDa fragment), indicating an increase in apoptosis Student’s t-test, *p < 0.05. (C) Representative Aβ and GOLOGA1 staining in control and DNAJC3mut cells in the presence and absence of cholesterol. Bar plots represent the corrected total florescence measured for the Aβ in three DNAJC3mut and three controls in mock and cholesterol-treated cells. Immunofluorescence analysis shows that DNAJC3mut fibroblasts present an increase in Aβ while the cholesterol treatment exacerbates the accumulation of the toxic fragment in patient cells. The cholesterol treatment leads to a slight increase in the Aβ in control cells as well; *t-test < 0.05.


Next, we assessed the apoptosis in our cell models. Both DNAJC3mut and control cells show similar levels of procaspase (uncleaved caspase-3), while the cleavage product that indicate caspase-3 (CASP3) activation increases in DNAJC3mut cells (Figures 5A,B). Cholesterol treatment led to increased CASP3 activation in both patient and control cells, suggesting that the increased stress burden of lipid accumulation induces apoptosis.

DNAJC3mut cells display increased immunoreactivity to anti-Aβ antibody compared to control cells (Figure 5C). Cholesterol treatment leads to a significant increase in controls, while patient cells present a non-significant, smaller increase when compared to mock-treated DNAJC3 cells. Interestingly, despite cholesterol accumulation not significantly modifying the amount of Aβ deposition in DNAJC3 cells, we can observe that it induces a major change in the pattern of Aβ, which forms bigger clusters, found mostly around the perinuclear and nuclear region (Figure 5C). Cholesterol treatment of control cells does not seem to induce a change in Aβ cluster size and pattern as seen in treated mutant cells. Given that anti-Aβ staining does not detect Aβ in controls cultured under basal conditions, cholesterol treatment seems to trigger accumulation of Aβ even in controls. This finding in turn supports the concept that lipid buildup leads to an increase of Aβ peptide production (Shobab et al., 2005).

Intracellular trafficking of APP through Golgi is crucial for the generation of Aβ (Choy et al., 2012). Thus, we investigated Golgi integrity in fibroblasts using immunofluorescence (Figure 5C). Our data show a tightly compacted Golgi in perinuclear localization in control cells while some DNAJC3mut cells present with a more sparce Golgi. Cholesterol treatment does not have any structural effects in controls, while DNAJC3mut display a scattered Golgi, suggesting a vulnerability of this compartment upon lipid loading in patient cells.



DISCUSSION

Bi-allelic loss-of-function mutations in DNAJC3, encoding a co-chaperone of BiP, one of the major chaperones of the ER, have been shown to cause neurodegeneration with early-onset ataxia, upper-motor-neuron signs, demyelinating neuropathy, and cerebral atrophy associated with diabetes mellitus (Synofzik et al., 2014). Mutations in genes encoding BiP co-chaperones, localized in the ER or proteins involved in the UPR-modulation have been associated with central and peripheral nervous system abnormalities and non-autoimmune type insulin-dependent diabetes. For example, SIL1 is one of the main co-chaperones of BiP involved in the ATP-ADP cycle, and recessive SIL1 mutations have been associated with MSS characterized by congenital cataracts, cerebellar ataxia, progressive muscle weakness, and delayed psychomotor development as well as axonal degeneration and disintegration of the neuromuscular junctions (Phan et al., 2019). Clinically overlapping features have been found in patients with recessive DNAJC3 mutations (Synofzik et al., 2014). Remarkably, a modulating function of DNAJC3 expression in cerebellar degeneration has been demonstrated in the molecular etiology of MSS (Zhao et al., 2010), demonstrating a crucial role of this co-chaperone in neuronal maintenance. Other examples are Wolfram syndrome, caused by mutations in WFS1 presenting with early-onset ataxia, cognitive deficits, and hearing loss, thus also including clinical hallmarks of the phenotype associated with DNAJC3 mutations (Khanim et al., 2001) and Wollcot-Rallison syndrome, an autosomal recessive disorder caused by mutations in eukaryotic translation initiation factor 2-alpha kinase 3 (E2AK3), characterized by insulin-dependent diabetes, growth retardation, and intellectual disability (Delepine et al., 2000). In addition, a mutation in the Sec61a1 gene (p.Tyr344His) results in excessive ER stress and apoptosis of pancreatic β cells in C57BL/6 mice, resulting in diabetes and hepatosteatosis (Linxweiler et al., 2017).

To obtain insights into the mechanism underlying the pathophysiology of mutations in DNAJC3, unbiased proteomic studies utilizing patient-derived fibroblasts were carried out (Figure 1). While fibroblasts are not the primary site of clinical manifestation, these cell models have been previously shown to be suitable to study the etiology of rare neurological diseases (Hentschel et al., 2021) and show very similar levels of DNAJC3 expression to peripheral nerve (Supplementary Figure 1). Results of this profiling suggest that lipid metabolism is affected by DNAJC3mut mutations (Figure 1) as Sterol-O-acyltransferase 1 (SOAT1), an enzyme responsible for the esterification of fatty acids, especially cholesterol (Das et al., 2008), was found to be decreased. Lower levels of SOAT1 were previously linked to a hindered cholesterol clearance suggesting that DNAJC3-deficient cells present an accumulation of cholesterol (Tabas, 2002; Luo et al., 2010). We detected decreased abundance of Periplin 2 (PLIN2), an enzyme involved in lipid droplet formation, which has been linked to acute cholesterol accumulation (Makino et al., 2016), further suggesting a lipid dysregulation in fibroblasts lacking functional DNAJC3. Our functional data on cholesterol and lipid accumulation using immunofluorescence bring further evidence of lipid accumulation in DNAJC3mut cells (Figure 2). Cholesterol homeostasis is essential for neuronal functioning and brain development, while perturbed cholesterol metabolism is a major pathophysiological mechanism in neurological diseases such as Alzheimer’s disease and Niemann-Pick type C disease, an autosomal recessive storage disorder, characterized by abnormal sequestration of unesterified cholesterol in cells (Fernandez et al., 2009; Marquer et al., 2014).

Label-free proteomics revealed that DNAJC3 is the most decreased protein in the mutant fibroblasts in alignment with previously published results (Synofzik et al., 2014), emphasizing the sensitivity of our proteomic profiling approach. Although DNAJC3 has been widely acknowledged in the attenuation of proteins involved in the initial ER response (Schorr et al., 2015), changes in ER morphology or increased ER calcium leakage were not described previously in the context of the underlying pathophysiology (Synofzik et al., 2014). However, an increased sensitivity against additional ER stress burden was identified in DNAJC3-silenced rat and human β cells (Lytrivi et al., 2021). In accordance with these previous observations, our findings suggest only a minor UPR-activation mirrored by the altered abundance of ER-stress-related proteins (Figure 3). DNAJC3 has been shown to bind the kinase domain of PERK (also called EIF2AK3), in order to terminate the first phase of ER stress (Yan et al., 2002). Given that DNAJC3mut fibroblasts show slightly increased PERK expression (Figures 3B,C), its activation is presumably not terminated by DNAJC3 loss of function.

The ER has been described to tightly regulate the lipid metabolism as it is involved in the synthesis of phospholipids, re-esterification of sterols, and lipid-membrane biosynthesis (Volmer and Ron, 2015). Cholesterol accumulation disturbs the free cholesterol:phospholipid ratio on the normally fluid ER membrane, thus leading to the activation of ER stress (Feng et al., 2003). The impaired lipid/cholesterol metabolism in DNAJC3mut cells was demonstrated by our Filipin-III and BODIPY staining affects ER maintenance and results in irregular lipid accumulation, supporting the concept of perturbed ER membrane structure. Additionally, induction of ER stress with tunicamycin leads to an increase in cholesterol accumulation in both control and patient cells, but with a more pronounced effect in DNAJC3 cells. We detected increased vulnerability of the ER in DNAJC3mut cells after cholesterol treatment (Figure 3) similar to a previous study on DNAJC3-silenced rat and human β cells (Lytrivi et al., 2021). These findings provide evidence that lipid accumulation leads to ER stress activation, which is exacerbated in DNAJC3mut patient cells.

There are numerous contact sites between ER and mitochondria [Mitochondria Associated ER Membranes (MAM)], which may enable cholesterol influx from the ER to the mitochondria (Arenas et al., 2017). The interaction of ER and mitochondrial membranes links mitochondrial dysfunction to ER stress. Our proteomic profiling data indicated that DNAJC3mut fibroblasts present with mitochondrial alterations. We found that proteins involved in the maintenance of mitochondrial architecture and biogenesis (APOOL), fatty acid metabolism (ACDSB), or mitochondrial respiratory chain complexes (such as complex II, SDHB) are dysregulated as a results of DNAJC3 loss, suggestive of mitochondrial dysfunction. Further investigation in DNAJC3mut fibroblasts revealed significantly increased level of mitochondrial respiratory chain subunits (except for complex IV) (Figure 4C) in line with the significant increase in basal respiration, which can be attributed to a possible increase in cellular energy demands. Mitochondrial respiration has been shown previously to increase due to ER stress (Balsa et al., 2019) and can constitute a pro-survival mechanism from ER stress (Knupp et al., 2019).

Mitochondria are organelles sparse in cholesterol; however, the transport of this lipid to the inner mitochondrial membrane via MAM proteins is tightly regulated and of physiological importance (Rone et al., 2009; Marriott et al., 2012). Cholesterol treatment of control and DNAJC3mut fibroblast cells induced clear mitochondrial fragmentation altering the dynamics of the mitochondrial membranes (Figure 4) and leads to an increase in OXPHOS complexes in control cells, and an even greater increase in Complex I and III in DNAJC3mut cells when compared to controls (Figure 4C). These changes have been previously associated with depletion of glutathione (GSH) (Fernandez et al., 2009). An increase of complex III has been associated with lower GSH levels and with an increase in mitochondrial depolarization, which leads to the release of Cytochrome c and activation of caspase-3 (Fernandez et al., 2009). Lipid overload increases caspase-3 levels in both control and patient cells, showing that cholesterol accumulation is a pro-apoptotic factor (Figures 5A,C). This may suggest that cholesterol overload exacerbates the DNAJC3mut phenotype to further deplete GSH levels, finally leading to apoptosis. Further experiments focusing on apoptosis key factors would be needed to determine exactly the role of DNJC3 and lipid accumulation in cell death promotion. These findings accord with previous studies in DNAJC3-silenced rat and human β cells (Lytrivi et al., 2021), and in turn could also explain why non-mitochondrial respiration increases dramatically in DNAJC3mut fibroblasts and in cells exposed to cholesterol (Figure 4D).

Endoplasmic reticulum stress, mitochondrial dysfunction, and cholesterol metabolism are thought to cause type 2 diabetes mellitus via activation of inflammatory pathways thereby inhibiting insulin secretion. Cholesterol treatment of pancreatic β cells triggers apoptosis and ER stress, while inhibition of cholesterol prevents β-cell apoptosis. However, DNAJC3-silencing rat and human β cells did not result in perturbed insulin production (Lytrivi et al., 2021).

β-Amyloid regulates the cholesterol flux to the mitochondria and interacts with components of the OXPHOS and thus participates in the molecular etiology of neurodegenerative diseases (Fernandez et al., 2009; Barbero-Camps et al., 2014). Disturbed cholesterol homeostasis has also been shown to affect Aβ accumulation, as cholesterol enhanced the aggregation of Aβ by inhibiting the degradation of this peptide (Yip et al., 2001; Ehehalt et al., 2003). Additionally, the C terminal APP fragment has been shown to regulate lipid homeostasis by acting as a cholesterol sensor in the membrane, contributing to the early pathology in Alzheimer’s disease (DelBove et al., 2019; Montesinos et al., 2020). Here, we detected the altered level of GGA1 (Figure 1), a Golgi protein that controls APP processing (von Arnim et al., 2006) and Golgi alterations (Figure 5C), suggesting that Aβ accumulation (a known hallmark in different neurodegenerative diseases) might be involved in cellular perturbations in DNAJC3mutcells. Indeed, DNAJC3mut cells present with an increase in APP, which is not further affected by cholesterol treatment (Figure 5). We also detected two additional bands in the immunoblot corresponding to the mature and immature APP dimer (N- and O-glycosylated forms of APP dimers) (Isbert et al., 2012), supporting the concept of Aβ accumulation in DNAJC3mut cells, which may further contribute to the neurodegenerative phenotype.

In summary, we show that DNAJC3 mutations affect cellular lipid metabolism leading to (i) altered ER sensitivity toward stress burden, (ii) mitochondrial vulnerability, and (iii) Aβ accumulation. Neurons are particularly vulnerable to dysfunction of these pathways, which may explain the specifically neurological manifestation of DNAJC3 deficiency. Hence, our study provides molecular and mechanistic insights into the underlying pathophysiology of this rare disease and informs of the physiological function of DNAJC3.



MATERIALS AND METHODS


Cell Culture

We studied two fibroblast lines carrying a homozygous c.580C > T (NM_006260.4, p.Arg194∗) premature stop mutation in DNAJC3, one line having a large homozygous deletion of 72 kb spanning DNAJC3 (and the adjacent UGGT2 gene), and control fibroblasts from three healthy donors, age and sex matched (Synofzik et al., 2014). Both mutations result in a 50% truncation of DNAJC3 mRNA (Synofzik et al., 2014). Patient fibroblasts were cultured in Dulbecco’s Modified Eagle Media (DMEM) containing 4.5 g/L glucose, L-glutamine (Gibco) and phenol red supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% (v/v) penicillin/streptomycin solution at 37°C in a 5% CO2 atmosphere. Fibroblasts were grown to 80% confluence prior to harvesting or applying treatment.



Cholesterol Stress Treatment

Fibroblasts (patient and controls) were stressed by supplementing the growth media with 10 μg/ml Sandoz 58-035 (Sigma-Aldrich) (solubilized in DMSO), an inhibitor of Acyl-CoA-: cholesterol acyltransferase (ACAT-I), for 6 h followed by further supplementation with 30 μg/ml of water-soluble cholesterol (Sigma-Aldrich). After 18 h of exposure to the Sandoz 58-035 and cholesterol, the stress treatment is considered complete; this is referred to now only as “Cholesterol-treated.” Patient and control fibroblasts were separately mock-treated with 0.1% DMSO and used as controls, referred to as “mock-treated.”



Tunicamycin Treatment of Fibroblasts

Fibroblasts were treated for 18 h with 4 μg/ml Tunicamycin (Sigma-Aldrich). The stock solution of Tunicamycin was prepared using DMSO; thus, control and patient cells were treated with the same amount of DMSO as the Tunicamycin-treated cells and are referred to as “mock treated.”



Label Free LC-MS/MS Analysis


Reagents

Ammonium hydrogen carbonate (NH4HCO3), anhydrous magnesium chloride (MgCl2), guanidine hydrochloride (GuHCl), iodoacetamide (IAA), and urea were purchased from Sigma-Aldrich, Steinheim, Germany. Tris base was obtained from Applichem Biochemica, Darmstadt, Germany and sodium dodecyl sulfate (SDS) was purchased from Carl Roth, Karlsruhe, Germany. Dithiothreitol (DTT) and EDTA-free protease inhibitor (Complete Mini) tablets were obtained from Roche Diagnostics, Mannheim, Germany. Sodium chloride (NaCl) and calcium chloride (CaCl2) were from Merck, Darmstadt. Sequencing grade modified trypsin was from Promega, Madison, WI USA. Benzonase® Nuclease was purchased from Novagen. Bicinchoninic acid assay (BCA) kit was acquired from Thermo Fisher Scientific, Dreieich, Germany. All chemicals for ultra-pure HPLC solvents such as formic acid (FA), trifluoroacetic acid (TFA), and acetonitrile (ACN) were obtained from Biosolve, Valkenswaard, Netherlands.



Cell Lysis, Sample Clean-Up, and Proteolysis

Fibroblasts of patients with DNAJC3 mutations (see above) and controls were processed independently. Cells were lysed in 100 μl of 50 mM Tris–HCl (pH 7.8) buffer containing 150 mM NaCl, 1% SDS, and EDTA-free protease inhibitor (Complete Mini) on ice for 15 min. Then samples were centrifuged for 5 min at 4°C and 6,000 × g and the protein concentration was determined by BCA assay (according to the manufacturer’s protocol). Cysteines were reduced by the addition of 10 mM DTT and samples were incubated at 56°C for 30 min, followed by alkylation of free thiol groups with 30 mM IAA at room temperature (RT) in the dark for 30 min.

Sample preparation was performed using filter-aided sample preparation (FASP) with some minor changes: 100 μg of protein lysate was diluted 10-fold with freshly prepared 8 M urea/100 mM Tris-HCl buffer (pH 8.5) (Burkhart et al., 2012; Kollipara and Zahedi, 2013), placed on PALL microsep centrifugal device (30 kDa cutoff), and centrifuged at 13,500 × g at RT for 20 min. Three washing steps were carried out with 100 μl of 8 M urea/100 mM Tris–HCl (pH 8.5) and then the buffer was exchanged by washing the device thrice with 100 μl of 50 mM NH4HCO3 (pH 7.8). One hundred microliters of digestion buffer [trypsin (Promega) (1:25 w/w, protease to substrate), 0.2 M GuHCl, and 2 mM CaCl2 in 50 mM NH4HCO3 (pH 7.8)] was added to the concentrated proteins, and the samples were incubated at 37°C for 14 h. Resulting tryptic peptides were recovered by centrifugation with 50 μl of 50 mM NH4HCO3 followed by 50 μl of ultra-pure water, and the resulting peptides were acidified [pH < 3 by addition of 10% TFA (v/v)]. All digests were quality controlled as described previously (Burkhart et al., 2012).



LC-MS/MS Measurement and Data Analysis

One microgram of each sample was measured using an Ultimate 3000 nano RSLC system coupled to an Orbitrap Fusion Lumos mass spectrometer (both Thermo Scientific) and analyzed in a randomized order to minimize systematic errors. Peptides were preconcentrated on a 100 μm × 2 cm C18 trapping column for 10 min using 0.1% TFA (v/v) at a flow rate of 20 μl/min followed by separation on a 75 μm × 50 cm C18 main column (both Pepmap, Thermo Scientific) with a 120-min LC gradient ranging from 3 to 35% of 84% ACN, 0.1% FA (v/v) at a flow rate of 250 nl/min. MS survey scans were acquired in the Orbitrap from 300 to 1,500 m/z at a resolution of 120,000 using the polysiloxane ion at m/z 445.12002 as lock mass (Olsen et al., 2005), an automatic gain control target value of 2.0 × 105 and maximum injection times of 50 ms. Top 15 most intense signals were selected for fragmentation by HCD with a collision energy of 30% and MS/MS spectra were acquired in the Iontrap using an automatic gain control target value of 2.0 × 105, a maximum injection time of 300 ms, a dynamic exclusion of 15 s.

Data analysis was performed using the Progenesis LC-MS software from Non-linear Dynamics (Newcastle upon Tyne, United Kingdom). Raw MS data were aligned by Progenesis, which automatically selected one of the LC-MS files as reference. After automatic peak picking, only features within retention time and m/z windows from 0 to 120 min and 300–1,500 m/z, with charge states +2, +3, and +4 were considered for peptide statistics and analysis of variance (ANOVA) and MS/MS spectra were exported as peak lists. Peak lists were searched against a concatenated target/decoy version of the human UniProt database (downloaded on July 22, 2015 containing 20,273 target sequences) using Mascot 2.4 (Matrix Science, Boston, MA, United States), MS-GF+, X!Tandem, and MyriMatch with the help of searchGUI 3.2.5 (Vaudel et al., 2011). Trypsin was selected as enzyme with a maximum of two missed cleavages, carbamidomethylation of Cys was set as fixed, and oxidation of Met was selected as variable modification. MS and MS/MS tolerances were set to 10 ppm and 0.5 Da, respectively.

To obtain peptide-spectrum match and to maximize the number of identified peptides and proteins at a given quality, we used PeptideShaker software 1.4.0 (Vaudel et al., 2015). Combined search results were filtered at a false discovery rate (FDR) of 1% on the peptide and protein level and exported using the PeptideShaker features that allow direct re-import of the quality-controlled data into Progenesis. Only proteins that were quantified with unique peptides were exported. For each protein, the average of the normalized abundances (obtained from Progenesis) from the analyses was calculated in order to determine the ratios between the patient and control fibroblast lysates. Only proteins that were (i) commonly quantified in all the replicates with (ii) one unique peptide, (iii) an ANOVA p-value of ≤0.05 (Progenesis), and (iv) an average log2 ratio ≤−1.17 or ≥1.7 were considered as dysregulated.

Pathway analysis on the label-free proteomics data was performed using GO term analysis (biological function) enrichment utilizing UniProt (available on www.uniprot.com).



Parallel Reaction Monitoring of Unfolded Protein Response

The synthetic isotopic labeled (SIL) peptides were synthesized in-house and absolute quantified using amino acid analysis (AAA), which was performed as previously described (Nguyen et al., 2019). Tryptic peptides from cholesterol-treated and mock-treated DNAJC3mut and control cells were obtained via FASP as described in the previous section. For the measurements, between 212.9 and 1,907.5 amol of the SIL peptides was spiked in each sample containing ∼1 μg of total tryptic peptides. The amounts and sequence of the spiked-in peptide are listed in Supplementary Table 1. For this experiment, we have employed two DNAJC3mut patient cell lines from which one has a homozygous c.580C > T (NM_006260.4, p.Arg194∗) premature stop mutation in DNAJC3 and one has a large homozygous deletion of 72 kb spanning DNAJC3 and two age- and sex-matched controls.


Liquid Chromatography and Mass Spectrometry

For the separation and detection of peptides, an Ultimate 3000 Rapid Separation Liquid Chromatography (RSLC) nano system equipped with ProFlow flow control device was coupled to an Orbitrap Fusion Lumos Tribrid Mass Spectrometer equipped with a nano-electrospray ion source (all from Thermo Scientific, Bremen, Germany). The peptide separation was performed as described previously (Nguyen et al., 2019). The nano-electrospray ion source was run using positive ion mode at a spray voltage of 1,800 V. The mass detection and quantification were performed with the normalized collision energy at 32%, automated gain control (AGC) target value at 2 × 105, resolution at 240,000, isolation width at a mass-to-charge value of 0.4, and injection time at 600 ms.



Data Analysis

Skyline 64-bit version 3.7.0.11317 (MacLean et al., 2010) was used to generate methods and analyze the raw data after measurement. All generated data were reviewed and integrated manually. The choice of peptide as well as the monitored fragments were adapted from Nguyen et al. (2019). The light-to-heavy ratio was built from the total area of all monitored fragments of endogenous peptides (light) and SIL peptides (heavy). All the measurements were performed with two technical replicates.



Mitochondrial Network Analysis

Mitotracker-redTM (MTR) (ThermoFisher), a membrane potential-sensitive dye, was used to label the mitochondria in fibroblasts. Cells were seeded to glass-bottomed dishes 24 h prior to cholesterol stress treatment. Fibroblast growth media was aspirated, and cells were incubated in staining media constituted of minimal essential medium (Gibco), without phenol-red, 10% FBS, and 75 nM MTR for 30 min at 37°C prior to imaging.

Imaging of the mitochondrial network was performed using a Nikon A1R confocal microscope to capture three-dimensional stacks of images, which were then processed to make two-dimensional maximum intensity projections of the mitochondrial network.



Mitochondrial Oxygen Consumption Assay

For this experiment, we use two DNAJC3mut patient cell lines, one with homozygous c.580C > T (NM_006260.4, p.Arg194∗) premature stop mutation in DNAJC3 and the other a large homozygous deletion of 72 kb spanning DNAJC3, with two age- and sex-matched healthy controls. The oxygen consumption rate (OCR) of fibroblasts was measured using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Agilent Technologies). Fibroblasts were seeded into wells of the 96-well cell culture microplate (Seahorse Bioscience) in 80 μl for 24 h prior to cholesterol stress treatment in the microplate. After this, cell media was replaced with 180 μl of bicarbonate-free DMEM and incubated for 30 min. Supplementation of the media with oligomycin, carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP), rotenone, and antimycin allows the determination of oxygen consumption rates attributable to basal respiration, proton leakage, maximal respiratory capacity, and non-mitochondrial respiration. ATP-linked respiration and reserve capacity were also calculated. Inhibition of ATP synthase by supplementation of media with oligomycin allows the calculation of ATP-synthesis-linked oxygen consumption. Subsequent supplementation with the uncoupling agent maximizes the respiratory rate. OCR levels were normalized to cellular mass, estimated by total well protein measured by Bradford assay.



Quantification of Mitochondrial DNA Copy Number

The relative mtDNA copy number per cell was quantified by a multiplex Taqman (Bio-rad 4369510) qPCR assay by amplifying MT-ND1 (mitochondrial encoded gene) and B2M (nuclear encoded gene) with a CFX96TM Real-Time PCR Detection System (Bio-Rad) following the protocol described previously (Bartsakoulia et al., 2016). The primers used for template generation of standard curves and the qPCR reaction are as follows B2M: Fw-CACTGAAAAAGATGAGTATGCC, Rv-AA CATTCCCTGACAATCCC; MTND1: Fw-AACA TTCCCTGA CAATCCC, Rv-AACATTCCCTGACAATCCC. Copies per microliter of each template were standardized to 1 × 1010 and a 10-fold dilution series was amplified, with a DNA negative control on each plate. This was performed in 20 μl reactions in a 96-well plate (Bio-Rad 5496), sealed using microplate “B” plate sealers (VWR 391-1293). The reaction mixture was composed of: 5 μl × 5 × Taqman (Bio-rad 4369510), 0.4 μM of reverse and forward primers, 25–50 ng of DNA template, 0.2 μl of MyTaq HS DNA polymerase (Bioline BIO-21112), and PCR-grade autoclaved sterile deionized water (to make up 20 μl of reaction mixture). The cycling conditions were as follows: (1) initial denaturation at 95°C for 3 min, (2) 40 cycles of denaturation at 95°C for 10 s, and (3) annealing and extension at 62.5°C for 1 min. The relative mtDNA copy number was calculated using the ΔCt data following the equation: CopyNumber = 2 (2–ΔCt) where Delta Ct (ΔCt) equals the sample Ct of the mitochondrial gene (MTND1) subtracted from the sample Ct of the nuclear reference gene (B2M).



Immunoblot Analyses

Whole protein extracts of cholesterol- and mock-treated fibroblasts were prepared by lysing cells with RIPA buffer (Sigma Aldrich) containing a protease inhibitor cocktail (Roche). Proteins were separated by utilizing Bis-Tris Gels (Invitrogen) and transferred to PVDF membranes (Invitrogen). Membranes were blocked for 2 h at room temperature with 5% milk in PBS-T and incubated with primary antibodies at 4°C overnight. The primary antibodies and dilutions used are as follows: mouse anti-APP A4 1:1,000 (Merck-Millipore), mouse anti-GRP78 1:2,000 (BD Biosciences), rabbit anti-CASP3 1:1,000 (AB clonal), mouse anti-GAPDH 1:2,000 (Abcam), mouse anti-VDAC1 1:1,000 (Abcam), and mouse anti-total OXPHOS antibody cocktail 1:1,000 (Abcam). Protein signals were detected with a Super SignalTM West Pico PLUS (Thermo Scientific) kit according to the manufacturer’s protocol.



Immunofluorescence Studies

For imaging amyloid protein distribution and the Golgi network, cells were grown on coverslips and then fixed with 4% formaldehyde for 15 min at room temperature. Excessive formaldehyde was removed, and samples washed thrice with PBS before permeabilization with 0.5% Triton X in PBS for 10 min at room temperature and then blocked with 1% BSA for 1 h at room temperature. Next, cells were washed thrice with 1 ml of PBS and then incubated at 4°C overnight with an anti-Golgin-97 (rabbit polyclonal, GeneTex) and anti-beta-amyloid (mouse monoclonal, DE2B4, Abcam) primary antibodies. Excessive primary antibody was removed by washing three times with 1 ml of PBS. Fluorescently labeled antibodies rabbit Alexa Fluor 488 and mouse Alexa Fluor 594 (both Thermo Fisher Scientific) diluted in 1% BSA in PBS were added to the samples and incubated at room temperature for 1 h. Samples were washed finally three times with PBS and once very briefly with water and mounted onto microscope slides using ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific). Imaging was performed using a Nikon A1R confocal microscope and acquired images were further analyzed using the open source image-processing package in Fiji.



Cellular Cholesterol and Lipid Quantification Using Florescence Microscopy

To visualize lipid loading in our cells, we have employed Filipin and BODIPY staining. Filipin III was employed to specifically visualize cholesterol deposits in our cell models.

Cell culture medium was removed, and cells were gently washed thrice with 1 × PBS (room temperature). Next, 100 μl of 4% formaldehyde was added to each coverslip and incubated for 15 min at room-temperature. After the formaldehyde has been removed, cells were again washed thrice with 1 × PBS (room-temperature). Cells were next incubated with 1 ml of 1.5 mg/ml glycine at room temperature for 10 min. Filipin III from Streptomyces filipinensis (Sigma-Aldrich F4767) was added on cells (125 μg/ml) for 2 h at room temperature. Cells were next rinsed three times with PBS and slides were mounted using ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Imaging was performed using a Leica confocal microscope (excitation approximately 360 nm and emission approximately 480 nm).

Data analysis was performed using Fiji. Two thresholds were set; the higher one to include only filipin-positive areas, and the lower one to also include areas of cellular autofluorescence as a measure of total cellular area. From this percentage, filipin positivity relative to cellular area was calculated for each image, and the mean was determined for all images of the fibroblast/treatment combination to give the percentage filipin positivity per combination. A minimum of 55 cells per combination were employed for quantification.

BODIPY (493/503; green solution; Life technologies, catalog # D-3922) was added followed by an incubation overnight at 4°C in the dark. The next day, BODIPY was removed, and cells were washed three times with 200 μl of PBS and stored at 4°C until microscopic inspection was carried out. Fluorescence measurements were performed on a modified Leica TCS SP8 CARS laser scanning microscope using a 25× water immersion objective [Fluotar VISIR 25x/0.95 WATER, for full description of the system see (Ebersbach et al., 2018)]. BODIPY fluorescence was excited at 488 nm and detected at 495–600 nm with a hybrid detector. Specifications of the hybrid detectors are given by the manufacturer. DAPI imaging was performed using 405 nm for excitation and detection of the fluorescence at 415–475 nm with a PMT. Both fluorescence measurements were carried out sequentially for each sample position. Multiple cell images were acquired as 3D stacks with a resolution of 2,048 × 2,048 pixels and a step size of 227 nm in x and y direction and five to nine layers in the z direction with a step size of 570 nm. 3D images of single cells were acquired with the same objective and a resolution of 512 × 512 pixels using a step size of 303 nm in the x and y direction and 570 nm in the z direction.

All data processing was performed using Matlab R2015a. For comparability of the different samples, all data were preprocessed as follows: For each 3D measurement, the mean intensity was calculated in the z direction. For the resulting 2D image, background noise was reduced by setting all data points with less than 1% of intensity to this lower threshold. To account for cosmic spikes, an upper intensity threshold was set so that less than 0.1% of the data points showed fluorescence intensity above this value. Intensities exceeding this upper limit were set to this value. Images were then rescaled to full range (8-bit) between these two threshold values.

For statistical analyses, single-cell images were cut from the mean images using an irregular octagon. For each of these cells, an intensity histogram analysis was performed. To account for the different sizes of the single-cell images, the histogram values were normalized to percentage values. From the analyzed cells per sample, the mean and standard deviation were calculated on the normalized histogram data.



Plotting and Statistical Analysis

Data were plotted using GraphPad Prism v.7.0 software (GraphPad Software, United States) or Origin 6.0 (Origin Lab) and Adobe Illustrator Artwork 23.0 (Adobe Systems). The statistical test and method are indicated in the legend of the figures. p-values of less than 0.05 were considered statistically significant for all experiments.
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Mitochondria are entrusted with the challenging task of providing energy through the generation of ATP, the universal cellular currency, thereby being highly flexible to different acute and chronic nutrient demands of the cell. The fact that mitochondrial diseases (genetic disorders caused by mutations in the nuclear or mitochondrial genome) manifest through a remarkable clinical variation of symptoms in affected individuals underlines the far-reaching implications of mitochondrial dysfunction. The study of mitochondrial function in genetic or non-genetic diseases therefore requires a multi-angled approach. Taking into account that the liver is among the organs richest in mitochondria, it stands to reason that in the process of unravelling the pathogenesis of liver-related diseases, researchers give special focus to characterizing mitochondrial function. However, mitochondrial dysfunction is not a uniformly defined term. It can refer to a decline in energy production, increase in reactive oxygen species and so forth. Therefore, any study on mitochondrial dysfunction first needs to define the dysfunction to be investigated. Here, we review the alterations of mitochondrial function in liver cirrhosis with emphasis on acutely decompensated liver cirrhosis and acute-on-chronic liver failure (ACLF), the latter being a form of acute decompensation characterized by a generalized state of systemic hyperinflammation/immunosuppression and high mortality rate. The studies that we discuss were either carried out in liver tissue itself of these patients, or in circulating leukocytes, whose mitochondrial alterations might reflect tissue and organ mitochondrial dysfunction. In addition, we present different methodological approaches that can be of utility to address the diverse aspects of hepatocyte and leukocyte mitochondrial function in liver disease. They include assays to measure metabolic fluxes using the comparatively novel Biolog’s MitoPlates in a 96-well format as well as assessment of mitochondrial respiration by high-resolution respirometry using Oroboros’ O2k-technology and Agilent Seahorse XF technology.
Keywords: mitochondrial dysfunction, systemic inflammation, organ failure, cirrhosis, acute decompensation, immunometabolism
1 INTRODUCTION
Although mitochondrial damage has beneficial effects in response to acute injuries or infections through promotion of pro-inflammatory responses, it might be deleterious in diseases associated with chronic inflammation such as advanced liver cirrhosis (Mansouri et al., 2018). Therapeutic interventions aimed at restoring the deranged intermediate metabolism in immune cells might sever the links between excessive mitochondrial damage and deranged immune response and have beneficial effects in patients with acute decompensation (AD) of cirrhosis and acute-on-chronic liver failure (ACLF), a syndrome developing in patients with AD characterized by the presence of organ failure(s).
AD cirrhosis is defined by acute development of ascites, hepatic encephalopathy, gastrointestinal haemorrhage or bacterial infection, or any combination of these, and ACLF is a syndrome with a prevalence of 30% in patients hospitalized for AD cirrhosis (Moreau et al., 2013). An evidence-based definition of ACLF was introduced for the first time in 2013, as a result of the prospective and European-wide CANONIC study (Moreau et al., 2013). The short-term mortality rate of patients with ACLF is 15 times higher than that of patients with mere AD, and the main cause of death is multiple organ failure. The current European and American definitions are based on the presence of organ failures, and the severity of the disease (grade I-III) is determined according to the number of organ failures (Moreau et al., 2013). On the pathophysiological level, ACLF is characterized by the co-existence of systemic inflammation and immunoparesis, thereby rendering these patients more susceptible to bacterial infections (Bernsmeier et al., 2015; Clària et al., 2016; Fernández et al., 2017). ACLF shares pathophysiological similarities with sepsis, during which immune cells undergo metabolic reprogramming to fuel the hyper-inflammatory state. Therefore, it can be assumed that mitochondria, which were recently dubbed as the powerhouses of immunity (Mills et al., 2017), play a crucial role in both conditions. Whereas the evidence is overwhelming and convincing in sepsis, the role of mitochondria in ACLF development due to its relatively recent definition is less well described.
The intricate link between mitochondrial dysfunction and subsequent disturbances in metabolic pathways, leading to shortage in adenosine triphosphate (ATP), excessive storage of fat and leakage of reactive oxygen species (ROS) is well acknowledged (Ott et al., 2007; Aon et al., 2014). In recent years, however, the crosstalk between mitochondria and the immune system has attracted increased attention, to the point that one entire research field termed immunometabolism is dedicated to disentangle this extremely complex network. Recent studies helped to increase the recognition that the metabolic-immunoregulatory crosstalk is bidirectional. On the one hand, immune cells have to transition from a metabolic quiescent to an active state during immune response, and on the other hand, altered metabolism controls immune cell differentiation, function and fate (Angajala et al., 2018). More specifically, mitochondrial intermediate metabolism affects cytokine production, i.e. M1 macrophage polarization is supported by a discontinuous tricarboxylic acid (TCA) cycle, whereas mitochondrial β-oxidation is required for M2 macrophage polarization (Tannahill et al., 2013; Huang et al., 2014; Jha et al., 2015). Additionally, mitochondria are able to activate different intracellular signaling pathways necessary to defend the host against pathogens such as the mitochondrial anti-viral signaling (MAVS) and activation of the nucleotide-binding oligomerization domain (NOD)-, leucine-rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) inflammasome by mitochondrial DNA (mtDNA) (Zhong et al., 2018). Apart from mtDNA, mitochondria also release proteins, lipids, metabolites and ROS. Mitochondria are the major contributor to ROS production in most mammalian cells, and ROS is implicated in redox signaling from mitochondria to other organelles of the cell. The molecules released by mitochondria serve as damage-associated molecular patterns (DAMPs). DAMPs interact with pattern-recognition receptors (PRRs) expressed mainly by cells of the innate immune system in an autocrine, paracrine or endocrine manner (Vénéreau et al., 2015; Miliotis et al., 2019). Since mitochondria are the organelles where metabolic pathways converge, they are also able to reshape the innate and adaptive immune responses by modulating the microenvironment. For instance, a lipid-rich tumor microenvironment favours expansion of the pro-tumoral, interleukin (IL)-17 secreting γδ T cell subset over the anti-tumoral interferon (IFN)γ producing γδ T cells (Lopes et al., 2021), and since glycolysis controls the translation of IFNγ-mRNA, the lack of glucose impairs T cell cytokine production (Chang et al., 2013). Another example is that oligomycin can block the expression of early activation markers after T-cell receptor ligation and blunt subsequent T cell proliferation (Chang et al., 2013).
Mitochondria do not merely release immunostimulatory molecules, but also represent intracellular sites of inflammatory signaling. For example, among the 22 nucleotide-binding leucine-rich repeat receptors or NOD-like receptors (NLRs), NOD5 (or NLRX1) has a predicted mitochondrial import signal (Tattoli et al., 2008). In addition, NLRP3, after being stimulated with monosodium urate, alum or nigericin, relocates from cytoplasmic structures and the ER to mitochondria-associated ER membranes (MAM) (Zhou et al., 2011). Interestingly, NLRP3 has the potential to drive fibrogenesis independent from inflammasome-regulated cytokines IL-1β/IL18 and processing of caspase 1. Instead, NLRP3 operates at mitochondria in fibroblasts and modulates their ROS production to augment profibrogenic pathways (Bracey et al., 2014).
In analogy to mitochondria being the metabolic hub of the cell, the liver can be seen as the metabolic hub of the body. Often, similar to the underestimation of the role of mitochondria in immune responses, the perception of the liver is reduced to its metabolic functions. This notion should be revised, since the liver is a site of complex immunological activity, involved in the production of acute phase proteins, coagulation and complement factors, cytokines and albumin, and contains a large population of resident immune cells. Innate lymphocytes in the liver comprise natural killer (NK) cells, NK T cells (NKT), mucosal associated invariant T cells and γδ T cells (Doherty et al., 1999; Kenna et al., 2003; Kenna et al., 2004; Dusseaux et al., 2011). Regarding cells of the adaptive immune system, the liver is particularly enriched in CD8+ T cells, activated T cells and memory T cells (Norris et al., 1998). Of note, hepatocytes express variable levels of class II MHC molecules and are capable of presenting antigens to classical T cells (Thomson and Knolle, 2010). The healthy adult liver maintains a basal cytokine level including expression of pro-inflammatory IL-2, IL-7, IL-12, IL-15 and IFNγ, and anti-inflammatory IL-10, IL-13 and transforming growth factor β (TGFβ) (Golden-Mason et al., 2004; Kelly et al., 2006). Worthy of note, the immunological microenvironment in the liver is subjected to direct influence by macronutrients transported to the liver through the portal vein.
Given that recurring commonalities of hepatic diseases include increased ROS and reactive nitrogen species, diminished β-oxidation, defective oxidative phosphorylation and enhanced lipogenesis, we propose that immunometabolic derangement and bioenergetics failure is the phenotype underlying advanced liver cirrhosis including ACLF, similar to sepsis (Cheng et al., 2016).
In the following, we highlight the characteristics of immunometabolism that goes astray in advanced stages of liver cirrhosis, the role of dysfunctional mitochondria in development of organ failures in patients with ACLF, and propose therapeutic strategies aimed at rewiring mitochondrial intermediate metabolism.
2 IMMUNOMETABOLISM IN THE SETTING OF ADVANCED LIVER DISEASE: ROLE OF THE TRICARBOXYLIC ACID CYCLE
Upon polarization of macrophages to the M1 phenotype, a discontinuity in the metabolic flux of the TCA cycle occurs at the isocitrate dehydrogenase (IDH) and succinate dehydrogenase (SDH) levels. As a consequence, succinate, a paradigmatic pro-inflammatory metabolite, is released into the cytosol, where it stabilizes the transcription factor hypoxia-inducible factor-1α (HIF-1α) through inhibition of prolyl hydroxylase (PHD) activity and promotes the production of ROS and IL-1β (Tannahill et al., 2013). In contrast, α-ketoglutarate (α-KG), another TCA cycle intermediate which functions as a branch point between glutamine metabolism and the TCA cycle, attenuates pro-inflammatory responses in M1 macrophages by suppressing nuclear factor-κB (NF-κB) pathway through PHD-dependent proline hydroxylation of IkappaB kinase (IKK) β (Liu et al., 2017). Therefore, M1 macrophage activation is strengthened by a low α-ketoglutarate/succinate ratio (Liu et al., 2017). Recently, we could demonstrate that the break point at SDH also exists in peripheral mononuclear cells of patients with ACLF (1 in Figure 1), probably as a consequence of systemic inflammation in these patients (Zhang et al., 2021). This finding also generates the hypothesis that the break point serves to perpetuate the inflammatory responses through production of cytokines, which is promoted by the pro-inflammatory actions of succinate.
[image: Figure 1]FIGURE 1 | Deranged mitochondrial intermediate metabolism contributes to development of organ dysfunction in patients with acute decompensated liver cirrhosis. The different metabolic intermediate pathways located in mitochondria are depicted, and how their derangements contribute to the clinical symptoms of patients with acutely decompensated liver cirrhosis. The boxes inside the mitochondrion highlight the electron transport chain (ETC), the tricarboxylic acid (TCA) cycle, and glutamine synthesis as one possible pathway for ammonia detoxification. Peripheral mononuclear cells of patients with ACLF exhibit a discontinuous TCA cycle at the isocitrate and succinate dehydrogenase (IDH and SDH) level (1). Succinate is transported into the cytosol where it inhibits prolyl hydroxylase (PHD), resulting in stabilization of hypoxia-inducible factor-1α (HIF-1α) and enhanced production of interleukin-1β (IL-1β). Untargeted metabolomics in serum of patients with AD cirrhosis and ACLF revealed increased degradation of tryptophan (Trp) through the kynurenine pathway with elevated kynurenine and kynurenic acid levels, which bind to aryl hydrocarbon receptor (AhR) localized in the intermembrane space of mitochondria (2). Activation of AhR is implicated in attenuation of mitochondrial maximal respiration. Patients with AD cirrhosis and ACLF also exhibit elevated levels of fatty acids and acylcarnitines, pointing towards impaired β-oxidation (3). Saturated fatty acids (FA) change the composition of cardiolipins which are enriched in the inner mitochondrial membrane, facilitating the release of cytochrome c. Targeted study of bioactive lipid mediators in patients with AD cirrhosis and ACLF revealed elevated levels of arachidonic acid and its products LTE4 and PGF2α (4). Arachidonic acid is able to modify the phospholipid composition of mitochondrial membranes, resulting in impaired function of the ETC. In addition to being involved in pro-inflammatory responses, succinate promotes fibrogenesis through its receptor GPR91 which is expressed on hepatic stellate cells (HSC), leading to upregulation of alpha-smooth muscle actin (α-SMA) and collagen type I (5). Mitochondrial DNA (mtDNA) released from hepatocytes promote inflammation through binding to toll-like receptor 9 (TLR9) of liver resident Kupffer cells (KC) (6), further contributing to fibrogenesis. Reactive oxygen species (ROS) generated by the electron transport chain and released by mitochondria promote cell death of kidney cells, eventually leading to kidney dysfunction and failure (7). Hyperammonemia in patients with advanced liver cirrhosis leads to depletion of α-ketoglutarate in skeletal muscle and consequently lower TCA flux and ATP synthesis, translating into sarcopenia (8). Along with muscle loss, significant amounts of glutamine synthetase activity is lost, promoting hepatic encephalopathy (9). IDO, indoleamine-2,3-dioxygenase; MDH, malate dehydrogenase. Figure was created with BioRender.com.
Mitochondria are regarded as the major cellular source of ROS production, but they can also be the target of excessive ROS generation. Mitochondrial ROS can damage metabolic enzymes such as α-ketoglutarate dehydrogenase (α-KGDH) and pyruvate dehydrogenase (Tretter and Adam-Vizi, 2005). α-KGDH, together with citrate synthase and IDH determine the overall rate of the TCA cycle (Cooney et al., 1981; Moreno-Sánchez et al., 1990), and α-KGDH is thought to be the key enzyme which limits the generation of NADH under exposure to oxidative stress (Tretter and Adam-Vizi, 2005). Patients with ACLF exhibit markedly elevated oxidative stress levels as represented by increased human nonmercaptalbumin 1 (HNA1), an oxidized form of albumin (Alcaraz-Quiles et al., 2018). Therefore, it is conceivable that in these patients, when α-KGDH is inhibited under high degree of oxidative stress, the supply of NADH to complex I of the electron transport chain (ETC) becomes limited, thus decreasing mitochondrial respiration and ATP production.
3 AMINO ACID METABOLISM IN ADVANCED LIVER CIRRHOSIS
Systemic inflammation initiated by DAMPs and pathogen-associated molecular patterns most probably is the initiator of metabolic derangements and subsequent organ failures and high mortality in patients with ACLF (Clària et al., 2016; Bajaj et al., 2020; Moreau et al., 2020). Activation of the innate immune system requires the integrated coordination of the metabolism of glucose, nonessential amino acids (AAs) and one-carbon (1C) metabolism, the latter being compartmentalized in the cytosol, mitochondria and nucleus. In decompensated cirrhosis, metabolic alterations comprise intense proteolysis and lipolysis, probably through stimulation of the hypothalamic-pituitary-adrenal axis by glucocorticoids (Ganeshan et al., 2019; Kelly and Pearce, 2020), leading to severe skeletal muscle catabolism (Moreau et al., 2020; Zaccherini et al., 2021). This is clinically most relevant, as sarcopenia is associated with the development of ACLF (Praktiknjo et al., 2019). In physiological conditions, AA catabolism is essential for the conservation of nitrogen and for maintaining physiologic concentrations of AAs, which cannot be stored up in case of dietary excess. Their catabolism occurs in the liver except for branched-chain amino acids, which are mainly metabolized by skeletal muscle and adipose tissue (Brosnan and Brosnan, 2006; Grohmann and Bronte, 2010). AA catabolism is used for controlling pathogen invasion and at the same time for regulating own immune responses (Bronte and Zanovello, 2005; Mellor and Munn, 2008). The metabolomics database of the landmark CANONIC study comprises 137 metabolites of which 43% are related to AAs. Reanalysis using weighted gene co-expression network analysis (WGCNA) identified 9 modules of co-regulated metabolites (Zaccherini et al., 2021). Worthy of note was the parallel increase of metabolite modules with markers of inflammation such as C-reactive protein (CRP), soluble CD163 (sCD163), sCD206, IL-6, tumor necrosis factor α (TNFα) and IL-10, indicating that inflammatory responses in patients with ACLF is accompanied by changes in AA metabolism (Zaccherini et al., 2021). The same study also suggested that in these patients, production of glutathione via the transsulfuration pathway and methionine renewal through the methionine salvage pathway are prioritized, probably to counteract systemic oxidative stress and to fuel the purine salvage pathway. In addition, N-formyl-L-methionine was reported to be increased in ACLF, suggesting enhanced conversion of serine to glycine and formate production in the folate cycle which forms part of the mitochondrial 1C metabolism.
In addition to reflecting disturbed AA metabolism, certain AAs and their derivatives exert biological functions, with the potential to impair organ functions (Clària et al., 2019). Patients with AD and ACLF present with reduced trytophan (Trp) levels, consistent with increased Trp degradation through the kynurenine pathway, giving rise to kynurenine, kynurenic and quinolinic acids (2 in Figure 1). The first and rate-limiting step of the kynurenine pathway is catalyzed by the enzymes indoleamine-2,3-dioxygenase-1 (IDO-1) and tryptophan-2,3-dioxygenase (TDO) (Clària et al., 2019). TDO2, the gene encoding TDO, is mainly expressed in the liver, and IDO is known to be an important regulator of the immune system (Curti et al., 2009). In patients with ACLF, mRNA expression of IDO1 and IDO2 in peripheral blood mononuclear cells was increased, which could be related to the elevated plasma IFNγ levels in these patients (Clària et al., 2016; Clària et al., 2019). Increased expression of IDO depletes Trp in T cells, increasing uncharged tRNA levels, upon which the ribosomal stress-response kinase general control non-derepressible 2 (GCN2) is activated, leading to T cell anergy and proliferative arrest (Munn et al., 2005). Kynurenine and kynurenic acid exert immunomodulatory actions by binding to aryl hydrocarbon receptor (AhR) and G protein-coupled receptor 35 (GPR35) on immune cells (Wang et al., 2006; DiNatale et al., 2010). A portion of the AhR pool is localized in the intermembrane space of mitochondria, and ligand-induced activation of AhR attenuated mitochondrial maximal respiration (2 in Figure 1) (Hwang et al., 2016). Increased kynurenine favours immune tolerance by inhibiting proliferation of T and NK cells and increasing proliferation of regulatory T cells and myeloid-derived suppressor cells (MDSCs), which might explain the positive association between higher baseline kynurenine pathway activity and the development of nosocomial infections and mortality in patients with AD cirrhosis (Clària et al., 2019). This finding further exemplifies the intricate link between metabolism and the immune system.
Pleiotropic effects on metabolic and immune processes were also described for glutamine and arginine, which are both inducers of mTORC1 (Chantranupong et al., 2016; Meng et al., 2020). Arginine functions as a precursor for metabolites with immunomodulatory properties such as polyamines and nitric oxide (NO) (Grohmann and Bronte, 2010) and is among the metabolites increased in patients with ACLF (Zaccherini et al., 2021). Increase in extracellular arginine increases oxygen consumption and mitochondrial spare respiratory capacity of T cells, indicating that arginine skews metabolism of activated T cells from glycolysis towards mitochondrial oxidative phosphorylation (OXPHOS), possibly through upregulation of serine biosynthesis which fuels the TCA cycle (Possemato et al., 2011; Geiger et al., 2016). Increase of intracellular arginine levels either through supplementation in medium or by inhibiting arginase (which metabolizes L-arginine to L-ornithine) resulted in less IFN-γ secretion and increased survival of antigen-activated T cells in vitro and in vivo (Geiger et al., 2016). Interestingly, patients with cirrhosis who developed poor outcome had higher levels of the arginine metabolites asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) which adversely impact vascular reactivity and brain function (Bajaj et al., 2013; Bajaj et al., 2020).
4 CHANGES IN PLASMA AND MITOCHONDRIAL MEMBRANE LIPID COMPOSITION IN PATIENTS WITH CIRRHOSIS—INTERPLAY BETWEEN LIPID MEDIATORS AND MITOCHONDRIAL DYSFUNCTION
Inflammation is often associated with disturbances in cholesterol, fatty acid and phospholipid metabolism. This is also the case for patients with ACLF, who typically present with very low levels of high density lipoprotein (HDL) particles, probably attributed to the downregulation of reverse cholesterol transport mediated by acute phase responses (Feingold and Grunfeld, 2010; Trieb et al., 2020). It was proposed that the innate immune system differentially modifies macrophage cholesterol homeostasis in order to amplify the inflammatory response by activating the inflammasome and then to turn it off (Tall and Yvan-Charvet, 2015).
Untargeted blood lipidomics of cirrhotic patients with AD identified a specific lipid signature characterized by a generalized suppression of lipid species including the total polyunsaturated fatty acid (PUFA) pool and phospholipid families (i.e., lysophosphatidylcholine (LPC) and sphingomyelins), probably reflecting decreased hepatic biosynthetic capacity (López-Vicario et al., 2020; Clària et al., 2021). More specifically, LPC containing omega-3 PUFAs ranked among the lipids with greatest reduction in patients with AD and ACLF from the CANONIC cohort. Importantly, the decrease in LPC paralleled disease severity in patients with cirrhosis (Clària et al., 2021). Metabolomic analysis in a multicentre North American cohort complemented these findings, further demonstrating that patients who developed ACLF had lower serum phospholipids including phosphotidylethanolamine (PE), which is enriched in mitochondrial membranes, and higher estrone-3-sulfate level (Bajaj et al., 2020). An exception are fatty acids, which are notably increased due to enhanced lipolysis as indicated by blood accumulation of 2-hydroxyhexadecanoate, a by-product of lipolysis (Moreau et al., 2020; Zaccherini et al., 2021). At the same time, accumulation of acylcarnitines in the blood of patients indicates impaired translocation of fatty acids into mitochondrial matrix, the site of β-oxidation (3 in Figure 1) (Moreau et al., 2020).
The alterations of blood lipid composition found in patients with decompensated cirrhosis are important, since it was shown that dietary fatty acids can remodel the lipid composition of mitochondrial membranes (Sullivan et al., 2018). Mitochondrial membranes are enriched with phospholipid species such as phosphatidylcholine (PC), PE, phosphatidylinositol (PI), phosphatidylserine (PS) and cardiolipin (Horvath and Daum, 2013; Sullivan et al., 2018). The latter is a unique structural lipid with four fatty acyl chains that favors mitochondrial membrane fusion and fission, cristae formation and respiratory function (Schlame and Ren, 2009; Paradies et al., 2014; Ren et al., 2014). The PUFA species incorporated into mitochondrial phospholipids are critical for optimal lipid molecular organization, lipid microenvironment and mitochondrial function including the respiratory enzymes involved in OXPHOS (Schlame and Ren, 2009; Genova and Lenaz, 2014; Paradies, 2014; Ruiz-Ramírez et al., 2015; Sullivan et al., 2018; Maekawa et al., 2019). Interestingly, studies using hepatic steatosis high calorie-fed animal models observed that increased hepatic availability of saturated FAs induced changes in the composition of mitochondrial membrane cardiolipins, leading to exacerbated cytochrome c released from the mitochondria to the cytosol and increased mitochondrial ROS generation (3 in Figure 1) (Crescenzo et al., 2015; Ruiz-Ramírez et al., 2015). Furthermore, circulating saturated fatty acids are able to elicit a pro-inflammatory response, since they sensitize hepatocytes to TLR agonists (Csak et al., 2011).
The omega-6 PUFA linoleic acid (LA) is the major fatty acid in mitochondrial membranes and constitutes almost 90% of the cardiolipin fatty acyl chains, which bind with high affinity to respiratory chain enzymes and stabilize them (Planas-Iglesias et al., 2015; Sullivan et al., 2018). Moreover, the high amount of LA in cardiolipin has been positively correlated with cytochrome c oxidase activity (Fajardo et al., 2015). In an animal model of heart failure, LA has been shown to improve mitochondrial OXPHOS capacity in cultured rat cardiomyocytes (Maekawa et al., 2019). Albeit being important for mitochondrial membrane integrity, high amounts of LA directly reduced the mitochondrial marker enzyme citrate synthase, as well as routine and maximal mitochondrial respiration in a concentration-dependent manner (Shrestha et al., 2019). Furthermore, an excessive LA dietary intake leads to exacerbated arachidonic acid-derived lipid mediators, such as prostaglandin E2 (PGE2) and leukotriene B4 (LTB4) (Shrestha et al., 2019). In fact, this is clinically most relevant as patients with AD cirrhosis present with elevated levels of PGE2 which suppresses macrophage pro-inflammatory cytokine secretion and bacterial killing, mediated via the prostanoid type E receptor-2 (EP2) (O’Brien et al., 2014).
Since mitochondria play a critical role in the regulation of inflammation, bioactive lipid mediators generated under inflammatory conditions could play a paramount feature in mitochondrial function. Lipid mediators play a major role in the regulation of immune responses through generation of omega-6 PUFA-derived pro-inflammatory (i.e., PGs and LTs) and anti-inflammatory lipid mediators (specialized pro-resolving lipid mediators; SPM) derived from omega-3 PUFA (i.e., resolvins (Rv), maresins (MaR) and lipoxins (LX)), which are involved in the initiation and resolution of inflammation (Serhan, 2014; Dennis and Norris, 2015; López-Vicario et al., 2016). The main omega-3 PUFAs which serve as anti-inflammatory and pro-resolving lipid mediators or SPM precursors are docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Serhan, 2014; López-Vicario et al., 2016). A targeted study of bioactive lipid mediators in patients with AD cirrhosis and ACLF further revealed higher circulating levels of arachidonic acid-derived LTE4 and PGF2α accompanied by reduced pro-resolving EPA-derived LXA5 (4 in Figure 1) (López-Vicario et al., 2020). The omega-6 arachidonic acid, biosynthesized from the conversion of LA through desaturation and elongation reactions, is also incorporated into phospholipids of mitochondrial membranes. Arachidonic acid is the major pro-inflammatory lipid mediator precursor and is able to replace the mitochondrial membrane LA leading to changes in membrane permeability, impaired function of respiratory chain complexes, higher cytochrome c release, ROS generation and mitochondrial depolarization through an uncoupling effect (Cocco et al., 1999; Scorrano et al., 2001; Haworth et al., 2010).
SPMs, firstly identified and termed by Serhan (2014), with well recognized potent inflammation-resolving effect on polymorphonuclear neutrophils and macrophages, are described to attenuate mitochondrial dysfunction in a mouse model of liver ischaemia/reperfusion injury and to reduce ROS levels in blood of patients with sepsis by increasing superoxide dismutase activity (Gu et al., 2018; Hecker et al., 2018; Kang et al., 2018). In the model of liver ischaemia/reperfusion injury, RvD1 which is biosynthesized from DHA via lipoxygenase (LOX) pathway (Serhan and Petasis, 2011), prevented ROS-mediated mitochondrial dysfunction and reduced mitochondrial swelling, lipid peroxidation and impaired activities of mitochondrial complexes I and III by regulating thioredoxin 2-mediated mitochondrial homeostasis (Kang et al., 2018). Moreover, RvD1 conserves ultrastructural morphology of mitochondria by activating mitophagy (Ren et al., 2020). In the sepsis model of bone marrow derived-macrophages (BMDM) with lipopolysaccharide (LPS), the DHA-derived 12-LOX product MaR1 (Serhan et al., 2009) was able to inhibit ROS production, increase mitochondrial membrane potential and improve ATP content (Gu et al., 2018).
Other lipid mediators worth mentioning are the EPA-derived SPM intermediate 18R-HEPE and RvE1, which also exerted a potent restorative effect in human peripheral mononuclear cells with TNFα-induced mitochondrial dysfunction (Hecker et al., 2018). After exposure to TNFα, cells treated with RvE1 and 18R-HEPE improved routine respiration and the mitochondrial membrane potential compared to those treated with the PUFAs arachidonic acid, DHA and EPA (Hecker et al., 2018). Interestingly, the impaired respiratory capacity and the impaired imbalance of mitochondrial fission and fusion were completely rescued by RvE1 (Mayer et al., 2019).
5 MITOCHONDRIAL DYSFUNCTION AT THE EARLY STAGES OF CHRONIC LIVER INJURY
There is accumulating evidence that mitochondrial dysfunction contributes to the development and progression of fibrosis. Fibrosis development can be regarded as non-homeostatic innate immune response to tissue damage, and the role of hepatic stellate cells (HSCs) as innate immune cells is often under-recognized. Ongoing injury leads to activation of HSCs and their transdifferentiation into myofibroblasts, leading to progressive matrix deposition. This transformation is induced by inflammation-dependent and -independent mechanisms, including secretion of cytokines (i.e., TGFβ and IL-13), signaling through the succinate-GPR91-TGFβ pathway, mitochondrial ROS and apoptotic bodies arising from dying hepatocytes (Chiaramonte et al., 1999; Jiang et al., 2009; Pellicoro et al., 2014; Li et al., 2015a). Similar to immune cells, HSCs undergo metabolic rewiring during their activation. Hedgehog pathway is one of the main player in driving glycolysis and glutaminolysis in activated HSCs, which is essential for their transdifferentiation (Chen et al., 2012; Du et al., 2018). HSCs exert their immunomodulatory effects through production of ROS and pro-inflammatory cytokines and chemokines such as CC-chemokine receptor 2 (CCR2) ligand CCL2, CCL5 (RANTES), CCL3 and CCL4. Activated HSCs and macrophages secrete TGFβ, thereby further promoting myofibroblast activation and deposition of extracellular matrix (ECM). The canonical signaling of TGFβ is mediated by the Smad pathway, which results in repression of epithelial marker gene expression and activation of mesenchymal gene expression (Xu et al., 2009). However, it is less known that Smad2/3 are present and phosphorylated in mitochondria of CD4+ T cells, or that TGFβ impairs mitochondrial function by reducing the basal and ATP-coupled oxygen consumption rate (OCR) of human CD4+ T cells and inhibiting mitochondrial complex V (ATPase activity) (Dimeloe et al., 2019). Inhibition of complex V by TGFβ or oligomycin alone is sufficient to impair IFNγ production by CD4+ T cells. Therefore, through impairing mitochondrial respiration, TGFβ is able to induce T cell paralysis.
Interestingly, succinate also emerges as a key metabolite in the context of fibrosis development. Li et al. (2016) proposed that succinate functions as a paracrine signal between hepatocytes and HSCs, thereby inducing the succinate receptor GPR91 and upregulating the fibrogenic markers alpha-smooth muscle actin (α-SMA), TGFβ and collagen type I (5 in Figure 1). As a proof of concept, inhibition of succinate-GPR91 signaling by Ly2405319, an analog of fibroblast growth factor (FGF)21, attenuated HSC activation.
Mitochondria do not only function as a platform for profibrogenic signaling, but also actively participate in fibrogenesis. Mitochondria-derived DAMPs (mtDAMPs) are particularly immunogenic due to their structural similarities to bacteria. mtDNA from hepatocytes released into circulation promote inflammation through binding to endosomal TLR9 of liver resident Kupffer cells (6 in Figure 1) (Garcia-Martinez et al., 2016). Apart from their pro-inflammatory effect, a recent elegantly conducted study demonstrated that mtDNA is also able to directly activate HSCs and trigger pro-fibrogenic responses in mice (An et al., 2020). More importantly, patients with non-alcoholic steatohepatitis with advanced fibrosis stage have higher circulating levels of mtDNA, supporting the finding that mtDNA are able to drive hepatic fibrogenesis (An et al., 2020).
Non-alcoholic fatty liver disease is a vivid example of how systemic immune responses are regulated by metabolism, and that harmful local fibrosis of the liver can develop if these systemic metabolic disturbances remain unresolved. Therefore, metabolic alterations should not only be regarded as a consequence of immune responses, but they should be at least considered as a root for immune cell impairment.
6 ORGAN DYSFUNCTION AND FAILURE IN ACUTE DECOMPENSATION CIRRHOSIS AND ACUTE-ON-CHRONIC LIVER FAILURE: ROLE OF MITOCHONDRIAL DYSFUNCTION
Systemic inflammation in patients with AD cirrhosis and ACLF require energetically expensive immune responses in order to produce inflammatory mediators, respiratory burst, and positive and negative acute-phase proteins (such as albumin) (Clària et al., 2016; Moreau et al., 2020). As a consequence, a competition for energy with other maintenance programs, including organ function homeostasis, takes place (Ganeshan et al., 2019). In patients with AD and ACLF, glucose is preferentially used in extra-mitochondrial pathways in detriment of ATP production (Moreau et al., 2020), which directly triggers life-threatening organ failure(s), a recurrent feature present in diseases characterized by systemic inflammation (Carré and Singer, 2008; Van Wyngene et al., 2018). The impaired ATP production is especially devastating for the liver whose ATP synthesis rate, estimated at 30 mM/min in healthy volunteers using in vivo 31P magnetization transfer experiment, is extraordinarily high compared to human skeletal muscle for example (Schmid et al., 2008).
Hence, mitochondrial dysfunction is typically found as an important hallmark in chronic liver diseases including cirrhosis (Mansouri et al., 2018). An overview of the findings related to mitochondrial dysfunction in patients with cirrhosis and ACLF and in different animal models of chronic liver injury is provided in Tables 1, 2, respectively. In an attempt to compensate for decreased OXPHOS and maintain ATP production, hepatocytes of rats induced to cirrhosis with carbon tetrachloride (CCl4) undergo a metabolic shift from OXPHOS to glycolysis (Nishikawa et al., 2014). In addition, inflammatory cells release a large amount of oxidants and cytokines (Piano and Angeli, 2021), such as TNFα which imitates the effect of uncouplers in mitochondria, contributing to the decrease in ATP production (Kastl et al., 2014; Song et al., 2019).
TABLE 1 | Overview of key findings related to mitochondrial dysfunction in patients with cirrhosis and ACLF.
[image: Table 1]TABLE 2 | Overview of different animal models of chronic liver injury, cirrhosis and ACLF and findings related to mitochondrial functionality.
[image: Table 2]In hepatocytes of cirrhotic rats, the OCR as a proxy for the functionality of ETC is similar to that of control hepatocytes at early stages of cirrhosis, but was significantly reduced at the terminal stage (Nishikawa et al., 2014). The decreased OCR could be a consequence of prolonged exposure of hepatocytes to inflammatory cytokines (Stadler et al., 1992). However, another study in murine hepatocytes detected an increment of OCR after one hour of TNFα-induced damage (Kastl et al., 2014). These findings suggest that the time of exposure to inflammatory cytokines determines if mitochondrial respiration is increased as a first effort of mitochondria to supply enough energy from OXPHOS, or if it is decreased as a secondary damage of prolonged inflammation.
Another aspect of mitochondrial dysfunction of the OXPHOS system in liver cirrhosis is the enhanced production of ROS (Chan, 2006; Natarajan et al., 2006). Oxidative stress produced by mitochondria induces apoptosis in hepatocytes and might consequently lead to deposition of scar tissue, i.e., fibrosis and cirrhosis, and eventually decompensation of liver function (Paradies, 2014; Luangmonkong et al., 2018).
In addition to failure of liver function, kidney, brain, coagulatory and circulatory failure and the combinations thereof are also part of the ACLF syndrome (Moreau et al., 2013). The kidney is one of the most energy-demanding organs in the human body (Wang et al., 2010). During the course of cirrhosis there is a marked decrease of the production of energy by mitochondria from tubular epithelial cells that can be explained by decreased number of mitochondria, swelling of individual organelles and disrupted cristae (Gomez et al., 2014; Tran et al., 2011; Brooks et al., 2009). Additionally, ROS released by damaged mitochondria contributes to oxidative stress, thereby amplifying inflammation and eventually inducing cell death of kidney cells (7 in Figure 1) (Emma et al., 2016).
Another aspect in patients with decompensated cirrhosis is hyperammonemia, which correlates with organ failures and mortality (Shalimar et al., 2019) and impairs neutrophil function (Shawcross et al., 2008), further establishing the intimate connection between disturbed mitochondrial intermediate metabolism and inflammation. Ammonium (NH3) is detoxified in mitochondria via glutamate or glutamine synthesis from α-KG, resulting in cataplerosis, i.e., depletion of the critical TCA cycle intermediate α-KG (Davuluri et al., 2016). Notably, in skeletal muscle this translates into sarcopenia due to lower flux of the TCA cycle and subsequent decreased ATP synthesis (8 in Figure 1) (Jacobsen et al., 2001). Sarcopenia in turn results in reduced NH3 clearance from the circulation, as skeletal muscle contain significant amounts of glutamine synthetase, thereby favouring the development of hepatic encephalopathy (9 in Figure 1) (Merli et al., 2013).
In the brain, the cells most vulnerable to ammonia toxicity are astrocytes (Norenberg, 1981). NH3 inhibits cerebral glutaminase activity (Bradford and Ward, 1976) and state III respiration in mitochondria isolated from acute NH3-intoxicated rats (Kosenko et al., 1997). It collapses the mitochondrial membrane potential and increases the mitochondrial permeability in cultured astrocytes, possibly through alkalinization and dissipation of the mitochondrial proton gradient. In sparse-fur mice, which are deficient in hepatic ornithine transcarbamylase and therefore congenitally hyperammonemic, a progressive inhibition of electron transport complexes, particularly complex IV (cytochrome c oxidase), was observed (Rama Rao et al., 1997). In addition, the production of glutamine, derived from NH3 detoxification, might similarly contribute to the induction of the mitochondrial permeability transition (MPT), since inhibition of glutamine synthetase with methionine sulfoximine (MSO) blocks the NH3-induced collapse of the mitochondrial membrane potential (Bai et al., 2001).
7 THERAPEUTIC STRATEGIES
In this part, we will majorly focus on therapeutic approaches targeted at reversal of the metabolic reprogramming that takes place in advanced liver cirrhosis and ACLF. For strategies based on reduction of oxidative stress levels in cirrhosis, we refer to the excellent review by Li et al. (2015b).
7.1 Targeting the Tricarboxylic Acid Cycle in Macrophages
Supporting anaplerotic reactions, for example by feeding glutamine into the TCA cycle, restores the phagocytic capacity of monocytes which were conditioned with plasma of ACLF patients (Korf et al., 2019). This can be achieved through inhibition of the glutamine synthetase by MSO, a sulfoximine derivative of methionine, or by directly feeding the TCA intermediate α-KG, which promotes M2 activation via Jumonji domain-containing protein D3-dependent epigenetic reprogramming (Liu et al., 2017). Another possibility to increase intracellular α-KG availability can be achieved by employing the cell-permeable analogue dimethyl-α-KG. Dimethyl-α-KG suppressed nuclear translocation of NF-κB in glutamine-deprived BMDMs. Furthermore, supplementation of α-KG can relieve nitro-oxidative stress via their antioxidant properties. α-KG treatment in HepG2 increased levels of L-carnitine and restored mitochondrial β-oxidation (Lemire et al., 2011). This is relevant in patients with AD, as they exhibit relative L-carnitine deficiency due to increased circulating acylcarnitines (Zhang et al., 2021). α-KG and succinate, both intermediates of the TCA cycle, act as antagonistic players, thus targeting the α-KG/succinate ratio might be a good manipulation point to tailor macrophage immune responses in patients with ACLF (Liu et al., 2017).
7.2 Inhibition of Succinate-GPR91 Signaling
Since the discovery of succinate as a specific activator of GPR91 in 2004 (He et al., 2004), the involvement of the succinate-GPR91 axis in a multitude of diseases is being gradually unravelled. Activation of GPR91, a plasma membrane receptor, leads to intracellular release of arachidonic acid and production of PGE2, development of tubulo-interstitial fibrosis in diabetic nephropathy and enhanced activation of HSCs in the liver (Correa et al., 2007; Robben et al., 2009; Peti-Peterdi, 2010). Small molecule antagonists of human GPR91 were firstly identified in 2011, among them two orally bioavailable compounds termed 5g and 7e, identified through a systematic structure-function high-throughput screening analysis (Bhuniya et al., 2011). Another high-affinity and highly selective human antagonist denoted NF-56-EJ40 was identified later in 2019 (Haffke et al., 2019). These compounds could serve as a promising starting point for preclinical studies investigating their effects in advanced liver cirrhosis.
7.3 Induction of PGC-1α
Activation of peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), the master regulator of mitochondrial biogenesis, is a target worth considering. Interestingly, it has been discovered that PGC-1α, apart from its nuclear localization, is also found in mitochondria, where it forms a multiprotein complex with mitochondrial transcription factor A (TFAM) (Aquilano et al., 2010). To our knowledge, only two direct activators of PGC-1α, ZLN005 (2-[4-(1,1-dimethylethyl)phenyl]-1H-benzimidazole) and Mogroside VI B, a cucurbitane glucoside, are available. These compounds have been only investigated in preclinical models of ischaemia-induced neuronal injury and diabetic db/db mice, where they show beneficial effects (Zhang et al., 2013; Xu et al., 2018). All the other pharmacological compounds (metformin, bezafibrate, activators of AMP-activated protein kinase and sirtuins) are indirectly aimed at PGC-1α activation.
7.4 Restoring Lipid Homeostasis
RVX-208 (2-[4-(2-hydroxyethoxy)-3,5-dimethylphenyl]-5,7-dimethoxy-4/3H)-quinazo-linone) is a small molecule which displaces bromodomain and extraterminal (BET) domains from chromatin and increases transcription of APOA1 gene, thereby increasing APO1 and HDL levels in humans (McLure et al., 2013; Picaud et al., 2013). Several phase I and II clinical trials investigating BET inhibitors for its anti-proliferative effect in solid and hematologic malignancies are registered, and one phase III study is currently recruiting patients with myelofibrosis for the treatment with a BET inhibitor in combination with ruxolitinib, a janus kinase (JAK) inhibitor. Given the fact that inhibition of bromodomain-containing protein 4, another member of BET proteins, abrogated activation of HSCs and even reversed liver fibrosis in mice treated with CCl4 (Ding et al., 2015), BET inhibitors should be evaluated for the treatment of liver fibrosis. One other effect of BET inhibitors, which should be kept in mind, is that they have the potential to reactivate HIV from latency (Banerjee et al., 2012).
Another more general strategy aimed at restoring lipid homeostasis in patients with AD could be the activation of the liver X receptor (LXR). LXR promotes cholesterol efflux through ATP-binding cassette transporters ABCA1 and ABCG1 and induces the expression of genes involved in elongation and unsaturation of fatty acids. Activation of LXRα in the liver also induces lysophosphosphatidylcholine acyltransfase 3 (LPCAT3) which mediates the synthesis of phospholipid-containing PUFAs, thereby decreasing inflammatory responses (Li et al., 2013; Rong et al., 2013). The increase in PUFAs decreases transcriptional responses of NF-κB target genes through altered histone acetylation in their promoter regions (Li et al., 2013), and LPCs ameliorate cytokine secretion and enhance bacterial clearance (Elsbach and Levy, 1968; Yan et al., 2004). Therefore, activation of LXR could be beneficial in patients with AD and ACLF whose plasma is characterised by a decrease in the total PUFA pool (López-Vicario et al., 2020). However, activation of LXRs could be a double-edged sword, as LXRs are highly expressed in haematopoietic stem cells and myeloid progenitor cells, in which they decrease the proliferative responses to IL-3 and GM-CSF (Murphy et al., 2011). LXR also increase expression of MER proto-oncogene tyrosine kinase (MERTK), which suppresses TLR-4 mediated inflammatory responses through enhancement of efferocytosis. ACLF is on the one hand characterized by an exaggerated hyperinflammatory state, and on the other hand by immune paralysis as evidenced by an expansion of immunosuppressive acting monocytes and macrophages which express MERTK. In line with this, MERTK inhibitors restore cytokine production by immune cells from patients with ACLF (Bernsmeier et al., 2015). Therefore, because of the delicate balance between too much inflammation and not enough in patients with ACLF, a generalized therapy concept might be harmful for some patient subsets with ACLF. Therapy in patients with ACLF requires individualized concepts, and diagnostics should also intend to evaluate the extent of inflammation/immune dysfunction in each patient individually. In this case, an elegant solution as to how LXR activation can be targeted to specific cell subsets which exhibit a pro-inflammatory phenotype, but not to those which show exhaustion, would be welcome.
Last but not least, treatment of patients with cirrhosis should take dietary habits and physical activity, which are able to modulate mitochondrial function via direct or indirect mechanisms, into account. The analysis of the mitochondrial membrane phospholipidome in healthy subjects demonstrated that EPA and DHA supplementation is able to increase omega-3 PUFA levels in mitochondrial membranes from skeletal muscle biopsies by replacing omega-6 PUFA in mitochondrial phospholipids (Herbst et al., 2014). This study demonstrated the role for omega-3 PUFAs in the mitochondrial membrane reorganization while ameliorating mitochondrial function and ADP sensitivity (Herbst et al., 2014). Importantly, dietary omega-3 PUFA enrichment favored ATP-linked OCR in both peripheral mononuclear cells and macrophages (Lau et al., 2020).
8 CONCLUSION
The critical mass of research supports the importance of systemic inflammation in development of AD cirrhosis and ACLF. In this review, we focused on the emerging evidence that mitochondrial dysfunction is another hallmark of advanced liver cirrhosis. Mitochondria are not only the executers of the immune system, but they also act as powerful effectors endowed with the ability to shape the immune responses towards a hyperinflammatory or immunosuppressive state. Therefore, we suggest that future strategies to treat patients with AD cirrhosis and ACLF should be focused on restoring metabolic homeostasis in immune cells. In the Supplementary Material of this review, we summarize the methodological background of the current methods dedicated to the assessment of mitochondrial function.
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Mitochondria contain two membranes, the outer and inner membrane. The outer membrane fulfills crucial functions for the communication of mitochondria with the cellular environment like exchange of lipids via organelle contact sites, the transport of metabolites and the formation of a signaling platform in apoptosis and innate immunity. The translocase of the outer membrane (TOM complex) forms the entry gate for the vast majority of precursor proteins that are produced on cytosolic ribosomes. Surveillance of the functionality of outer membrane proteins is critical for mitochondrial functions and biogenesis. Quality control mechanisms remove defective and mistargeted proteins from the outer membrane as well as precursor proteins that clog the TOM complex. Selective degradation of single proteins is also an important mode to regulate mitochondrial dynamics and initiation of mitophagy pathways. Whereas inner mitochondrial compartments are equipped with specific proteases, the ubiquitin-proteasome system is a central player in protein surveillance on the mitochondrial surface. In this review, we summarize our current knowledge about the molecular mechanisms that govern quality control of proteins at the outer mitochondrial membrane.
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INTRODUCTION
Mitochondria are known as the powerhouse of the cell since they produce the bulk of energy for cellular processes. They also synthesize lipids and amino acids, form co-factors like iron-sulfur clusters and constitute a platform for cellular signaling in apoptosis and innate immunity (Spinelli and Haigis, 2018; Tiku et al., 2020). Mitochondria display specific features, which are due to their endosymbiotic origin. They contain their own genome, which encodes for eight proteins in the baker’s yeast Saccharomyces cerevisiae and 13 proteins in human mitochondria. The vast majority of about 1,000 mitochondrial proteins are produced as precursors on cytosolic ribosomes and imported into the target organelle. Mitochondria contain two membranes, the outer membrane and the inner membrane, which create two aqueous compartments, the intermembrane space and the matrix. The inner membrane forms large invaginations, termed cristae, which harbor the respiratory chain complexes. These membrane-integrated protein complexes transport electrons from reducing agents to oxygen to form water. The released energy is used to establish a proton gradient across the inner membrane that drives the F1FO-ATP synthase to produce ATP (von Ballmoos et al., 2009; Spinelli and Haigis, 2018; Kuhlbrandt, 2019).
The outer membrane constitutes the border of mitochondria to their cellular environment and is therefore critical for the integration of mitochondria within the cell. The outer membrane contains a few dozen integral membrane proteins (Schmitt et al., 2006; Zahedi et al., 2006; Morgenstern et al., 2017; Vögtle et al., 2017). In yeast, five proteins are embedded into the membrane by a β-barrel, whereas the majority is anchored via a single or several α-helical transmembrane segments. The voltage-dependent anion channel (VDAC or porin in yeast) mediates the exchange of small molecules and ions with the cellular environment (Colombini, 2012; Campo et al., 2017; Becker and Wagner, 2018). Protein translocases transport different types of precursor proteins that were produced on cytosolic ribosomes into and across the outer membrane (Dukanovic and Rapaport, 2011). Outer membrane proteins form contact sites to other cellular compartments. One example is the endoplasmic reticulum encounter structure (ERMES) in yeast that links mitochondria and the endoplasmic reticulum (ER) to facilitate lipid transfer (Kornmann et al., 2009; Ellenrieder et al., 2016). Finally, outer membrane localized proteins control fusion and fission of mitochondria (Escobar-Henriques and Anton, 2013; Kameoka et al., 2018; Tilokani et al., 2018).
Mitochondrial quality control mechanisms are critical to deal with the high load of incoming precursor proteins and to monitor their folding. The inner membrane and matrix are equipped with AAA proteases that remove misfolded or defective proteins: the i-AAA protease (Yme1/YME1L) of the inner membrane exposes its active site into the intermembrane space, the inner membrane embedded m-AAA protease (Yta10, Yta12/AFG3L2, paraplegin) exposes its catalytic center into the matrix and the soluble Pin1/LONP resides in the matrix (Gerdes et al., 2012; Deshwal et al., 2020; Song et al., 2021). The outer membrane lacks such specific AAA proteases. Instead, studies of the last few years uncovered that the ubiquitin proteasome system plays a central role in the degradation of aberrant proteins at the mitochondrial surface. We summarize here our current knowledge about surveillance of proteins on the mitochondrial surface.
OVERVIEW OF PROTEIN TRANSPORT INTO MITOCHONDRIA
Mitochondria have to import about 1,000 proteins in yeast and up to 1,500 proteins in humans that are produced on cytosolic ribosomes (Pagliarini et al., 2008; Morgenstern et al., 2017). Outer membrane proteins play a critical role in the import of precursor proteins into mitochondria (Endo and Yamano, 2009; Wiedemann and Pfanner, 2017; Hansen and Herrmann, 2019). The vast majority of mitochondrial proteins are synthesized by cytosolic ribosomes as precursors. Although co- and posttranslational import mechanisms have been reported, most mitochondrial precursor proteins are imported in a posttranslational manner (Becker et al., 2019; Bykov et al., 2020). Here, cytosolic chaperones like Hsp70 and Hsp90 guide these precursor proteins from ribosomes to the mitochondrial surface (Becker et al., 2019; Bykov et al., 2020). Receptors of the translocase of the outer membrane (TOM complex) recognize internal and cleavable mitochondrial targeting signals. The receptor protein Tom70 also binds to cytosolic Hsp70 and Hsp90 chaperones. The recruitment of chaperones to Tom70 is crucial to prevent proteotoxic stress due to aggregation of mitochondrial precursor proteins (Young et al., 2003; Backes et al., 2021). Alternatively, some hydrophobic precursor proteins are first guided to the ER and then transported to mitochondria (ER-SURF pathway) (Hansen et al., 2018). Here, the ER membrane serves as a scaffold to accommodate membrane proteins and thereby prevents their aggregation.
The TOM complex is the main entry gate for precursor proteins into mitochondria. The two peripheral TOM receptors, Tom20 and Tom70, bind to incoming precursor proteins. Proteins containing a cleavable presequence are primarily recognized by Tom20 (Abe et al., 2000; Yamano et al., 2008). Tom70 was previously thought to function as a receptor for integral membrane proteins, but several studies demonstrated that this receptor is also involved in the import of several presequence-containing proteins that contain internal mitochondrial targeting sequences (Hines et al., 1990; Brix et al., 1997; Young et al., 2003; Yamamoto et al., 2009; Backes et al., 2018; Backes et al., 2021). The central subunit of the TOM complex is the β-barrel protein Tom40, which forms the protein-conducting channel (Hill et al., 1998; Suzuki et al., 2004; Becker et al., 2005). High-resolution cryo-electron microscopic structures revealed that the TOM complex consists of two Tom40 lined by three small TOM subunits, Tom5, Tom6 and Tom7. Two Tom22 molecules link both Tom40-small Tom modules in the TOM complex. The overall dimeric structure is conserved from yeast to human (Bausewein et al., 2017; Araiso et al., 2019; Tucker and Park, 2019; Wang W. et al., 2020; Guan et al., 2021). Tom22 constitutes the docking site for Tom20 and Tom70 at the TOM complex to facilitate precursor transfer from the receptor proteins towards the translocation channel (van Wilpe et al., 1999).
After passage of the TOM channel, specific protein translocases sort the incoming precursor proteins to the mitochondrial subcompartments (Figure 1). The presequence translocase (TIM23 complex) transports precursor proteins into and across the inner membrane. The respiratory chain generates a membrane potential across the inner membrane that drives protein transport via the presequence pathways (Malhotra et al., 2013). Protein transport into the matrix additionally depends on the ATP consuming activity of the presequence translocase-associated motor (PAM). Multispanning inner membrane proteins like carriers lack a cleavable presequence. The small TIM chaperones of the intermembrane space transfer these hydrophobic proteins to a second protein translocase of the inner membrane, the carrier translocase (TIM22 complex). The TIM22 complex inserts carrier proteins in a membrane potential dependent manner into the inner membrane. The mitochondrial intermembrane space import and assembly (MIA) machinery imports cysteine-rich proteins such as the small TIM proteins into the intermembrane space and promotes their oxidative folding. Precursors of β-barrel proteins are first transported via the TOM complex across the outer membrane and subsequently guided by the small TIM chaperones to the sorting and assembly machinery (SAM complex), which integrates them into the outer membrane SAM complex. The mitochondrial import (MIM) machinery inserts proteins with an α-helical membrane anchor into the outer membrane. Remarkably, the majority of these precursor proteins is not transported via the TOM channel, but instead transferred to the MIM complex on the cytosolic side of the outer membrane. Finally, the oxidase assembly (OXA) translocase integrates mitochondria-encoded proteins and some nuclear encoded proteins into the inner membrane (Endo and Yamano, 2009; Jores and Rapaport, 2017; Wiedemann and Pfanner, 2017; Hansen and Herrmann, 2019; Drwesh and Rapaport, 2020).
[image: Figure 1]FIGURE 1 | Pathways of mitochondrial protein import. Dedicated protein translocases import precursor proteins into the mitochondrial subcompartments. First, the translocase of the outer membrane (TOM complex) transports precursor proteins across the outer membrane (OM). Second, the presequence translocase (TIM23 complex) sort precursors with a cleavable presequence into the inner membrane (IM) and matrix. The presequence translocase-associated motor (PAM) cooperates with the TIM23 complex to complete protein translocation into the matrix. Third, the carrier translocase (TIM22) inserts hydrophobic multispanning proteins into the inner membrane that are guided by small TIM chaperones through the intermembrane space. The membrane potential (∆ψ) drives protein transport into the inner membrane and matrix. Fourth, the mitochondrial intermembrane space import and assembly (MIA) machinery mediates oxidative folding of proteins with a cysteine-rich targeting signal. Fifth, the sorting and assembly machinery (SAM complex) inserts β-barrel proteins into the outer membrane (OM). Sixth, the mitochondrial import (MIM) machinery integrates proteins with a single or multiple α-helical membrane spans into the outer membrane. Finally, the oxidase assembly (OXA) translocase inserts mitochondria-encoded proteins into the inner membrane.
DEFECTIVE PROTEIN IMPORT INTO MITOCHONDRIA CAUSES CELLULAR STRESS
Cellular Stress Responses to Impaired Protein Import
Protein import into mitochondria is essential for cell viability and function. However, different scenarios could affect mitochondrial protein import. Precursor proteins have to be kept in a largely unfolded state to pass the Tom40 channel (Wiedemann et al., 2001; Shiota et al., 2015). Consequently, premature folding of precursor proteins blocks their passage of the TOM complex. If the N-terminal presequence of such prematurely folded precursor proteins already engages the presequence translocase of the inner membrane, the precursor protein will arrest within the protein translocon (Boos et al., 2019; Martensson et al., 2019). Particularly, precursor proteins that contain a bipartide targeting signal, which is composed of a mitochondrial presequence and an inner membrane sorting signal, are prone to clog the translocon (Weidberg and Amon, 2018). Moreover, mitochondrial dysfunction can affect the membrane potential across the inner membrane, which in turn impairs protein transport into mitochondria (Jin et al., 2010; Malhotra et al., 2013; Rolland et al., 2019).
Impaired protein transport into mitochondria causes cellular stress due to accumulation of mitochondrial precursor proteins (termed precursor overaccumulation stress (mPOS)) and induces a massive transcriptional reprogramming to deal with the proteotoxic stress (Wang and Chen, 2015; Boos et al., 2019). This stress response includes an increased expression and assembly of proteasomal subunits (termed the unfolded protein response activated by mistargeting of proteins (UPRam)) (Wrobel et al., 2015). As a result, the proteasomal activity in the cell is increased to degrade the precursor proteins. Precursor accumulation also induces the expression of chaperones and results in downregulation of general protein synthesis, including decreased expression of genes encoding for proteins involved in respiratory metabolism to reduce the protein load of the protein translocases (Wang and Chen, 2015; Boos et al., 2019). If the proteotoxic stress persists it will eventually cause cell death (Wang and Chen, 2015). The induced stress responses reveal that the maintenance of full protein import competence of mitochondria is critical to balance cellular proteostasis. Thus, molecular mechanisms are required that prevent clogging of the TOM channel to ensure proper protein import into mitochondria.
Mislocalization of Mitochondrial Precursor Proteins
Non-imported mitochondrial precursor proteins can aggregate or mislocalize to different cellular compartments. Recent studies revealed that in yeast non-imported mitochondrial precursor proteins localize to the cytosol, the ER and the nucleus (den Brave et al., 2020; Doan et al., 2020; Shakya et al., 2021; Xiao et al., 2021). Several GFP-tagged and untagged matrix targeted precursor proteins have been found in the nucleus when protein import into mitochondria was impaired (den Brave et al., 2020; Shakya et al., 2021). The nucleus has a high concentration of proteasomes and is known to allow efficient degradation of aberrant proteins (Russell et al., 1999; Park et al., 2013; Enam et al., 2018; Frottin et al., 2019). Mitochondrial proteins accumulate in nuclear protein inclusions upon inhibition of proteasomal turnover (den Brave et al., 2020). Thus, transport to the nucleus could facilitate efficient degradation of non-imported mitochondrial precursor proteins. Outer and inner mitochondrial membrane proteins can mislocalize to the ER upon import failure (Doan et al., 2020; Shakya et al., 2021; Xiao et al., 2021). One possible reason is that the cytosolic protein targeting pathways to mitochondria and to the ER are closely linked to each other (Wang et al., 2010; Hansen et al., 2018; Becker et al., 2019; Bykov et al., 2020). For instance, some hydrophobic precursor proteins are transported via the ER surface to mitochondria (ER-SURF pathway; Hansen et al., 2018). The conserved P5A-ATPase (CATP-8 in Caenorhabditis elegans, Spf1 in yeast and ATP13A1 in humans) recognizes the transmembrane segment of mislocalized outer membrane proteins and dislocates them from the ER membrane (Krumpe et al., 2012; McKenna et al., 2020; Qin et al., 2020). In yeast, an interaction partner of Spf1, Ema19, binds to non-imported mitochondrial proteins and facilitates their degradation (Laborenz et al., 2021). Whether and how Ema19 cooperates with Spf1 remains to be investigated. Thus, non-imported mitochondrial precursor proteins are transported to different cellular compartments, where they challenge the compartment-specific quality control systems.
SURVEILLANCE OF PROTEIN ENTRY IN MITOCHONDRIA
Cytosolic Quality Control of Mitochondrial Proteins
Protein quality control of mitochondrial precursor proteins starts already in the cytosol. The ubiquitin-proteasome system plays a central role in the removal of non-imported precursor proteins. Upon failure of protein import, the precursor proteins are ubiquitylated and delivered for proteasomal degradation (Radke et al., 2008; Bragoszewski et al., 2013; Habich et al., 2018; Kowalski et al., 2018; Mohanraj et al., 2019; Finger et al., 2020). Ubiquitylated proteins cannot pass the TOM channel to enter mitochondria (Kowalski et al., 2018). Ubiquitin is a highly conserved small protein of 76 amino acids that marks substrate proteins for degradation by the 26S proteasome (Amm et al., 2014; Ciechanover and Stanhill, 2014; Finley et al., 2016; Chen et al., 2021). Ubiquitylation of client proteins is mediated by an enzymatic cascade comprising an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3) (Kerscher et al., 2006; Komander and Rape, 2012; Clague et al., 2015; Cappadocia and Lima, 2018). The substrate specificity in the ubiquitin pathway is largely determined by the large set of E3 ubiquitin ligases. There are up to 100 in yeast and several hundred E3 ubiquitin ligases in mammalian cells (Deshaies and Joazeiro, 2009; Chaugule and Walden, 2016; Zheng and Shabek, 2017; Walden and Rittinger, 2018). Subsequently, specific factors like ubiquilins in mammalian cells deliver ubiquitylated proteins for proteasomal degradation. Ubiquilins bind to the transmembrane domain of mitochondrial precursor proteins to prevent their aggregation (Itakura et al., 2016). Upon import failure, ubiquilins deliver the bound client proteins for proteasomal degradation (Itakura et al., 2016). Ubiquilins contain a ubiquitin-associated (UBA) domains, as well as a ubiquitin-like (UBL) domain. The UBA and UBL domains interact with each other. Prolonged binding of the precursor to ubiquilin due to impaired import results in ubiquitylation of the attached client protein. The ubiquitylated client protein is then bound by the UBA domain, disrupting its interaction to the UBL domain. The released UBL domain mediates docking to the proteasome to transfer the client protein for degradation (Elsasser et al., 2002; Funakoshi et al., 2002).
Protein Quality Control at the Entry Gate of Mitochondria
Clogging of the TOM complex is deleterious for cell viability. Therefore, different molecular mechanisms operate at the translocase to remove precursor proteins that arrest during translocation in the TOM channel. The mitochondrial protein translocation-associated degradation (mitoTAD) pathway continuously monitors the TOM complex to prevent clogging of the translocation channel with precursor proteins (Figure 2; Martensson et al., 2019). A core subunit of this pathway is Ubx2, which was previously described to function in the endoplasmic reticulum associated degradation (ERAD) (Neuber et al., 2005; Schuberth and Buchberger, 2005). A fraction of Ubx2 is integrated into the mitochondrial outer membrane and binds to the TOM complex (Martensson et al., 2019). Ubx2 exposes a UBX domain, which is the docking site for the cytosolic AAA ATPase Cdc48 (p97/VCP in mammalian cells) at the TOM complex. Cdc48/p97 is a multifunctional protein that extracts proteins in different processes such as the ERAD, the ribosome-associated quality control (RQC) and the regulation of lipid droplet proteins (Olzmann et al., 2013; Franz et al., 2016; Wu and Rapoport, 2018; Joazeiro, 2019). Cdc48 harbors two ATPase domains and forms a hexameric structure with a central pore (DeLaBarre and Brunger, 2003). ATP hydrolysis drives the transport of the client protein through the central pore, thereby applying a pulling force on the substrate, which results in the extraction and unfolding of the bound protein (Bodnar and Rapoport, 2017). Cdc48 extracts translocation-arrested precursor proteins from the TOM channel and delivers them for proteasomal turnover (Martensson et al., 2019). The mechanism underlying substrate recognition and ubiquitylation in the mitoTAD pathway in yeast mitochondria is still unknown. In mammalian cells, the E3 ubiquitin ligase MARCH5 and the deubiquitylating enzyme USP30 have been shown to regulate the ubiquitylation of precursor proteins at the TOM complex (Ordureau et al., 2020; Phu et al., 2020). MARCH5-dependent ubiquitylation targets precursor proteins for degradation by the proteasome, whereas USP30 promotes import by removing ubiquitin from precursor proteins (Ordureau et al., 2020; Phu et al., 2020). It remains to be investigated whether also in mammalian cells the homologous proteins of Cdc48 (p97/VCP) and Ubx2 (UBXD8/FAF2) are involved in extraction of mitochondrial precursor proteins from the import channel.
[image: Figure 2]FIGURE 2 | Quality control of protein import. The mitochondrial protein translocation-associated degradation (mitoTAD) pathway removes precursor proteins from the TOM complex that arrest in the translocon during transport. Ubx2 recruits the AAA-ATPase Cdc48 for extraction of stalled precursor proteins from the TOM channel for proteasomal turnover. In the mitochondrial compromised protein import response (mitoCPR) the expression of the CIS1 gene is induced upon mitochondrial import stress. Cis1 links the membrane bound AAA-ATPase Msp1 to Tom70 to facilitate the extraction and subsequent proteasomal turnover of stalled precursor proteins.
The mitochondrial compromised protein import response (mitoCPR) is activated upon import failure in yeast cells (Figure 2). The accumulation of non-imported mitochondrial precursor proteins in the cell induces the expression of the cytosolic protein Cis1 (Weidberg and Amon, 2018; Boos et al., 2019). Cis1 in turn recruits the outer membrane bound AAA-ATPase Msp1 to the Tom70 receptor (Weidberg and Amon, 2018). Msp1 facilitates extraction of translocation-arrested precursor proteins from the TOM channel for their proteasomal degradation (Basch et al., 2020). How proteasomal targeting is achieved and whether Msp1 cooperates with components of the mitoTAD pathway in clearing proteins stalled in the TOM translocon, remains unclear.
Nascent mitochondrial precursor proteins can stall at the ribosome during translation. Possible reasons are the lack of a STOP codon, strong secondary structures in the mRNA or deficiencies in the amounts of some amino acids or tRNAs (Brandman and Hegde, 2016). The ribosome-associated quality control (RQC) delivers such stalled nascent polypeptides to proteasomes for degradation (Joazeiro, 2019). In this pathway, the ribosomal subunits dissociate and the nascent protein remains bound to the 60S subunit. Subsequently, the E3 ubiquitin ligase Ltn1 ubiquitylates nascent polypeptides to mark them for proteasomal turnover (Bengtson and Joazeiro, 2010; Brandman et al., 2012). In case no lysine is accessible for ubiquitylation since they are buried in the ribosomal exit tunnel, Rqc2 binds to ribosomes and adds C-terminally alanine and threonine residues (CAT-tail) to the nascent chain. Thereby, additional lysine residues may exit the ribosomal tunnel and be ubiquitylated by Ltn1 (Shen et al., 2015). During co-translational protein import into mitochondria, the nascent chain is directly transferred from the ribosome to the TOM channel. Consequently, lysine residues can escape ubiquitylation by Ltn1 although CAT-tailing occurs. Such CAT-tailed proteins can be imported into mitochondria, where they form toxic inclusions (Figure 3; Izawa et al., 2017). This detrimental import of CAT-tailed proteins is prevented by the conserved protein Vms1. Vms1 like its human homolog ANKZF1 functions as peptidyl-tRNA hydrolase and releases the nascent chain from the 60S ribosomal subunit (Izawa et al., 2017; Verma et al., 2018; Zurita Rendon et al., 2018). Furthermore, Vms1 hinders Rqc2 from binding to ribosomes and therefore prevents CAT-tailing (Izawa et al., 2017). The released nascent polypeptides are imported into mitochondria and degraded by mitochondrial proteases (Figure 3; Izawa et al., 2017).
[image: Figure 3]FIGURE 3 | Ribosomal protein quality control during import. Stalling during translation activates the mitochondrial ribosome-associated protein quality control (RQC). Nascent chains can be ubiquitylated by the ribosome bound E3 ubiquitin-ligase Ltn1, allowing their degradation by cytosolic proteasomes (left). If the lysine residues of the stalled polypeptide are not accessible for ubiquitylation, the RQC component Rqc2 will add C-terminal alanine and threonine residues (CAT-tails) to the nascent chain. Imported CAT-tailed proteins form toxic aggregates in the mitochondrial matrix (middle). The peptidyl-tRNA hydrolase Vms1 releases the nascent polypeptide from the ribosome and blocks the Rqc2-mediated CAT-tailing. Upon import, these unmodified proteins are degraded by mitochondrial proteases (right).
REMOVAL OF MISLOCALIZED PROTEINS FROM THE OUTER MEMBRANE
An intertwined cytosolic chaperone network guides membrane proteins to the outer mitochondrial membrane, ER and peroxisomes (Guna and Hegde, 2018; Becker et al., 2019; Deuerling et al., 2019; Walter and Erdmann, 2019; Bykov et al., 2020). Defects in the targeting pathways can lead to mislocalization of ER- or peroxisome resident proteins to the outer mitochondrial membrane (Schuldiner et al., 2008; Jonikas et al., 2009; Chen et al., 2014; Okreglak and Walter, 2014; Vitali et al., 2018). To avoid overloading with mistargeted proteins, clearance pathways exist to recognize and remove such proteins. In the mitochondrial outer membrane, mistargeted proteins with a C-terminal membrane anchor (C-tail anchored) are removed by the conserved AAA ATPase Msp1 (ATAD1 in mammals) (Figure 4) that also functions in the mitoCPR pathway as described above (Chen et al., 2014; Okreglak and Walter, 2014; Wohlever et al., 2017; Weidberg and Amon, 2018). The protein has a dual localization to mitochondria and peroxisomes (Weir et al., 2017). Msp1 is N-terminally anchored to the membrane, exposing a single ATPase domain and forms a hexameric complex with a central pore (Wohlever et al., 2017; Castanzo et al., 2020; Wang et al., 2020). The cytosolic exposed AAA domain drives in an ATP-dependent manner the client protein through the central pore (Castanzo et al., 2020; Wang L. et al., 2020). Different modes of substrate binding by Msp1 have been reported (Wang and Walter, 2020; Dederer and Lemberg, 2021). The transmembrane domain of mislocalized proteins do not perfectly match the dimension of the outer membrane lipid bilayer, leading to exposure of hydrophobic domains, which are bound by Msp1 (Li et al., 2019; Castanzo et al., 2020; Wang L. et al., 2020). Furthermore, unassembled proteins expose regions that are normally covered by a partner protein. In this case, Msp1 recognizes such regions and dislocates the orphaned proteins (Weir et al., 2017; Dederer et al., 2019). Following extraction by Msp1 the tail-anchored proteins are first transferred to the ER, where they are ubiquitylated by the membrane bound E3-ubiquitin ligase Doa10 (Dederer et al., 2019; Matsumoto et al., 2019). Subsequently, Cdc48 delivers these proteins for proteasomal degradation (Matsumoto et al., 2019). It is unclear why such proteins are not directly targeted from the mitochondrial surface to the proteasome for degradation. However, this mechanism might provide a second chance for mistargeted proteins to reach their correct destination.
[image: Figure 4]FIGURE 4 | Degradation pathways of outer membrane proteins. The cytosolic ubiquitin-proteasome system removes misfolded or mislocalized proteins from the outer mitochondrial membrane. Defective outer membrane proteins are ubiquitylated by different E3 ubiquitin ligases. The AAA-ATPase Cdc48 is recruited to the outer membrane by its ubiquitin binding co-factors Doa1 and Ubx2 and powers the extraction of substrate proteins for proteasomal turnover. The AAA-ATPase Msp1 extracts mislocalized tail-anchored proteins from the outer membrane. The ER localized E3 ubiquitin ligase Doa10 ubiquitylates these proteins and Cdc48 delivers them for proteasomal degradation.
QUALITY CONTROL OF MISFOLDED OUTER MEMBRANE PROTEINS
The ubiquitin-proteasome system removes aberrant or unassembled proteins form the outer membrane of mitochondria under constitutive or stress conditions (Taylor and Rutter, 2011; Bragoszewski et al., 2017; Ravanelli et al., 2020; Ruan et al., 2020; Song et al., 2021). Furthermore, selective removal of proteins is an important mode to regulate different mitochondrial processes like mitophagy, apoptosis and mitochondrial dynamics (Youle, 2019; Deshwal et al., 2020; Escobar-Henriques and Anton, 2020; Song et al., 2021). In analogy to the ERAD, the pathway for degrading mitochondrial outer membrane proteins by the proteasome was termed mitochondria-associated degradation (MAD). Degradation pathways of a few peripheral membrane proteins and proteins with α-helical membrane spans have been described (Wu et al., 2016; Chowdhury et al., 2018; Wu et al., 2018; Goodrum et al., 2019; Metzger et al., 2020; Nahar et al., 2020). How defective β-barrel proteins are removed from the outer membrane remains to be discovered.
A set of cytosolic E3 ubiquitin ligases has been reported to ubiquitylate outer membrane proteins. In yeast, the E3 ubiquitin ligases Rsp5 and Mdm30 mediate ubiquitylation of components of ER-mitochondria contact sites and the GTPase Fzo1 (fuzzy onion) that mediates mitochondrial fusion (Cohen et al., 2008; Wu et al., 2016; Belgareh-Touze et al., 2017; Goodrum et al., 2019). Mdm30 belongs to the F-box proteins, which determine substrate specificity of SCF (Skp, Cullin, F-box) ubiquitin ligase complexes (Skaar et al., 2013). The E3 ubiquitin ligase Rsp5 fulfills several functions in the cell such as regulation of the biosynthesis of unsaturated fatty acids, multivesicular body formation and protein degradation upon heat stress (Hoppe et al., 2000; Oestreich et al., 2007; Fang et al., 2014; Li et al., 2015). The proteasomal turnover of the mutant variants of Sam35 and Sen2 was shown to depend on the E3 ubiquitin ligases San1 and Ubr1 (Figure 4; Metzger et al., 2020). Both E3 ligases mediate the turnover of misfolded proteins from various cellular compartments including the nucleus, the ER, cytosol and mitochondria (Gardner et al., 2005; Heck et al., 2010; Nillegoda et al., 2010; Prasad et al., 2018; Szoradi et al., 2018; Shakya et al., 2021). Future work has to define how these E3 ubiquitin ligases are recruited to the outer membrane.
The removal of damaged outer membrane proteins by the proteasome requires a preceding membrane extraction step (Figure 4). Cdc48 in conjunction with multiple co-factors has been shown to mediate turnover of outer membrane proteins (Heo et al., 2010; Wu et al., 2016; Metzger et al., 2020). Different co-factors recruit Cdc48 to mitochondria. First, Ubx2 mediates the Cdc48-dependent turnover of peripheral proteins and of the integral membrane protein Fzo1 (Chowdhury et al., 2018; Metzger et al., 2020; Nahar et al., 2020). Second, Doa1 binds to Cdc48 in complex with Ufd1 and Npl4 (Rumpf and Jentsch, 2006). Several studies showed that Doa1 is involved in the turnover of mitochondrial outer membrane proteins (Wu et al., 2016; Goodrum et al., 2019; Metzger et al., 2020). Finally, Vms1 has a binding domain for Cdc48 and localizes to the mitochondrial outer membrane upon oxidative stress (Heo et al., 2010). The binding of Vms1 to mitochondria depends on oxidized ergosterol in the outer membrane and does not require additional interactions with membrane bound proteins (Nielson et al., 2017). The role of Vms1 in the degradation of outer membrane proteins is currently unclear. While it was initially reported that Vms1 targets Fzo1 for degradation (Heo et al., 2010), later studies found the degradation of Fzo1 to be independent of Vms1 (Esaki and Ogura, 2012; Wu et al., 2016).
It was reported that outer membrane proteins like Om45 and Tom22 that expose a soluble domain towards the intermembrane space can be degraded by the hexameric AAA-protease Yme1 (Wu et al., 2018). Yme1 is a multifunctional protease conserved from yeast to human that exposes its catalytic domain into the intermembrane space. It regulates mitochondrial fusion, lipid trafficking and protein transport to adjust mitochondrial biogenesis and function to cellular requirements (Baker et al., 2012; Schreiner et al., 2012; Rainbolt et al., 2013; Anand et al., 2014; MacVicar et al., 2019). Whether the ubiquitin-proteasome system is also involved in the degradation of these outer membrane proteins remains unclear. A recent study revealed that Yme1 and the ubiquitin-proteasome system can cooperate in protein degradation. The inner membrane-anchored NADH dehydrogenase Nde1 exists in two topomers. One topomer exposes the catalytic center into the intermembrane space, while the other topomer spans the outer membrane and is exposed to the cytosol. The ubiquitin-proteasome system degrades the cytosolic form, while the remaining part of the protein is removed by Yme1 (Saladi et al., 2020). Respiratory deficient cells accumulate the cytosol-exposed form of Nde1 that initiates cell death (Saladi et al., 2020).
SELECTIVE DEGRADATION OF OUTER MEMBRANE PROTEINS
Quality Control Regulates Mitochondrial Morphology
The role of ubiquitylation and proteasomal turnover on the regulation of mitochondrial dynamics have been extensively studied. Mitochondria form a tubular network, which is constantly remodeled by opposing fusion and fission events. Both processes are mediated by large dynamin-like GTPases mediating outer membrane fusion (Fzo1 in yeast, mitofusins Mfn1/Mfn2 in mammals), inner membrane fusion (Mgm1 in yeast, Opa1 in mammals) and mitochondrial fission (Dnm1 in yeast, Drp1 in mammals) (Bleazard et al., 1999; Escobar-Henriques and Anton, 2013; Tilokani et al., 2018; Murata et al., 2020; Yapa et al., 2021). In particular turnover of Fzo1/mitofusins is a common mechanism to block fusion, thereby achieving mitochondrial fragmentation due to ongoing fission (Neutzner et al., 2007; Tanaka et al., 2010; Anton et al., 2013; Kim et al., 2013; Zhang et al., 2017; Goodrum et al., 2019). In yeast, the function of Fzo1 is fine-tuned by ubiquitylation and deubiquitylation (Figure 5; Cohen et al., 2008; Anton et al., 2013). Ubiquitylation of Fzo1 at specific lysine residues by Mdm30 promotes mitochondrial fusion (Fritz et al., 2003; Escobar-Henriques et al., 2006; Cohen et al., 2008; Anton et al., 2013), whereas ubiquitylation of alternative lysine residues of Fzo1 increases its degradation (Anton et al., 2013). The cytosolic deubiquitylase Ubp12 antagonizes Mdm30-mediated ubiquitylation and thereby inhibits mitochondrial fusion. Conversely, Ubp2 supports mitochondrial fusion by removing ubiquitylated species, which promote proteasomal turnover (Anton et al., 2013). In this process, Cdc48 functions as a regulatory hub, which is recruited by Fzo1 ubiquitylation and binds the deubiquitylating enzymes acting on Fzo1 (Simoes et al., 2018; Anton et al., 2019; Schuster et al., 2020). In contrast to its role in outer membrane quality control, Cdc48 appears to promote mitochondrial fusion by stabilizing ubiquitylated Fzo1 under non-stressed conditions (Simoes et al., 2018). Similarly, mammalian mitofusins are ubiquitylated by several E3 ubiquitin ligases (MARCH5, HUWE1, Parkin, Gp78), which regulate their degradation and function in fusion (Gegg et al., 2010; Tanaka et al., 2010; Leboucher et al., 2012; Fu et al., 2013; Yun et al., 2014; Tang et al., 2015; Mukherjee and Chakrabarti, 2016).
[image: Figure 5]FIGURE 5 | The ubiquitin-proteasome system regulates mitochondrial fusion. In yeast, the GTPase Fzo1 (fuzzy onion) promotes fusion of mitochondria. The F-box protein Mdm30 mediates ubiquitylation of Fzo1 at specific lysines to stimulate mitochondrial fusion. Fusion-promoting ubiquitylation is reversed by the deubiquitylating enzyme Ubp12. Alternatively, an unknown E3 ubiquitin ligase ubiquitylates Fzo1 on different lysine residues, which leads to its proteasomal turnover. The degradation of Fzo1 inhibits fusion and results in mitochondrial fragmentation due to ongoing fission. Proteolytic ubiquitylation of Fzo1 is inhibited by the deubiquitylating enzyme Ubp2.
Regulation of Mitophagy by the Ubiquitin Proteosome System
The activity of the ubiquitin proteasome system on mitochondrial outer membrane proteins is linked to mitophagy in mammalian cells. Mitophagy is the removal of damaged mitochondria by selective autophagy (Harper et al., 2018; Pickles et al., 2018; Onishi et al., 2021). Central players of this pathway are the PTEN-induced kinase 1 (PINK1) and the E3 ubiquitin ligase Parkin. In healthy mitochondria, PINK1 is imported into mitochondria and processed by the mitochondrial processing peptidase and the inner membrane rhomboid protease PARL (Jin et al., 2010). The remaining soluble fragment retro-translocates into the cytosol, where it is degraded by the proteasome (Yamano and Youle, 2013). Upon mitochondrial dysfunction, the reduced membrane potential causes stalling of PINK1 at the TOM complex (Lazarou et al., 2012). PINK1 phosphorylates a second PINK1 protein, ubiquitin and Parkin, which results in recruitment and activation of Parkin (Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 2010; Ziviani et al., 2010; Okatsu et al., 2012; Shiba-Fukushima et al., 2014; Wauer et al., 2015; Rasool et al., 2018). Parkin in turn ubiquitylates several proteins at the outer membrane including the mitofusins (Gegg et al., 2010; Poole et al., 2010; Tanaka et al., 2010; Ziviani et al., 2010; Wang et al., 2011). The human homolog of Cdc48, p97/VCP extracts ubiquitylated mitofusins from the outer membrane to target them for proteasomal turnover (Tanaka et al., 2010; McLelland et al., 2018). Thereby, fusion of the damaged mitochondria is blocked to facilitate their removal by mitophagy. Moreover, ubiquitylated outer membrane proteins serve as a docking site for ubiquitin-binding autophagy receptors like p62, which initiate further steps in mitophagy (Geisler et al., 2010; Lazarou et al., 2015; Harper et al., 2018; Pickles et al., 2018; Onishi et al., 2021).
MITOCHONDRIAL-DERIVED VESICLES
An alternative process for the degradation of mitochondrial proteins is the formation of mitochondrial-derived vesicles (MDVs) in mammalian cells or mitochondrial-derived compartments (MDCs) in yeast (Suguira et al., 2014). Yeast MDCs contain only a small subset of mitochondrial proteins and show enrichment of the outer membrane protein Tom70. The separation of MDCs from mitochondria requires the dynamin-like GTPase Dnm1 (Hughes et al., 2016). The formation of MDCs was shown to maintain mitochondrial function during ageing in yeast (Hughes et al., 2016). Moreover, MDCs are formed upon toxic increase of amino acid levels, where they function in segregating amino acid carriers from the mitochondrial surface (Schuler et al., 2021). Different sub-populations of mammalian MDVs have been described containing the outer membrane or both mitochondrial membranes (Soubannier et al., 2012). They deliver cargo proteins to peroxisomes and multivesicular bodies/lysosomes for degradation as well as to mediate de novo biogenesis of peroxisomes (Neuspiel et al., 2008; Soubannier et al., 2012; Suguira et al., 2017). The formation of MDVs occurs under basal growth conditions but is also triggered by cellular stress conditions such as oxidative stress or hypoxia (McLelland et al., 2014; Cadete et al., 2016; Matheoud et al., 2016; Li et al., 2020). In particular, MDVs function in targeting mitochondrial antigens for presentation by major histocompatibility complex class I (MHCI) on the cell surface in immune signaling (Matheoud et al., 2016). MDV-dependent antigen presentation is inhibited by PINK1 and Parkin (Matheoud et al., 2016), which however promote MDV formation under oxidative stress conditions (McLelland et al., 2014). MDCs and MDVs provide a safety mechanism that might be particularly important to rescue more bulky defects of mitochondria.
CONCLUSION
Protein quality control at the mitochondrial surface is essential for cell viability. Defects in quality control result in accumulation and mislocalization of mitochondrial proteins, which causes proteotoxic stress and eventually cell death. The ubiquitin-proteasome system monitors outer membrane proteins and protein import into mitochondria under constitutive and stress conditions. Two AAA ATPases, Cdc48 and Msp1, extract translocation-stalled precursor proteins from the TOM channel and aberrant or mislocalized proteins from the outer membrane for proteasomal turnover. Although several factors of these processes have been identified, our knowledge about key steps of these mechanisms such as substrate recognition and ubiquitylation are limited. Furthermore, the clearance mechanisms have only been described for a limited subset of proteins. It remains unknown whether the mitoTAD pathway specifically removes presequence-containing proteins or also other mitochondrial proteins that arrest in the TOM complex during translocation. While the removal of peripheral membrane proteins and proteins with an α-helical membrane anchor have been characterized, the degradation of damaged β-barrel proteins or protein complexes remains to be clarified. Strikingly, degradation of mislocalized proteins from the outer membrane involves the cooperation of mitochondria-associated, cytosolic and ER-localized factors (Dederer et al., 2019; Matsumoto et al., 2019). Further studies have to reveal how the interplay of the different components is coordinated across cellular compartments. Overall, the quality control mechanisms on the mitochondrial surface are an emerging field with many exciting discoveries within the past few years. Understanding these mechanisms will be crucial to understand how mitochondria are integrated into the cellular environment.
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The regulatory role of actin cytoskeleton on mitochondrial function is a growing research field, but the underlying molecular mechanisms remain poorly understood. Specific actin-binding proteins (ABPs), such as Gelsolin, have also been shown to participate in the pathophysiology of mitochondrial OXPHOS disorders through yet to be defined mechanisms. In this mini-review, we will summarize the experimental evidence supporting the fundamental roles of actin cytoskeleton and ABPs on mitochondrial trafficking, dynamics, biogenesis, metabolism and apoptosis, with a particular focus on Gelsolin involvement in mitochondrial disorders. The functional interplay between the actin cytoskeleton, ABPs and mitochondrial membranes for the regulation of cellular homeostasis thus emerges as a new exciting field for future research and therapeutic approaches.
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INTRODUCTION
As a major component of the cellular structural network, relevant biological processes like cell division, migration, intracellular transport and organelle organization extensively rely on the dynamics and organization of the actin cytoskeleton. Actin filaments (F-actin) are formed by the polymerization of globular actin monomers (G-actin) in a neat disposition that allows filaments to be polarized. Their remodeling is controlled by a repertoire of actin-binding proteins (ABPs), expressed in a tissue-dependent manner depending on where actin executes cell-specific functions (Lappalainen, 2016; Merino et al., 2020). These proteins regulate a wide spectrum of cellular processes, and are classified regarding their specific action mechanisms: maintenance of the G-actin monomers pool; G-actin nucleation and polymerization of actin filaments and branches; and filaments severing and depolymerization, mainly driven by cofilin and the gelsolin protein superfamily (Silacci et al., 2004).
ACTIN CYTOSKELETON INVOLVEMENT ON MITOCHONDRIAL FUNCTION
Mitochondria are present in eukaryotic cells and possess a characteristic architecture. The outer mitochondrial membrane (OMM) surrounds the inner mitochondrial membrane (IMM) creating two separate compartments: the internal matrix and intermembrane space (IMS). Mitochondria are fundamental for reactive oxygen species (ROS) production, calcium homeostasis, heat production, cell proliferation or apoptosis (Brookes et al., 2004), and are the main site to important metabolic reactions including the citric acid cycle, amino acids interconversion or β-oxidation of fatty acids (Nunnari and Suomalainen, 2012), and ATP synthesis through the oxidative phosphorylation (OXPHOS) system (Reid et al., 1966).
Actin is mainly located at the cell membrane, but also at specific mitochondrial subpopulations (Venit et al., 2021). Interactions between mitochondria and the actin cytoskeleton link the essential functions of this organelle to a plethora of cellular physiological processes. Actin filaments primarily modulate mitochondrial dynamics (Moore et al., 2016; Tilokani et al., 2018), trafficking and autophagy (Kast and Dominguez, 2017), but also mitochondrial biogenesis and metabolism (Fernie et al., 2020). The purpose of this review is to highlight the often overlooked regulatory roles of actin cytoskeleton and ABPs on mitochondrial function.
Actin Cytoskeleton on Mitochondrial Dynamics
Mitochondrial function directly depends on its correct morphology and distribution (Scott and Youle, 2010; Sheng, 2014; Chan, 2020), controlled by the balance between fission (division into two or more independent organelles), fusion (formation of a single structure) and mitophagy (clearance of damaged organelles) (Ni et al., 2015). Due to the importance of this system for the maintenance of the cellular metabolic state in mammals (Youle and Van Der Bliek, 2012), the fission and fusion forces require a high degree of regulation by specific molecules along with the actin cytoskeleton. In fact, the dynamic cycling of actin between mitochondrial subpopulations regulates mitochondrial motility and the fission–fusion balance within mitochondrial networks (Moore et al., 2016).
The main role of actin in mitochondrial dynamics is closely linked to the formation of mitochondria-endoplasmic reticulum contacts (MERCs), known as ERMES (ER-mitochondria encounter structure) in yeast (Kornmann and Walter, 2010) (Figure 1A). MERCs are involved in many biological processes like calcium signaling, autophagy, mtDNA replication and phospholipid trafficking (Bononi et al., 2012; Lewis et al., 2016; Xu et al., 2020), besides mitochondrial fission and fusion (Guo et al., 2018; Abrisch et al., 2020). The fusion of adjacent OMMs is orchestrated by mitofusins 1 and 2 (MFN1/2), outer mitochondrial membrane GTPases that form homo- and heterodimers (Friedman et al., 2011). MFN2 is known to tether MERCs, regulating mitochondrial calcium uptake from ER (Han et al., 2021). MERCs are formed before the recruitment of the fission machinery, defining the position of mitochondrial fission sites in a process called ERMD (ER-associated mitochondrial division) (Friedman et al., 2011). The ER-anchored formin INF2 binds to the OMM-located actin nucleator Spire1C, leading to the polymerization of F-actin at MERCs (Korobova et al., 2013; Manor et al., 2015). This leads to the pre-constriction of the OMM driven by the joint action of the ER, actin and non-muscular myosin II. Actin and myosin II ultimately recruit Drp1 (Dynamin Related Protein 1) from the cytosol to the OMM (De Vos et al., 2005), where it oligomerizes (Ji et al., 2015) and interacts with mitochondrial receptors (Mff, MiD49/51 or Fis1), shaping a ring that further constricts and splits the mitochondrion by GTP hydrolysis (Francy et al., 2015). Furthermore, INF2-mediated actin polymerization stimulates the mitochondrial calcium spike, enhancing the metabolic flux by the OXPHOS system and prompting IMM constriction at later stages (Chakrabarti et al., 2018). Interestingly, human cellular models depleted of ABPs, such as spire1C, myosin II or cofilin, showed abnormal mitochondrial motility and morphology, and altered Drp1 recruitment to the OMM (Korobova et al., 2013, 2014; Manor et al., 2015; Pagliuso et al., 2016; Rehklau et al., 2017), pointing to their dual role in OMM pre-constriction and recruitment of fission proteins to the MERCs (Figure 1C).
[image: Figure 1]FIGURE 1 | Regulatory roles of actin cytoskeleton on mitochondrial function. (A) Schematic representation of a mitochondrion interacting with the endoplasmic reticulum (ER) at mitochondrial-endoplasmic reticulum contact sites (MERCS), where dynamin is recruited and fission events take place. (B) Under anti-apoptotic stimuli, actin-binding proteins interact with the voltage-dependent anion channel 1 (VDAC1) in the outer mitochondrial membrane (OMM), preventing actin filaments oligomerization and apoptosis; conversely, actin polymerization favors VDAC oligomerization and induces the apoptotic pathway. (C) Actin cytoskeleton is represented at MERCS, together with ABPs (INF2, Spire1C) and OMM proteins involved in mitochondrial dynamics (MFN1/2). Actin and myosin II localization at MERCSs initiates Drp1 recruitment, which binding to Drp1 receptors (Fis1, MUD49/50, MFF) leads to mitochondrial fission. (D) Actin interacts with mitochondrial respiratory chain (MRC) complexes III and IV in the matrix, controlling the association and dissociation of cytochrome c; and together with myosinII, actin regulates the distribution of mitochondrial nucleoids.
Actin Cytoskeleton on Mitochondrial Trafficking
Long-range mitochondrial transport has been primarily studied in neurons (Hirokawa and Takemura, 2005; Schwarz, 2013). This process is mediated by the coupling of mitochondria to microtubule motor proteins (kinesins and dyneins), forming a motor complex together with the OMM GTPase Miro and the adaptor protein Milton/TRAK that mediates mitochondrial transport (van Spronsen et al., 2013; Kruppa and Buss, 2021). Mitochondrial trafficking is closely regulated by intracellular calcium levels, whose increase inhibits both kinesin-dependent anterograde and dynein-dependent retrograde movements (Rintoul et al., 2003); by the PINK1/Parkin pathway, which regulates Miro turnover (Wang et al., 2011; Birsa et al., 2014); or by the nerve growth factor (NGF), responsible for mitochondrial accumulation at the axon region closest to the bead in a manner that involves PI3 kinase and actin (Verburg and Hollenbeck, 2008). The Miro proteins are also key adaptors for the recruitment and stabilization of the ABP myosin19 (Myo19) to the mitochondria (Shneyer et al., 2016; López-Doménech et al., 2018). In human cells, Myo19 has been proposed to regulate the equal segregation of mitochondria to daughter cells during mitosis (Rohn et al., 2014). In yeast, after mitochondrial fission and prior to cell division, mitochondrial populations suffer a poleward movement to both sides of the division plane, exhibiting similar patterns as chromosomes, to contribute to an equitable mitochondrial inheritance to both daughter cells under actin-dependent mechanisms (Boldogh and Pon, 2006; Scott and Youle, 2010). Based on the similarities with cytokinesis, this process was defined as “mitokinesis” (Hatch et al., 2014).
Actin Cytoskeleton on mtDNA Expression and Maintenance
The mammalian mitochondrial DNA genome (mtDNA) contains 37 genes organized in compact DNA:protein complexes called nucleoids (Clayton, 1991; Spelbrink, 2010), whose expression requires a high degree of coordination with the nuclear genome (Rampelt and Pfanner, 2016). In yeast, the ERMES complex regulates the stability and organization of mtDNA in nucleoids in an actin-dependent manner (Boldogh and Pon, 2006); in mammals, MERCs are spatially-linked to mitochondrial nucleoids, regulating their distribution, division and active transportation by the microtubules (Lewis et al., 2016). Although the presence of actin inside mitochondria and its functional connection with mtDNA was debated for decades (Venit et al., 2021), recent super-resolution microscopy-based studies probed the presence of β-actin-containing structures inside the mitochondrial matrix (Dadsena et al., 2021). Moreover, human cells lacking β-actin showed higher sensitivity to stress caused by loss of mitochondrial membrane potential (ΔΨ) plus perturbed mtDNA mass and nucleoid organization (Xie et al., 2018), suggesting a regulatory role in mtDNA transcription and quality control. Besides actin, myosin II is also associated with purified mitochondrial nucleoids, and its silencing produces mtDNA abnormalities (Reyes et al., 2011). These evidences support the role of actin and ABPs in mitochondrial nucleoid segregation and mtDNA transcription and maintenance, likely through formation of a “mitoskeleton” network supporting mtDNA inheritance (Figure 1D).
Actin Cytoskeleton on Mitochondrial Metabolism
Actin filaments are indispensable for the full activation of metabolic pathways that subsequently regulate mitochondrial function. For instance, activation of glycolytic enzymes such as aldolase or glyceraldehyde phosphate dehydrogenase, may occur through their direct binding to F-actin (Arnold and Pette, 1968). Aldolase is trapped by the actin cytoskeleton, whose release under PI3K activation increases aldolase activity, thus enhancing glycolysis (Hu et al., 2016). F-actin bundles may also sequester TRIM21 (Tripartite Motif-containing Protein 21), reducing the access of this E3 ubiquitin ligase to its substrates, such as the rate-limiting metabolic enzyme phosphofructokinase (PFK), thus maintaining high glycolytic rates (Park et al., 2020).
Interestingly, in brain mitochondria actin regulates the retention of cytochrome c between respiratory chain complexes III and IV by its direct association with both complexes, and inhibition of actin polymerization with cytochalasin b enhanced mitochondrial respiration through increased complex IV activity (Takahashi et al., 2018) (Figure 1D).
Actin Cytoskeleton on Apoptosis
Mitochondria represent a major component in the cellular apoptotic machinery (Dadsena et al., 2021), influencing relevant processes like development, cell turnover or immune responses (Man, 2016). During the intrinsic pathway, increased OMM permeabilization and cristae disorganization initiate the release of pro-apoptotic factors (such as cytochrome c or AIF) from the IMS into the cytosol, prompting the formation of the apoptosome protein complex that activates caspases and subsequent chromatin fragmentation (Portt et al., 2011). Actin itself is a substrate of caspase-mediated cleavage (Kayalar et al., 1996), leading to a 15-kDa fragment that can be N-myristoylated and targeted to mitochondria (Utsumi et al., 2003). This interaction modulates ROS production through the regulation of OMM permeabilization by opening-closing membrane channels. In yeast, monomeric actin interacts with the voltage-dependent anion channel (VDAC), thus impacting on apoptosis modulation via interfering with the exchange of metabolites and energy between mitochondria and the cytosol (Xu et al., 2001; Roman et al., 2006). Disruption of actin dynamics causes a dramatic loss of mitochondrial ΔΨ, increased ROS and cell death (Gourlay and Ayscough, 2005). Studies in human cell lines treated with actin-disrupting drugs, affecting both actin stabilization and depolymerization, also reinforced the requirement of actin remodeling for the induction of the intrinsic apoptosis pathway (Odaka et al., 2000; Yamazaki et al., 2000) (Figure 1B).
Many ABPs are actively involved in apoptosis regulation in both yeast and mammals (Franklin-Tong and Gourlay, 2008). One well-studied ABP participating in this process is cofilin. During apoptosis induction in mammalian cells cofilin loses its actin-binding affinity, being translocated to the mitochondria prior to the permeability transition pore (mPTP) opening that promotes cytochrome c release and apoptosis progression (Chua et al., 2003; Roh et al., 2013). This process could be mediated by the interaction of cofilin with Drp1 (Hu et al., 2020), although the binding of cofilin to G-actin seems enough to induce its mitochondrial translocation (Rehklau et al., 2012). Under oxidative stress, oxidized cofilin is also translocated to the mitochondria, promoting mitochondrial fission and triggering the release of cytochrome c leading to apoptosis (Klamt et al., 2009; Lapeña-Luzón et al., 2021). Other relevant ABPs of the Gelsolin protein superfamily, like gelsolin itself and villin, modulate apoptosis induction in the gastrointestinal epithelium (Wang et al., 2012; Roy et al., 2018). Villin is a tissue-specific actin-modifying protein (Khurana and George, 2008), which together with gelsolin are targeted to the mitochondria on early steps of the apoptotic pathway (Roy et al., 2018). Their ability to associate with both actin and mitochondria suggest their role in cell survival through the preservation of actin cytoskeleton dynamics in mitochondrial regions controlling the trafficking of anti- and pro-apoptotic signals.
Given the relevance of gelsolin in several aspects of mitochondrial pathophysiology, we will henceforth focus the review on this particular ABP.
GELSOLIN
Gelsolin (GSN) is an abundant ABP that participates in actin-remodeling either by sequestering G-actin or by severing, capping, and nucleating F-actin (Yin and Stossel, 1979; Sun et al., 1999; Feng et al., 2001). This is mediated by calcium concentration, phosphatidylinositol-4,5-bisphosphate (PIP2) and pH (Hu et al., 2016). In human, alternative splicing of GSN mRNA leads to two main isoforms with differentiated functions (Yin et al., 1984): the plasma (pGSN) and cytoplasmic (cGSN) isoforms (UniProtKB reference P06396). Structurally, both isoforms are composed by six gelsolin domains (G1-G6) (Kwiatkowski et al., 1986) divided in two homologous structures: the N-terminal fragment (G1-G3) is involved in actin severing, and the C-terminal fragment (G4-G6) coordinates calcium binding (Choe et al., 2002). Domains G3 and G4 are separated by a linker sequence of 70 amino acids that is prone to cleavage by caspase-3 (Kothakota et al., 1997; Kamada et al., 1998).
Plasma GSN
Secreted pGSN (86 kDa) differs from intracellular cGSN (81 kDa) in its N-terminal sequence, spanning a 51-amino acid secretory peptide, and in the presence of a disulphide bond between cysteine residues 188–201 that enhances its stability in the extracellular media (Kwiatkowski et al., 1988; Wen et al., 1996). pGSN modulates bacterial immune response, acting as a buffering agent in inflammation (Bucki et al., 2008b; Cheng et al., 2017), and it is a part of the extracellular actin scavenger system (EASS) responsible for rapid severing and clearance of actin filaments released from dead cells into the bloodstream (Lind et al., 1986; Lee and Galbraith, 1992). In conditions of massive cell death, substantial actin release overwhelms the EASS, resulting in a decline of circulating pGSN levels. Consequently, pGSN has been proposed as a biomarker for multiple diseases (Li et al., 2012), ranging from cardiovascular pathologies (Khatri et al., 2014; Piktel et al., 2018; Feldt et al., 2019) to major trauma, diabetes, Alzheimer’s disease, rheumatoid arthritis, sepsis, liver failure, or cancer, to the point that pGSN has been proposed as a general biomarker of health prognosis (Peddada et al., 2012).
Cytosolic GSN
Cytosolic GSN (cGSN) is ubiquitously expressed and, besides its main role in actin filament remodeling, it participates in regulatory signaling pathways that require a continuous rearrangement of the actin cytoskeleton, such as the phospholipase C (PLC) or phosphoinositide 3-kinase (PI3K) cascades (Singh et al., 1996; Sun et al., 1997); the epidermal growth factor receptor (EGFR) pathway (Chen et al., 1996; Azuma et al., 1998; De Corte et al., 2002); phagocytosis mediated by the Fc-receptor or integrins (Serrander et al., 2000; Witke et al., 2001; Arora et al., 2004); and also as a transcriptional coactivator of the thyroid (TR) and androgen (AR) receptors (Nishimura et al., 2003; Kim et al., 2007), and of the hypoxia inducible factor (HIF-1) to favor hypoxia-regulated genes expression, GSN itself among them (Greijer et al., 2005; Li Q. et al., 2009). Finally, cGSN also interacts with p53, inhibiting its nucleus translocation (An et al., 2011).
Besides, cGSN is associated to membrane regions of the cell rich in actin filaments such as the ER, vesicles or mitochondrial membranes (Cooper et al., 1988; Hartwig et al., 1989). cGSN co-purifies with isolated mitochondria, where it interacts with the major OMM channel protein VDAC to promote cell survival responses (Figure 1B) (Koya et al., 2000; Kusano et al., 2000; García-Bartolomé et al., 2017). In fact, cGSN is as a dual regulator of apoptotic cell death due to its cleavage by caspase-3 in two independent fragments (Kothakota et al., 1997). The C-terminal fragment, of 41 kDa, as well as full-length cGSN, may act as anti-apoptotic factors through VDAC blockage, thus avoiding Cyt c release into the cytosol (Koya et al., 2000; Kusano et al., 2000). Both can also bind to actin and DNaseI, forming a ternary complex that prevents the nuclear translocation of DNaseI. In contrast, the pro-apoptotic N-terminal fragment, of 39 kDa, may severe actin filaments in a calcium-independent manner (Kothakota et al., 1997; Geng et al., 1998; Kamada et al., 1998). It competes with actin for DNaseI binding, releasing it from the GSN:actin:DNaseI ternary complex and promoting its nuclear translocation, ultimately leading to nuclear DNA degradation and apoptosis (Chhabra et al., 2005; Li Q. et al., 2009). Furthermore, cGSN overexpression may inhibit the apoptotic pathway by sequestering and inactivating caspase3 in a GSN:PIP2:caspase3 complex (Ohtsu et al., 1997), and by precluding nuclear translocation of p53 (An et al., 2011). This protective role of cGSN was also demonstrated in mouse models of Alzheimer´s disease, where cGSN overexpression prevented the cytotoxic effect induced by accumulation of the amyloid beta (Aβ) peptide on mitochondrial function and cell death (Qiao et al., 2005; Antequera et al., 2009). High levels of cGSN were also reported in experimental models mainly exhibiting oxidative stress, such as upon hydrogen peroxide treatment, (Chauhan et al., 2008; Ji et al., 2010), as a consequence of intracellular calcium alterations (Bucki et al., 2008a), under HIF-1-modulated hypoxia (Nishimura et al., 2003), and in pathophysiological alterations like ageing and senescence (Ahn, 2003), Down syndrome (Ji et al., 2009), and heart failure (Li G. H. et al., 2009; Patel et al., 2018).
GSN and Mitochondrial Disease
The relative abundance of cGSN also increases in primary fibroblasts from patients and cellular models of OXPHOS system deficiency (Marín-Buera et al., 2015; García-Bartolomé et al., 2017; García-Bartolomé et al., 2020), suggesting its protective role through the regulation of cell survival responses. In these models, there was a reverse correlation between increased cGSN and decreased pGSN levels, resulting in a significantly high cGSN:pGSN protein ratio as a novel hallmark of OXPHOS dysfunction (García-Bartolomé et al., 2020). Interestingly, pGSN levels significantly decreased in OXPHOS-deficient patients, which reinforced the diagnosis accuracy for these disorders of the formerly reported biomarkers GDF-15 and FGF-21 (Peñas et al., 2021). These data suggest a tightly regulated coordination of both GSN isoforms, whose relevance in mitochondrial pathophysiology remains unknown.
CONCLUSIONS AND PERSPECTIVES
We have emphasized the importance of the actin cytoskeleton-mediated regulation on several aspects of mitochondrial (dys)function, and detailed the so-far known role of one of the most abundant ABPs, Gelsolin, in these processes. It remains unknown whether the apparently protective role of GSN, like other ABPs, directly impacts on mitochondrial function or whether it indirectly functions through regulation of actin cytoskeleton dynamics. Either way, the functional interplay between GSN isoforms in health and disease, as well as that between the actin cytoskeleton, ABPs and mitochondrial membranes for the regulation of cellular homeostasis and metabolism, open new exciting possibilities for future research.
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Mitochondrial membrane proteins play an essential role in all major mitochondrial functions. The respiratory complexes of the inner membrane are key for the generation of energy. The carrier proteins for the influx/efflux of essential metabolites to/from the matrix. Many other inner membrane proteins play critical roles in the import and processing of nuclear encoded proteins (∼99% of all mitochondrial proteins). The outer membrane provides another lipidic barrier to nuclear-encoded protein translocation and is home to many proteins involved in the import process, maintenance of ionic balance, as well as the assembly of outer membrane components. While many aspects of the import and assembly pathways of mitochondrial membrane proteins have been elucidated, many open questions remain, especially surrounding the assembly of the respiratory complexes where certain highly hydrophobic subunits are encoded by the mitochondrial DNA and synthesised and inserted into the membrane from the matrix side. This review will examine the various assembly pathways for inner and outer mitochondrial membrane proteins while discussing the most recent structural and biochemical data examining the biogenesis process.
Keywords: mitochondria, membrane proteins, assembly, mitochondrial chaperones, translocons
INTRODUCTION
Mitochondria are critically important for metabolism and a whole range of cellular functions, while they also play an essential role in programmed cell death. The mitochondrial proteome is made up of around 1,500 different proteins in humans and around 1,000 proteins in simpler eukaryotic organisms like Saccharomyces cerevisiae (Rath et al., 2021; Song et al., 2021). From these proteins, only 13 are encoded by mitochondrial DNA (mtDNA) in humans and 8 in S. cerevisiae (7 of which encode subunits of the oxidative phosphorylation complexes). Therefore, the majority of the mitochondrial proteins (about 99% of them) are nuclear-encoded, synthesised in the cytosol and then imported into their correct location within the organelle. The protein import system is very elaborate and depends on multiprotein complexes called translocons that reside in each one of the mitochondrial sub-compartments (Schmidt et al., 2010; Pfanner et al., 2019). The main pathway for mitochondrial proteins is the presequence pathway that guides soluble proteins into the mitochondrial matrix and accounts for almost two thirds of all mitochondrial protein import. On the other hand, the mitochondrial membrane proteins that reside in the inner or the outer membranes follow their own dedicated import routes that not only target the proteins to the correct mitochondrial membrane but also specifically insert them stably within the lipid bilayer (Wiedemann and Pfanner, 2017).
The mitochondrial β-barrel membrane proteins are found only in the outer membrane (OM), whilst α-helical membrane proteins (with either a single or multiple transmembrane domains) are present in both the outer (OM) and inner (IM) mitochondrial membranes (Figure 1). Insertion of all β-barrel proteins into the OM is thought to occur post-translationally (Lee et al., 2014), whilst insertion of the very few, highly hydrophobic IM proteins that are encoded by the mtDNA occurs in the close vicinity of the mitoribosome (Zorkau et al., 2021). The mitochondrial membrane protein insertion routes seem to diversify from others like the bacterial and the endoplasmic reticulum insertion pathways, which are largely co-translational (Hegde and Keenan, 2021). In the following sections of this review we will first detail the structural features of the translocon of the OM (the TOM complex), which is the main entry gate for all mitochondrial proteins, and we will then discuss the mechanism and structural basis for the import of proteins into the OM and IM of mitochondria.
[image: Figure 1]FIGURE 1 | General assembly pathways for mitochondrial membrane proteins. Presequence containing proteins are recognised by the translocon of the outer membrane (TOM) complex and translocated across the outer membrane before being assembled via the translocon of the inner membrane (TIM23) complex. TIM23 requires a potential gradient across the inner membrane and can either laterally diffuse stop-transfer hydrophobic α-helices directly into the inner membrane or translocate proteins all the way to the matrix via the PAM motor, which can be subsequently inserted into the inner membrane by the Oxa1 insertase. Mitochondrial carrier proteins are maintained in an import competent state by cytosolic chaperones before being translocated across the outer membrane by the TOM complex. Once in the IMS carrier precursors are chaperoned by the small TIMs to the TIM22 complex where insertion into the inner membrane occurs. Beta-barrel proteins of the outer membrane are first translocated into the IMS via the TOM complex. The small TIM chaperones then transfer β-barrel precursors from the TOM to the sorting and assembly machinery (SAM) complex where insertion and assembly of the β-barrels takes place. Alpha-helical outer membrane proteins are most often inserted into the membrane directly from the cytosol via the mitochondrial import machinery (MIM) complex.
THE TRANSLOCON OF THE OUTER MEMBRANE COMPLEX: THE MAIN GATEWAY FOR PROTEINS TO CROSS THE OUTER MEMBRANE
Nearly all mitochondrial membrane proteins are encoded in the nuclear genome and are synthesised by cytosolic ribosomes (Schmidt et al., 2010). The outer membrane therefore represents a significant barrier for these proteins which they must cross in order to be correctly assembled into both the inner and outer mitochondrial membranes. The entry gate that controls this import process is known as the TOM complex and is composed of a β-barrel pore forming protein (Tom40), a number of accessory/scaffolding proteins (Tom5, Tom6 and Tom7) and two receptor proteins (Tom20 and Tom70) that recognise mitochondrial targeting signals within protein sequences (Bolliger et al., 1995; Dietmeier et al., 1997; Rapaport and Neupert, 1999; Model et al., 2001; Gabriel et al., 2003; Mokranjac and Neupert, 2015; Pfanner et al., 2019; Wang et al., 2021). Additionally, the TOM complex contains a protein called Tom22, which appears to act as both a receptor and a scaffolding protein helping to control the number of pore-forming subunits associated to each fully assembled TOM complex as well as facilitating protein import (Lithgow et al., 1994; Bolliger et al., 1995; Moczko et al., 1997; Yano et al., 2000).
The proteinaceous components of the TOM complex described above were identified and assigned many years ago (Kiebler et al., 1990), however it is only with recent advances in techniques such as cryo-EM that the assembly pathway of the TOM complex has become clearer. The assembly of the TOM complex is separated into three distinct stages known as assembly I, assembly II and TOM core assembly (Wang et al., 2021) (Figure 2A). Assembly I involves the integration of the Tom40 β-barrel protein into the outer membrane from the intermembrane space (IMS) side of the outer membrane via the sorting and assembly machinery (SAM) complex (this process will be discussed in detail later) (Wiedemann et al., 2003). This initial assembly stage requires a fully assembled and functional TOM complex for the initial translocation of Tom40 precursors across the outer membrane. Tom5 and Tom6 are subsequently inserted and assembled with Tom40 while it is still associated with the SAM complex (Dietmeier et al., 1997; Model et al., 2001; Becker et al., 2010; Thornton et al., 2010). The subsequent addition of Tom7 leads to dissociation of the growing TOM complex from SAM and constitutes assembly II (Yamano et al., 2010; Becker et al., 2011b; Wang et al., 2021). The addition of Tom22 to the complex leads to the assembly of the TOM core complex containing multiple fully assembled TOM complexes with Tom22 acting as a scaffold holding them together (Araiso et al., 2019; Tucker and Park, 2019; Wang et al., 2020b; Wang et al., 2021).
[image: Figure 2]FIGURE 2 | Assembly of the TOM complex. (A) The TOM complex is assembled sequentially in the outer membrane. First, a Tom40 precursor from the IMS is assembled into the outer membrane by the SAM complex (Assembly I). Subsequently, the small TOMs Tom5 and Tom6 are assembled with Tom40 while still associated with Sam50. The addition of Tom7 leads to dissociation of the TOM-SAM complex (Assembly II) allowing the final assembly of the TOM core complex via the introduction of Tom22. (B) Cryo-EM experiments identify a dimeric form of TOM containing Tom22. In vivo crosslinking data suggest that TOM actually exists as a trimer containing Tom22 and a dimer lacking Tom22 but containing Tom5, 6 and 7. The trimer makes up the majority of the population and is the predominant form for presequence import. The dimeric form lacking Tom22 facilitates the import of soluble IMS proteins. Models generated using PDB ID 6JNF.
While the cryo-EM structures of the TOM core complex are an invaluable source of molecular detail and give us many clues as to the function of TOM as a protein import gate, they invariably show a dimer containing two Tom40 pores and two copies of Tom22 (Araiso et al., 2019; Tucker and Park, 2019). The multimeric state of the TOM complex in intact mitochondria seems to differ from these cryo-EM snapshots. Crosslinking studies have shown that the TOM complex is likely to exist predominantly as a trimer containing three β-barrel Tom40 subunits held together by three Tom22 subunits (Shiota et al., 2011). A minor dimeric form of the TOM complex was observed using cysteine-cysteine crosslinking and was found to contain two Tom40 β-barrels but no Tom22 (Shiota et al., 2015) (Figure 2B). It should be noted that both the trimeric and dimeric forms of the TOM complex contained the other accessory TOM components Tom5, Tom6 and Tom7. Interestingly, the trimeric form seems to be indispensable for import of pre-proteins into the mitochondria due to the presence of Tom20 and Tom22, both of which are required for presequence recognition and transport (Model et al., 2001). The dimeric form of Tom40 lacking Tom22 acts as an assembly intermediate allowing the dynamic exchange of new TOM subunits with the trimeric complex containing older subunits (Shiota et al., 2015; Araiso et al., 2021). Alongside this role, dimeric Tom40 can import several soluble MIA40 substrates into the IMS of mitochondria, specifically Tim9 and Cox17 (Gornicka et al., 2014; Sakaue et al., 2019). Larger TOM assemblies have also been observed via crosslinking analyses (Tucker and Park, 2019), although the physiological relevance of these larger oligomeric complexes remains to be discovered.
OUTER MEMBRANE PROTEIN BIOGENESIS
Aside from the vital role of the TOM complex in protein import, the outer membrane of mitochondria is also essential for maintaining the ionic balance of the organelle through the essential metabolite channel Porin/VDAC (Young et al., 2007), while also providing sites of contact between the endoplasmic reticulum (ER) and the mitochondria through mitochondrial distribution and morphology protein 10 (Mdm10) (Kühlbrandt, 2015; Ellenrieder et al., 2016). Given the vital nature of these functions the biogenesis of outer membrane proteins is a tightly regulated process requiring further essential components of the outer membrane. Membrane proteins of the outer mitochondrial membrane can be split into two distinct classes, the α-helical and β-barrel proteins.
Alpha-helical proteins are inserted directly into the outer membrane from the cytosol via the mitochondrial import machinery (MIM) complex in most cases (Doan et al., 2020). MIM is an oligomeric complex composed of two membrane spanning alpha-helical proteins, Mim1 and Mim2, with Mim1 being the major constituent of the complex (Becker et al., 2008; Hulett et al., 2008; Popov-Čeleketić et al., 2008; Dimmer et al., 2012). Mim1 is able to form pores in planar lipid membranes, while co-reconstitution with Mim2 does not substantially affect pore formation but may allow the recognition of positively charged residues in precursor proteins (Krüger et al., 2017). Mim1 (also known as Tom13), was originally characterised as a TOM complex assembly factor (Waizenegger et al., 2005; Lueder and Lithgow, 2009; Becker et al., 2011a). Given that the TOM complex contains a number of single-pass transmembrane alpha-helical proteins (Tom5, Tom6, Tom20 and Tom70) this is not surprising. Since these initial studies on TOM complex assembly, MIM has been identified as a key regulator for the assembly of outer membrane proteins Ugo1 and Fzo1, multi-spanning proteins involved in mitochondrial fusion (Becker et al., 2011a; Papić et al., 2011; Dimmer et al., 2012); as well as the multi-spanning protein Ubx2 (Mårtensson et al., 2019). Ubx2 is a dually localised protein resident in both the ER membrane, where it functions in the ER-associated degradation (ERAD) pathway, and the outer mitochondrial membrane where it performs a similar quality control function by removing stalled precursors from the TOM complex (Mårtensson et al., 2019).
Two interesting examples have also been found for MIM inserting proteins from the IMS as well as the cytosol (Song et al., 2014; Wenz et al., 2014). Outer membrane proteins Mcp3 and OM45 have both been identified as substrates of the MIM assembly pathway. What is interesting however is that initially these proteins are imported into the IMS via the presequence pathway involving the TOM complex. Prior to their insertion at the outer membrane by MIM they have also been found to interact with the TIM23 complex (Song et al., 2014; Wenz et al., 2014). This novel import route is interesting given the unknown functions of both of these proteins. A recent study has identified that the MIM complex exists in three distinct sub-populations (Figure 3A). As a lone insertase MIM acts on single spanning and tail anchored outer membrane proteins. MIM is also found in complex with the TOM and the SAM where it functions in multi-spanning outer membrane protein assembly and TOM assembly respectively (Doan et al., 2020). A protein complex performing the function of MIM has yet to be identified in mammalian cells, however a recent study was able to identify a functional equivalent to the MIM complex in trypanosomes (Vitali et al., 2018).
[image: Figure 3]FIGURE 3 | Mechanisms of outer membrane protein biogenesis. (A) The MIM complex exists in three distinct conformations: 1). In complex with TOM for the assembly of certain multi- and single-spanning α-helical membrane proteins which interact via the receptor Tom70.2). As a lone insertase for the assembly of certain single-spanning and tail anchored α-helical proteins. 3). In complex with SAM where MIM functions during assembly of TOM by inserting small TOM components into the growing structure. (B) The SAM complex inserts β-barrel outer membrane proteins via the IMS. Precursors pass through the TOM which is bound to SAM via Sam37 and the small TIMs in the IMS. TOM is then displaced as a growing β-barrel protein emerges from SAM. A switching mechanism is then required whereby a mature β-barrel protein (e.g., Mdm10) displaces the newly formed β-barrel allowing it to be released from the SAM complex.
The proteins mentioned above represent a limited subset of outer membrane α-helical proteins and the insertion mechanism for many tail-anchored proteins remains to be properly elucidated. It has been suggested that some tail-anchored proteins are actually able to insert into the outer membrane without the assistance of any known insertase (Setoguchi et al., 2006; Kemper et al., 2008). This suggests that a spontaneous, thermodynamically driven mechanism may facilitate the insertion of these proteins, or there may be an as yet undiscovered pathway similar to the Get pathway of the ER (Asseck et al., 2021). It has also been postulated that the lipid composition of the outer membrane, specifically the presence of ergosterols, acts as a targeting factor for tail-anchored proteins (Krumpe et al., 2012).
The second class of outer membrane proteins are the β-barrel proteins, which form pores in the outer membrane for the transport of proteins and ions (Paschen et al., 2005). β-barrel precursors synthesised in the cytosol must first translocate across the outer membrane before being assembled from within the IMS by the SAM complex (Figure 3B) (Pfanner et al., 2004). Emerging precursors are stabilised in an unfolded state by the chaperones Hsp70 and Hsp40 proteins which recognise β-hairpins present in the precursors (Jores et al., 2018). Unfolded precursors are then trafficked to the mitochondrial outer membrane where they come into contact with the TOM complex via specific interactions between their β-hairpin structures and the receptor protein Tom20 (Jores et al., 2016). Unfolded proteins then pass through the outer membrane via the Tom40 channel, which is itself a β -barrel outer membrane protein required for its own import (Rapaport and Neupert, 1999).
As precursors emerge from Tom40 on the IMS side of the outer membrane they are able to interact with the small TIM proteins, IMS resident chaperones that protect the highly hydrophobic portions of membrane proteins from aggregation prior to correct assembly (Vial et al., 2002; Hoppins and Nargang, 2004; Wiedemann et al., 2004; Milenkovic et al., 2009; Weinhäupl et al., 2018).
Βeta-barrel precursors can then be assembled into the outer membrane by the SAM complex, an outer membrane protein complex consisting of a 16-stranded β-barrel protein Sam50 and two peripherally associated subunits Sam35 and Sam37 facing the cytosol (Kozjak et al., 2003; Milenkovic et al., 2004; Habib et al., 2005). Sam50 bears striking similarity to the bacterial outer membrane assembly protein BamA and indeed the assembly mechanism is also well conserved given that bacterial outer membrane proteins can be successfully imported and assembled into the mitochondrial outer membrane (Walther et al., 2009; Kozjak-Pavlovic et al., 2011; Ulrich et al., 2014).
Both Sam50 and Sam35 are essential proteins and have been found to interact with precursors through a motif known as the β-signal (Jores et al., 2016; Höhr et al., 2018). This motif (Polar-X-Gly-X-X-Hydrophobic-X-Hydrophobic) is present in the most C-terminal β-strand of precursor proteins and is required for membrane insertion. Sam50, being a β-barrel protein, also contains a β-signal in strand 16 (Imai et al., 2011). Recent crosslinking evidence suggests that an incoming β-signal is able to displace the endogenous Sam50 signal at a lateral opening in the Sam50 pore (Höhr et al., 2018). A β-barrel precursor associated with Sam50 through this β-signal interaction may then be able to grow and insert subsequent β-strands leading to a large assembly still associated with Sam50 in a similar manner as the recently proposed model for BAM insertion of β-barrel proteins in bacteria (Doyle and Bernstein, 2019). The role of Sam35 is yet to be fully elucidated, however some evidence indicates that Sam35 is required for protein insertion by Sam50 and interacts with the β-signal of precursors (Kutik et al., 2008). Sam35 is thought to be peripherally associated with the SAM complex facing the cytosol which is counterintuitive to a mechanistic understanding given that β-barrel proteins are inserted from the IMS side of the outer membrane. There is some evidence that Sam35 is actually embedded within the outer membrane through close interactions with Sam50 (Kutik et al., 2008), possibly within the pore of Sam50, although recent structural data do not support this hypothesis (Takeda et al., 2021; Wang et al., 2021).
The non-essential subunit Sam37 aids in the assembly of a SAM-TOM supercomplex through interactions with Sam35 and the cytosolic domain of Tom22 (Qiu et al., 2013; Wenz et al., 2015). These interactions, along with interactions with the small TIMs of the IMS, are thought to aid in precursor transfer from the TOM to the SAM during outer membrane protein biogenesis.
More recently, the outer membrane β-barrel mitochondrial distribution and morphology protein 10 (Mdm10) was identified as a transient component of the SAM complex important for the efficient assembly of the TOM complex (Meisinger et al., 2004, 2006). Mdm10 is dually localised to both the SAM complex and the ER mitochondria encounter structure (ERMES) which physically connects the mitochondrial outer membrane with the ER membrane and is thought to aid in lipid transfer between the two membranes (Kornmann et al., 2009; Flinner et al., 2013; Bohnert et al., 2015). Mdm10 acts as a membrane anchor for the rest of the ERMES complex subunits (Mdm34 and Mdm12) which connect to the ER through interactions with the ER protein Mmm1 (Kornmann and Walter, 2010).
The Mdm10 interaction with the SAM complex is mediated through Sam37 but also interestingly through Tom7, one of the small α-helical components of the TOM complex. Tom7 has an inhibitory effect on TOM complex assembly due to this dual interaction with both the TOM complex and Mdm10. Tom7 is able to interact with free Mdm10 which in turn favours Mdm10-ERMES assembly (Meisinger et al., 2006; Yamano et al., 2010). This has the effect of limiting the amount of Mdm10 which is able to bind to the SAM complex thus inhibiting TOM complex assembly. Cryo-EM experiments have recently generated high resolution structures of the SAM complex from M. thermophila and S. cerevisiae in complex with various substrates providing more evidence to support the mechanisms of outer membrane protein insertion discussed above (Diederichs et al., 2020; Takeda et al., 2021; Wang et al., 2021). The structural data clearly show a lateral opening in Sam50 between the β-signal in strand 16 and strand 1. Interestingly two of these studies were able to identify the SAM complex in association with Mdm10 (Takeda et al., 2021) and Tom40 (Wang et al., 2021). These structures have led to the β-barrel switching hypothesis which suggests that in order for a fully assembled β-barrel to be released by SAM into the outer membrane a dynamic switching event must take place with another β-barrel protein for this release to take place. It seems that for Tom40 this dynamic switching event is mediated by Mdm10 (Takeda et al., 2021; Wang et al., 2021), however for Porin this event seems to be mediated by a second monomer of Sam50 (Takeda et al., 2021). This SAM dimer complex will then dissociate to allow the start of the assembly process again. Further structural data are required to confirm this hypothesis however, as only fully assembled β-barrels have been visualised to date an assembly intermediate is missing. Such an intermediate has been observed in the bacterial BAM complex however which confirms the growth and release from the lateral opening (Tomasek et al., 2020). More work is also needed to understand SAM-mediated outer membrane assembly in humans given that yeast TOM cannot be assembled by human SAM (Wang et al., 2021).
PROTEIN ASSEMBLY BY THE TRANSLOCON OF THE INNER MEMBRANE
After passing through the TOM at the outer membrane, proteins containing a presequence that are destined for assembly at the inner membrane are transferred to the translocon of the inner membrane (TIM23) complex (Figure 4). TIM23 is a dynamic complex which adopts different conformations for the transport of proteins into the matrix and for partitioning certain membrane proteins into the inner membrane directly (Wiedemann and Pfanner, 2017).
[image: Figure 4]FIGURE 4 | Assembly of inner membrane proteins by TIM23. (A) Presequence containing membrane proteins are recognised at the outer membrane by the Tom20 receptor and translocated across the outer membrane via Tom22 and Tom40. Once in the IMS presequences are recognised by the TIM23 subunit Tim50 and moved into the Tim23 channel. TIM23 can either laterally release stop-transfer segments into the membrane via the lateral gatekeeper Mgr2 associated with Tim21 (B), or can translocate entire domains into the matrix via the PAM motor (C). Motor function requires an inner membrane potential and ATP hydrolysis by mtHsp70. Once in the matrix the presequence will be cleaved by matrix processing peptidase (MPP). Certain multi-spanning proteins utilise both lateral diffusion directly from Tim23 and translocation for subsequent insertion via the Oxa1 insertase.
Presequence containing precursors passing through the TOM complex will first interact with the receptor protein Tim50 which has a large receptor domain exposed to the IMS (Meinecke et al., 2006; Waegemann et al., 2015). In the absence of a bound precursor, Tim50 also acts as a plug for the Tim23 channel in order to maintain the permeability barrier of the inner membrane which is so crucial for the generation and maintenance of the proton gradient (Meinecke et al., 2006). Tim50 acts in concert with both the regulatory subunit Tim21 and the main channel forming polytopic membrane protein Tim23 to transfer precursors across the inner membrane and partition certain hydrophobic proteins into the inner membrane. Another membrane embedded subunit Tim17, which is a paralog of Tim23, is involved in maintenance of complex stability (Demishtein-Zohary et al., 2015).
Distinct conformations of the TIM23 complex have been identified that aid either the translocation of large hydrophilic domains across the inner membrane to the matrix, or the lateral diffusion of transmembrane α-helices into the lipid bilayer (Schendzielorz et al., 2018; Edwards et al., 2021). Key to these differing conformations are the TIM23 accessory proteins Pam18 and Mgr2. When Pam18 is bound to TIM23 (designated TIM23MOTOR), as is the case during precursor translocation, the lateral release of membrane proteins is inhibited. When TIM23 is associated with the subunits Tim21 and Mgr2 (designated TIM23SORT) hydrophobic protein sequences can be partitioned into the inner membrane in a process known as stop transfer (Chacinska et al., 2005, 2010; van der Laan et al., 2007; Bohnert et al., 2010; Schendzielorz et al., 2018). Mgr2 seems to act as a gatekeeper for protein lateral release due to its close association with the predicted lateral gate of Tim23 and its quality control-type effect on the lateral release process (Ieva et al., 2014; Matta et al., 2020). Following translocation or lateral release into the inner membrane, the presequence, which will have invariably been translocated into the matrix, is cleaved by the matrix processing peptidase (MPP). Interestingly, the TIM23 complex of yeast has been shown to interact with respiratory chain complexes in both the TIM23SORT and TIM23MOTOR conformations, indicating that a physical interaction keeping the translocase close to the site of proton motive force generation may be essential to the function of TIM23 in both the translocation and release of IM proteins and the translocation of soluble matrix proteins (van der Laan et al., 2006; Wiedemann et al., 2007).
In humans the TIM23 subunit TIM21 plays a distinct and important role in respiratory chain biogenesis. TIM21 was discovered as a component of an early cytochrome C oxidase assembly intermediate known as mitochondrial translation regulation assembly intermediate of cytochrome c oxidase (MITRAC) complex (Mick et al., 2012; Wang et al., 2020a). Knockdown of TIM21 also lead to complex IV assembly defects, while overexpression of TIM21 relieved ATP synthase assembly defects in yeast and improved the viability of human cell lines generated from patients with ATP synthase defects (Aiyar et al., 2014).
In order for TIM23 to transfer large protein domains into the matrix two things are essential: the mitochondrial membrane potential (Δψ) and the ATP-driven import motor PAM (Li et al., 2004; Van Der Laan et al., 2013). The major component of the import motor is the ATP-driven chaperone mitochondrial heat shock protein 70 (mtHsp70) which is connected to Tim23 via the peripheral subunit Tim44 which also aids in precursor transfer from Tim23 to mtHsp70 (Hutu et al., 2008; Banerjee et al., 2015). The co-chaperones Pam18 and Pam16 enable ATP hydrolysis by mtHsp70 while the nucleotide exchange factor Mge1 promotes the exchange of ADP for ATP and thus the recycling of the motor (Miao et al., 1997; Sakuragi et al., 1999; Wiedemann and Pfanner, 2017). The exact mechanistic details of how the motor operates and imports proteins into the matrix remains to be elucidated. Interestingly, a direct physical link has been found between Pam16 and Pam18 and the respiratory complex III-IV supercomplex (Wiedemann et al., 2007). This interaction is thought to facilitate the assembly of the PAM motor and may provide a key energetic environment to enhance protein translocation to the matrix.
The two distinct Tim23 pathways discussed above are most often used independently, however there is an example of a protein that utilises both mechanisms for its assembly in the inner membrane. Mdl1, a six transmembrane segment member of the ABC transporter superfamily, utilises both lateral diffusion and motor-driven translocation prior to its final assembly at the inner membrane (Bohnert et al., 2010). This study identified that of the six transmembrane helices of Mdl1, the first and last two diffuse directly into the inner membrane from TIM23SORT while the two helices located in the middle of the protein sequence are fully translocated into the matrix by TIM23MOTOR before being assembled into the inner membrane by the oxidase assembly protein 1 (Oxa1, whose function will be described later). Since this initial discovery further examples of proteins utilising a combination of stop-transfer and conservative (PAM-driven) mechanisms for assembly have been identified, for example Sdh4 (Park et al., 2013) and the Tim18-Sdh3 module of the TIM22 translocon (Stiller et al., 2016).
A high-resolution structure of the TIM23 complex is yet to be reported although given the speed of advancement of cryo-EM techniques a molecular structure will likely be available in the near future.
MITOCHONDRIAL CARRIER PROTEINS AND THE TIM22 COMPLEX
The mitochondrial carrier proteins are a superfamily of 6 transmembrane α-helical proteins localised to the inner membrane of mitochondria (Figure 5A) and are essential for the transport of essential metabolites into and out of the mitochondrial matrix (Horten et al., 2020). The carrier proteins are synthesised without N-terminal presequences, and instead have internal targeting signals which can be recognised by the Tom70 receptor at the cytosolic face of the outer membrane (Sirrenberg et al., 1998; Diekert et al., 1999; Wiedemann et al., 2001; Kreimendahl et al., 2020). However, recent evidence suggests that Tom70 acts more like a recruitment factor for cytosolic chaperones such as Hsp70 and Hsp90 which are able to maintain the highly hydrophobic carrier proteins in an import-competent state and avoid unwanted aggregation (Backes et al., 2021).
[image: Figure 5]FIGURE 5 | The carrier pathway for insertion at the inner membrane by TIM22. (A) Carrier precursors are recognised by cytosolic chaperones which move the precursor to the mitochondrial outer membrane via interactions with the receptor Tom70. Precursors are then translocated via the TOM to the IMS where they are met by the Tim9-Tim10 complex which maintains the hydrophobic precursor in an insertion-competent state. The precursor is then handed to the TIM22 complex via the membrane bound Tim9-Tim10-Tim12 complex which is bound to Tim22 via Tim54. Tim22 then inserts α-helical modules into the inner membrane in a membrane potential dependent manner. The Tim18/Sdh3 module associated with Tim22 is required to maintain complex stability. (B) Yeast Tim22 appears to contain a lateral gate exposing the hydrophilic core of the channel to the surrounding lipid suggesting a method of lateral diffusion directly from the channel. Lateral gate highlighted by red dashed areas. Models generated using PDB ID 6LO8.
Following translocation across the outer membrane through the Tom40 pore, carrier precursors interact with the small TIM chaperones in the IMS. Specifically, they bind the Tim9-Tim10 (Tim9 and Tim10a in humans) complex first at the IMS side of TOM (Luciano et al., 2001; Truscott et al., 2002; Vial et al., 2002) which forms a ring or doughnut-like structure that shields the hydrophobic domains of carrier substrates from the aqueous medium of the IMS (Weinhäupl et al., 2018). From here carrier precursors are handed to a second small TIM complex associated with the TIM22 translocon containing Tim9-Tim10-Tim12 in yeast and Tim9-Tim10a-Tim10b in humans (Sirrenberg et al., 1998; Lionaki et al., 2008; Qi et al., 2021). Interestingly, the outer membrane metabolite channel porin was recently identified to have a role in carrier protein biogenesis and bound directly to carrier protein precursors as well as directly recruiting TIM22 (Ellenrieder et al., 2019). The exact mechanism by which porin aids carrier insertion remains unknown but may involve physically linking the inner and outer membranes through these protein-protein interactions given that a direct TOM-TIM22 supercomplex does not appear to exist (Edwards and Tokatlidis, 2019; Ellenrieder et al., 2019; Horten et al., 2020).
Following outer membrane translocation and passage through the IMS chaperoned by the small TIMs, carrier precursors arrive at the TIM22 complex for their final insertion and assembly in the inner membrane. The TIM22 complex is composed of the main translocon protein Tim22 (Sirrenberg et al., 1996; Bauer et al., 1999) and a number of accessory proteins that are starkly different in yeast and humans. In yeast, the accessory proteins are Tim54, Sdh3 (which is also part of complex II), and Tim18. Tim54 contains a large IMS exposed domain which acts as a recruitment site for the Tim9-Tim10-Tim12 complex (Rehling et al., 2003, 2004). Tim18 and Sdh3 form a membrane integral module which is involved in the assembly of the TIM22 complex and is dependent on Oxa1 (Kerscher et al., 2000; Koehler et al., 2000; Gebert et al., 2011). In humans the accessory proteins are Tim29 and acylglycerol kinase (AGK) (Qi et al., 2021). Tim29 performs a similar function to yeast Tim54. It contains an IMS facing domain and is involved in interactions with the small TIMs and TIM22 complex assembly (Kang et al., 2016). AGK was only identified as a TIM22 complex subunit recently. Its role in carrier protein assembly is independent of its equally crucial role as a lipid kinase, however how it aids carrier protein biogenesis is not yet known (Kang et al., 2017; Vukotic et al., 2017).
The core component of the TIM22 complex in both yeast and humans is the translocase protein Tim22. The mitochondrial membrane potential is essential for precursor transfer from the small TIMs to Tim22 where carriers are laterally released as consecutive α-helical hairpin pairs into the inner membrane and adopt their functional fold (Wiedemann et al., 2001; Rehling et al., 2003). The mechanism of assembly and lateral release by Tim22 remains unknown, however recent structural analysis of both the human and yeast TIM22 complexes seems to indicate a cavity within Tim22 exposed to the lipid bilayer (Figure 5B) (Qi et al., 2021; Zhang et al., 2021). However, further structural data with bound precursors undergoing insertion are required to fully elucidate the carrier insertion mechanism.
As mentioned above, carrier proteins contain three modules each containing hairpin α-helical structures which are required for assembly by TIM22 (Wiedemann et al., 2001). Recently, a number of unconventional TIM22 substrates have been identified containing odd numbers of transmembrane helices in both yeast (Gomkale et al., 2020; Rampelt et al., 2020) and human (Acoba et al., 2021; Jackson et al., 2021) mitochondria. In yeast, the mitochondrial pyruvate carrier (MPC) proteins Mpc2 and Mpc3, both of which are predicted to have odd numbers of transmembrane α-helices (Bender et al., 2015), show a dependence on TIM22 for their assembly (Gomkale et al., 2020; Rampelt et al., 2020). TIM22 is also required for the assembly of MPC proteins in human cells (Gomkale et al., 2020). Furthermore, human cells also require TIM22 for the correct assembly of a number of sideroflexin (SFXN) proteins. These proteins are predicted to contain odd numbers of transmembrane α-helices and are essential as amino acid transporters in mitochondria that in turn affect mitochondrial one-carbon metabolism and respiratory complex III integrity (Kory et al., 2018; Acoba et al., 2021; Jackson et al., 2021). Taken together these recent studies suggest that the substrate spectrum of the TIM22 complex is much wider than previously thought, and biogenesis by TIM22 does not necessarily require modules of α-helical hairpin structures as originally thought.
OXA1 AND RESPIRATORY CHAIN ASSEMBLY
Mitochondria maintain fully functional transcription and translation machineries, however many of the proteins making up these systems are encoded by nuclear DNA. The mitochondrial DNA (mtDNA) of eukaryotes codes for a small subset of highly hydrophobic membrane proteins that are subunits of the complexes of the oxidative phosphorylation (OXPHOS) respiratory electron transport chain (Taanman, 1999). Yeast mitochondrial genomes encode for 30–40 genes that include ribosomal RNAs, tRNAs and subunits of the OXPHOS machinery; specifically three subunits of ATP synthase (atp6, atp8 and atp9), three subunits of complex IV (cox1, cox2 and cox3) and a single subunit of Complex III (cytb) (Freel et al., 2015). Human mitochondria encode a total of 37 genes including, like yeast, ribosomal RNAs, tRNAs and OXPHOS subunits. Human mtDNA encodes 13 protein subunits of the OXPHOS machinery, two subunits of ATP synthase (atp6 and atp8), three subunits of complex IV (cox1, cox2 and cox3), one subunit of complex III (cytb) and 7 subunits of complex I which is not present in yeast (nd1, nd2, nd3, nd4L, nd4, nd5 and nd6) (Figure 6A) (Chocron et al., 2019). The inner mitochondrial membrane protein Oxa1 is essential for the correct insertion and assembly of many of these proteins and is therefore required for oxidative phosphorylation and cell viability (Figure 6B) (Thompson et al., 2018). Oxa1 was first identified in yeast and shares structural and functional homology with the bacterial insertase YidC (Bonnefoy et al., 1994; Altamura et al., 1996; Scotti et al., 2000). Like YidC, Oxa1 has a membrane spanning core of five α-helices that is absolutely essential for its insertase function (Kuhn et al., 2003; Hennon et al., 2015). The major difference between Oxa1 and YidC is the presence of a large C-terminal hydrophilic domain in Oxa1 located in the mitochondrial matrix. Removal of this C-terminal domain resulted in a loss of cell viability due to incomplete assembly of respiratory complexes, with the most drastic defects being present in complex IV (Szyrach et al., 2003). Furthermore, the C-terminal domain of Oxa1 was found to act as a binding site for the mitochondrial ribosome (Szyrach et al., 2003) suggesting that localising the translation of certain hydrophobic proteins to the membrane in close proximity to Oxa1 is key to their correct insertion and assembly. The membrane proximity of translation was also recently shown to be crucial for the thermodynamically driven assembly of a bacterial α-helical membrane protein in an entirely in vitro artificial system (Eaglesfield et al., 2021). The yeast protein Mba1 was also initially identified as a component of the respiratory chain assembly pathway acting independently of Oxa1 for the insertion of Cox2, cytochrome b and Cox1 (Preuss et al., 2001). Subsequent study of Mba1 identified it as a secondary mitoribosome receptor whose function seems to be both the anchoring of translation to the membrane through interactions with the mitoribosome and facilitating a tight interaction between Oxa1 and the mitoribosome (Ott et al., 2006; Keil et al., 2012). Knockdown of Oxa1 in humans results in a similar phenotype to yeast knockdowns, with the assembly of the respiratory chain being affected, specifically complexes I, IV and V (Stiburek et al., 2007; Thompson et al., 2018). Mba1 in humans is not freely associated with the membrane and Oxa1 as it is in yeast. It is instead a proteinaceous component of the human mitoribosome known as mL45 which still functions in attachment of the ribosome to Oxa1 when the mitoribosome is actively translating (Kummer et al., 2018; Itoh et al., 2021). Human Oxa1 also contains a long C-terminal hydrophilic domain which as a contact site for the mitoribosome (Itoh et al., 2021). Recent microscopic evidence has shown that the majority of translation in human mitochondria occurs at the cristae membrane close to the site of OXPHOS assembly by Oxa1 (Zorkau et al., 2021) and not at the nucleoid or RNA granules where mRNA is processed (Rey et al., 2020). Interestingly, the submitochondrial distribution of Oxa1 in yeast is altered depending on the energy demands of the cell. Under respiratory conditions Oxa1 is located mainly in the cristae due to the requirement for assembly of the OXPHOS machinery, however under fermentative conditions where OXPHOS is not generally required, Oxa1 is redistributed to the boundary membrane (Stoldt et al., 2012). An explanation for this may be that Oxa1 is also required for the assembly of Tim22 in the inner membrane and thus has a knock-on effect on the assembly of many carrier proteins which are still required under fermentative conditions (Hildenbeutel et al., 2012; Stiller et al., 2016).
[image: Figure 6]FIGURE 6 | Inner membrane protein assembly by Oxa1. (A) Hydrophobic proteins of the human respiratory complexes that are synthesised on mitoribosomes are highlighted in red. (B) Oxa1 is able to insert proteins from two origins. Some proteins that are synthesised in the cytosol, passed through TOM and partially assembled by TIM23 require Oxa1 for the assembly of some of their transmembrane α-helices. Oxa1 also acts as the main, and only, insertase for mitochondrially encoded membrane proteins. The mitoribosome is physically associated with Oxa1 via Mba1 in yeast (mL45 in humans) whereby respiratory subunits are inserted and assembled into the inner membrane co-translationally.
While the function of Oxa1 as a membrane protein insertase is clear, a direct mechanistic understanding of its function remains elusive. It does appear to form voltage-gated ion channels when reconstituted in lipid membranes however the in vivo oligomeric structure as well as the mechanism allowing membrane protein lateral diffusion remain unclear (Krüger et al., 2012). No high-resolution structure for Oxa1 exists and would be a prerequisite to further our understanding of the role of Oxa1 in membrane protein biogenesis.
OUTLOOK
The field of mitochondrial membrane protein biogenesis has burgeoned in recent years. Advances in technologies such as cryo-EM have led to important discoveries enhancing our mechanistic understanding of this remarkably complex process. One thing that has become increasingly clear in recent years is the variety of membrane insertase and translocase complexes that exist within the mitochondria and appear to be highly adaptive, and most often act in concert with each other in dynamic ways to facilitate membrane protein biogenesis.
Even the relatively well understood presequence and carrier insertion pathways have revealed some new and exciting features recently. For example, the fact that the presequence (stop-transfer) pathway of TIM23 is able to work in conjunction with the Oxa1 insertase for the biogenesis of a number of inner membrane proteins, as well as the recent discovery of unconventional TIM22 substrates which suggests the recognition and insertion mechanism used by this insertase is more complex than previously thought.
A relatively unexplored avenue to date has been the involvement of the import and assembly protein Mia40 in oxidative folding required for membrane protein assembly. Mia40-dependent disulfide formation within transmembrane helices has however been identified in the essential proteins Tim22 and Tim17 (Wrobel et al., 2013, 2016). These disulfides may well stabilise transmembrane helical structure and could be important for other mitochondrial membrane proteins.
Despite all of these recent advances, there are still a number of key areas that require work to develop a full mechanistic understanding of the mitochondrial membrane protein biogenesis process. As discussed in this review, it is assumed that all of the known insertase complexes are able to laterally diffuse growing membrane proteins into the lipid environment through a “lateral-gate” type mechanism. While there is support for this theory based on the most recent structural data, what remains lacking for all of the mitochondrial insertases is a structural snapshot of this lateral diffusion process occurring. This has been shown for certain related bacterial insertases, but certainly an independent verification of this process by mitochondrial insertases would be incredibly valuable.
High-resolution structural data is still lacking for both the TIM23 complex and the Oxa1 insertase, while the recent structures of the TIM22 complex of both yeast and humans need further work to provide mechanistic details of insertion. It seems likely that the remarkable improvements in cryo-EM techniques will lead to structural data for these complexes being available in the near future and will likely provide us with further clues as to the insertion process. It will be very interesting to see structural snapshots of precursor protein translocation and biogenesis through all of the mitochondrial insertase complexes and to analyse these in conjunction with previously published cross-linking data to further elucidate the translocation and insertion process in mitochondria.
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Complex I (CI) is the largest protein complex in the mitochondrial oxidative phosphorylation electron transport chain of the inner mitochondrial membrane and plays a key role in the transport of electrons from reduced substrates to molecular oxygen. CI is composed of 14 core subunits that are conserved across species and an increasing number of accessory subunits from bacteria to mammals. The fact that adding accessory subunits incurs costs of protein production and import suggests that these subunits play important physiological roles. Accordingly, knockout studies have demonstrated that accessory subunits are essential for CI assembly and function. Furthermore, clinical studies have shown that amino acid substitutions in accessory subunits lead to several debilitating and fatal CI deficiencies. Nevertheless, the specific roles of CI’s accessory subunits have remained mysterious. In this review, we explore the possible roles of each of mammalian CI’s 31 accessory subunits by integrating recent high-resolution CI structures with knockout, assembly, and clinical studies. Thus, we develop a framework of experimentally testable hypotheses for the function of the accessory subunits. We believe that this framework will provide inroads towards the complete understanding of mitochondrial CI physiology and help to develop strategies for the treatment of CI deficiencies.
Keywords: mitochondrial complex I, oxidative phosphorylation (OXPHOS), accessory subunits, mitochondrial diseases, electron transport chain
INTRODUCTION
Mitochondria are the nexus of energy metabolism in eukaryotic cells and play important roles in cellular signaling and apoptosis (Pagliarini and Rutter, 2013). The inner mitochondrial membrane (IMM) harbors the respiratory electron transport chain (ETC) which carries out the final stages of cellular respiration. The ETC is composed of four multi-subunit protein complexes (complex I to complex IV) that couple electron transfers to the pumping of protons across the IMM. The electrochemical proton gradient thus generated is used by ATP synthase (complex V) to generate ATP. Mutations of genes encoding subunits of ETC complexes that result in decreased activity (i.e., ETC deficiencies) are unable to meet the energy demands of muscle and neurons, resulting in severe and often fatal pediatric myopathies and neuropathies (Koene et al., 2012). Dysfunction in complex I (CI) accounts for one third of ETC deficiencies like Leber’s hereditary optic neuropathy, Leigh syndrome and mitochondrial encephalomyopathy (Fiedorczuk and Sazanov, 2018; Ma et al., 2018). The outsized role of CI in mitochondrial disease stems in part from its large number of required subunits and complex assembly pathway (Guerrero-Castillo et al., 2017a). Whereas prokaryotic CI is composed of 14 subunits—7 in the cytoplasm and 7 in the plasma membrane (Brindefalk et al., 2011; Martijn et al., 2018)—mammalian mitochondrial CI is composed of 45 subunits – the 14 “core” subunits conserved from bacteria (Figure 1A) and an additional 31 accessory subunits that have been added during the evolution of eukaryotes (Figure 1B) (Letts and Sazanov, 2015). CI has a boot-shaped structure consisting of a proton-pumping membrane arm that is embedded in the IMM and an electron-transferring peripheral arm extending into the mitochondrial matrix (Figure 1A) (Baradaran et al., 2013; Berrisford et al., 2016). The seven core subunits of the CI membrane arm are encoded by the mitochondrial genome and are conserved across species. The core subunits of the peripheral arm as well as the accessory subunits are encoded by the nuclear genome, expressed in the cytoplasm and imported into the mitochondria. The CI assembly process occurs via the successive association of several distinct subassemblies (Figure 2) (Sánchez-Caballero et al., 2016) via the action of many essential assembly factors (Guerrero-Castillo et al., 2017a; Formosa et al., 2018). This modular assembly process may provide the organism with additional inputs for regulation and quality control.
[image: Figure 1]FIGURE 1 | Structure of mammalian CI from O. aries (PDB: 6ZKC). (A) The 14 core subunits are shown as colored surfaces. The accessory subunits are shown as grey cartoons. The CI boot-shape analogy is indicated at the top of the panel. (B) The 31 accessory subunits are shown as colored surfaces while the core subunits are shown as grey cartoons.
[image: Figure 2]FIGURE 2 | Mammalian CI Assembly. (A) The modular assembly pathway of mammalian mitochondrial CI as proposed by Guerrero-Castillo et al. (2017a). The structures of CI subunits within each subassembly are shown as atomic spheres and colored by subassembly. The subunits constituting each subassembly are indicated in shorthand notation (e.g., NDUFS1 is shortened to S1). The assembly factors found associated with each subassembly are indicated in purple. Subunits that associate with intermediate assemblies (e.g., the Q/PP subassembly) are shown in beige. The terminally associated subunits are shown in magenta. (B) CI structure shown as atomic spheres with subunits colored by their subassembly as in panel (A). Subunits that associate with intermediate assemblies independent of the modules are shown in beige and terminally associated subunits are shown in magenta.
Although the core subunits harbor all the substrate binding sites and cofactors needed for catalysis (Baradaran et al., 2013; Berrisford et al., 2016), mutagenesis, knockdown and knockout experiments demonstrate that in eukaryotes the core subunits alone are insufficient for CI assembly and function (Stroud et al., 2013, 2016; Garcia et al., 2017). Given that bacterial CI functions in the absence of accessory subunits, the appearance of essential accessory subunits in eukaryotes suggests changes in the core subunits that make them incapable of operating on their own. However, the roles of each accessory subunit in CI stability, regulation, and function remain unclear. Nonetheless, given that many disease-causing mutations are in the accessory subunits (Fiedorczuk and Sazanov, 2018), it is essential to understand the roles of the accessory subunits to develop treatment strategies for CI deficiencies. Recent advances in membrane-protein biochemistry and cryogenic electron microscopy have led to several high-resolution structures of bacterial and eukaryotic CI (Baradaran et al., 2013; Parey et al., 2019; Bridges et al., 2020; Galemou Yoga et al., 2020; Grba and Hirst, 2020; Kampjut and Sazanov, 2020; Chung et al., 2021; Kolata and Efremov, 2021). CI structures have been observed predominantly in two states: a closed state and an open state which differ in the angle between the peripheral arm and the membrane arm (Fiedorczuk et al., 2016; Zhu et al., 2016; Letts et al., 2019). The open state is characterized by the unfolding of several loops, within the quinone binding cavity and corresponds to the catalytically inert deactive (D) state of CI (Maklashina et al., 2003; Blaza et al., 2018). The closed state corresponds to the active (A) state of the complex (Agip et al., 2018; Letts et al., 2019). In addition, these structures defined the locations of the accessory subunits and advanced our understanding of the mechanism by which CI couples electron transfer to proton pumping (Kampjut and Sazanov, 2020; Parey et al., 2021). However, how the different accessory subunits contribute to CIs assembly and activity, including the transition between the A and D states, remains poorly understood.
In this review, we draw from the recent CI structures, as well as from knockout (Stroud et al., 2013; Stroud et al., 2016; Garcia et al., 2017), assembly (Ugalde et al., 2004; Sánchez-Caballero et al., 2016; Guerrero-Castillo et al., 2017a) and clinical studies (Mimaki et al., 2012; Rodenburg, 2016; Fiedorczuk and Sazanov, 2018) to determine the roles of mammalian CI’s accessory subunits. By comparing structures of the bacteria and eukaryotic core subunits we identify changes that may make the eukaryotic core subunits no longer able to function in the absence of the accessory subunits. Furthermore, by comparing conserved and divergent features of the accessory subunits in mammals, fungi and plants we ascertain the essential structural and functional features of the accessory subunits. We also discuss the structural consequences of disease-causing mutations occurring in the accessory subunits and how they may affect CI function. Overall, we provide a structural and evolutionary framework for understanding the roles of the accessory subunits and propose several experimentally testable hypotheses on their function that we hope will help propel the field towards a full understanding of CI deficiencies and new potential treatments.
Throughout the text we use the human gene names (e.g., NDUFS1, NDUFV1) of the CI subunits, rather than the biochemical names (e.g., 75 kDa subunit, 51 kDa subunit). We also use the full numbering of residues starting from the initiator methionine of the canonical isoform, rather than from the first residue of the mature processed protein. Although the biochemical names have a long and important history in the study of CI, we chose the nomenclature and numbering described above to allow the medical community studying CI deficiencies to make full use of the plethora of structural data without the need for conversion tables. For this review, the accessory subunits were grouped based on their functional implications and discussed roughly starting from the tip of the peripheral arm to the heel of the complex, then from the heel to the tip of the membrane arm along the NDUFA10 side of the complex and finally down the ND5 lateral helix (ND5-HL) side of the membrane arm.
The Ancient Accessory Subunits of the Peripheral Arm—NDUFS4, NDUFS6 and NDUFA12
NDUFS6, NDUFA12 and NDUFS4 are ancient accessory subunits present in α-proteobacterial CI (Yip et al., 2011). The α-proteobacteria is the most closely related extant class of bacteria to the mitochondrial ancestor (Martijn et al., 2018), hence, these accessory subunits predate eukaryogenesis (Kahlhöfer et al., 2017) and are conserved throughout eukaryotes. NDUFS4, NDUFS6 and NDUFA12 are assembled at the N/Q interface (Figures 3A–C) during the final stages of CI assembly in mammals (Figure 2A) (Guerrero-Castillo et al., 2017a). Each of these three subunits are important for the activity of CI with many associated disease-causing mutations [recently reviewed by (Kahlhöfer et al., 2021)].
[image: Figure 3]FIGURE 3 | Ancient accessory subunits of CI. (A) NDUFS4 (berry), (B) NDUFS6 (plum) and (C) NDUFA12 (gold) are shown as colored surfaces on CI, the core subunits are shown as colored cartoons and other accessory subunits are shown as grey cartoons. Shin view of (D) mammalian (O. aries PDB: 6ZKC throughout), (E) E. coli (PDB: 7NZ1 throughout) and (F) T. thermophilus (PDB: 4HEA throughout) CI structures shown as transparent surfaces. NDUFS4 and the NDUFS1 loops (orange) that differ between the structures are shown as cartoons. (G) Calf view of Y. lipolytica CI structure (PDB ID: 6YJ4) shown as transparent surfaces with NDUFS6 (NUMM) and NDUFA12 (N7BM) shown as cartoons with the Zn2+ ion shown as atomic sphere and coordinating residues shown as sticks colored by element. Calf view of (H) mammalian, (I) E. coli and (J) T. thermophilus CI structures shown as transparent surfaces with NDUFS6 and the NDUFS8 (sea green) loops that differ between the structures labeled and shown as cartoons. The FeS clusters and Zn2+ ions are shown as atomic spheres and colored by element. (K) Structural differences between assembly factor NDUFAF2 and accessory subunit NDUFA12. Calf view of CI showing assembly factor NDUFAF2 from Y. lipolytica (PDB: 6RFQ) superposed on NDUFA12 (N7BM) (PDB: 6RFR). The transparent surface of CI is shown with NDUFA12 as cartoon in gold and NDUFAF2 shown as cartoon colored in dark olive. (L) Lipid binding around the Q-tunnel. Looking up from the Y. lipolytica (PDB: 6YJ4) CI heel showing the accessory subunits NDUFA9 (NUEM) (lavender), NDUFA12 (N7BM) and core subunit NDUFS7 (NUKM) (tea green) as cartoon. Other subunits are shown as transparent surfaces. Lipids are shown as spheres colored by element. (M) The interface between NDUFS4 (NUYM), NDUFA12 (N7BM) and NDUFS6 (NUMM) of Y. lipolytica CI (PDB: 6RFR). NDUFS4, NDUFA12 and NDUFS6 are shown as surfaces and all other CI subunits are shown as cartoon. (N) Clash between NDUFS6 and NDUFAF2. Y. lipolytica NDUFAF2 (PDB: 6RFQ) superposed on to NDUFA12 (N7BM) (PDB: 6RFR). NDUFS6 (NUMM) and NDUFAF2 are shown as cartoon. NDUFA12 (N7BM) is not shown for clarity. (O) Schematic diagram showing the role of ancient accessory subunits in the “checkpoint” hypothesis of the CI assembly pathway. NDUFS4 binds to CI Q/P subassembly bound to NDUFAF2 and disengages the C-terminal unstructured region of NDUFAF2. Addition of NDUFS6 and N-module to the subassembly results in the release of NDUFAF2 and frees up the NDUFA12 binding site. NDUFA12 binds to the subassembly at the site of NDUFAF2 and completes the assembly. Subunits are colored as in Figure 1 throughout unless stated otherwise. NDUFS4: berry, NDUFS6: plum, NDUFA12: gold, NDUFS1: orange, NDUFS8: sea green, NDUFAF2: dark olive, NDUFA9: lavender, NDUFS7: tea green.
NDUFS4—In fully assembled CI NDUFS4 is located on the “shin” of the CI boot (Figure 1 and Figure 3A). In eukaryotic CI NDUFS4’s C-terminus binds in a groove between domains A and B of NDUFS1 (Figure 3D and Figure 4G). It is composed of a N-terminal coil, a folded N-terminal domain made up of three β-strands, four short α-helices, an extended loop (between β2S4 and α3S4) and a C-terminal coil that reaches to the N-module and contains a short helix (Figure 3D). NDUFS4’s N-terminal coil interacts with NDUFS3 and NDUFA6 (Figure 3D). The folded N-terminal domain bridges between NDUFS1 in the N-module and NDUFS3 in the Q-module (Figure 3D). The extended β2-α3S4 loop reaches across the peripheral arm of the complex interacting with NDUFS1, NDUFS3, NDUFS8, NDUFS6, NDUFA9, NDUFA6 and NDUFA12. NDUFS4’s C-terminal coil interacts with NDUFV1, NDUFV2, NDUFS1 and NDUFV3 (Figure 3D). In mammalian and human cell cultures cAMP promotes the phosphorylation of the NDUFS4 protein at S131S4 (Papa, 2002), which is located on NDUFS4’s C-terminal tail. S131S4 is buried in a pocket between NDUFS1, NDUFV1 and NDUFV2 that is insufficient to accommodate a phosphate group (Figure 3D). Hence phosphorylation of S131S4, which has been proposed to enhance the functional capacity of CI (Papa, 2002), would require a conformational change in this region.
[image: Figure 4]FIGURE 4 | Accessory subunits NDUFV3 and NDUFA2. NDUFV3-S (short isoform) (purple) (A), NDUFV3-L (long isoform) (purple) (B) and NDUFA2 (blue) (C) are shown as colored surface on CI (PDB: 6ZKC). Disordered N-terminal of the (A) short isoform (64 aa) and (B) long isoforms (423 aa) are represented by the purple line. Red square in (B) represents the conserved string of serine residues. The core subunits are shown as cartoons colored as in Figure 1A and the other accessory subunits are shown as grey cartoon. (D) The mammalian reduced NDUFA2 structure shown as cartoon. The cysteines are shown in stick representation and colored by element (PDB: 6ZKC). (E) NMR solution structure of oxidized human NDUFA2 (PDB: 1S3A) superposed onto reduced NDUFA2 found in mammalian CI (PDB: 6ZKC). Reduced NDUFA2 is shown in blue cartoon and the oxidized NDUFA2 is shown in red cartoon. (F) NMR solution structure of human NDUFA2 (PDB: 1S3A) superposed onto reduced NDUFA2 seen in mammalian CI. The clash caused due to rearrangement of loops [β1-α1A2 (aa 23–29) and β2-3A2 (aa 57–63)] is shown by the star. (G-I) NDUFA2 compensates for the loss of NDUFS1 domain D. Domain architecture of NDUFS1 (G) mammalian (O. aries) (PDB:5LNK), (H) E. coli (PDB: 7NZ1) (I) T. thermophilus (PDB:4HEA) is shown as surfaces colored and labeled according to the domains. (J) Schematic representation of the partial dissociation of CI due to oxidation of cysteines in NDUFA2. ROS generated at the FMN site oxidizes the cysteines in NDUFA2 resulting in the formation of a disulfide bond. The rearranged NDUFA2 loop clashes with NDUFS1 resulting in the dissociation of NDUFA2. The dissociation of NDUFA2 destabilizes NDUFS1 and the N-module. This destabilization eventually results in the N-module dissociating. Subunits are colored as in Figure 1 in all the structure figures unless stated otherwise. NDUFV3: purple, reduced NDUFA2: blue, oxidized NDUFA2: red.
The recent E. coli CI structure shows that the groove between A and B domains of NDUFS1 (NuoG) is filled by a large extension from NDUFS1 containing two short helices (α10/α11) (Figure 3E) (Kolata and Efremov, 2021). E. coli NDUFS1 also contains a large loop, coined the G-loop, which occupies the equivalent location of NDUFS4’s N-terminal domain in eukaryotes (Figure 3E) (Kolata and Efremov, 2021). In T. thermophilus, like in E. coli, the NDUFS1 (Nqo3) groove is partly filled with an extended loop (α10-β19 loop) and the accessory subunit Nqo16, not present in E. coli or eukaryotes, wedges between NDUFS1, NDUFS3 and NDUFS7 providing additional structural support to this region (Figure 3F) (Baradaran et al., 2013; Berrisford et al., 2016; Kampjut and Sazanov, 2020). As pointed out by Kolata and Efremov (Kolata and Efremov, 2021), these different structural features suggest there is an evolutionary pressure for the stabilization of NDUFS1 by “filling in” this groove. The need for this stabilization has been addressed with three different solutions in the three different CI lineages for which we have structures: the NDUFS4 subunit in the α-proteobacteria/eukaryotes (Figure 3D); the α10/α11 extension and G-loop in the γ-proteobacteria (e.g., E. coli) (Figure 3E); and the α10-β19 loop and Nqo16 in the deinococci (e.g., T. thermophilus) (Figure 3F). This suggests that in eukaryotes NDUFS4 is needed for the structural integrity of the peripheral arm (Kolata and Efremov, 2021). Consistent with this hypothesis, deletion of NDUFS4 (NUYM) in Y. lipolytica (ΔNDUFS4) results in conformational changes in NDUFV1, NDUFV2 and NDUFS1, decreased CI activity and an increase in ROS formation (Kahlhöfer et al., 2017; Parey et al., 2019). Additionally, NDUFS4 is required to protect NDUFS1’s N1b iron-sulfur cluster and ΔNDUFS4 in Y. lipolytica exposes this cluster resulting in an altered electron paramagnetic resonance (EPR) signal, likely contributing to the reduction in CI activity (Parey et al., 2019). In the bacterial structures this cluster is protected by the extensions and loops.
NDUFS6—In fully assembled CI NDUFS6 is located on the “calf” of the CI boot (Figure 1 and Figure 3B). It is composed of an N-terminal domain with minimal secondary structure and whose fold varies between fungi and mammals (Figures 3G,H) (Parey et al., 2019; Grba and Hirst, 2020; Kampjut and Sazanov, 2020), followed by a coil and short α-helix (α1S6) that connects to a C-terminal domain formed by five β-strands forming two small β-sheets (Figure 3H). NDUFS6’s N-terminal domain interacts with NDUFA9, NDUFS4, NDUFA12 and NDUFS8 (Figure 3H). The interdomain coil and the short helix of NDUFS6 lodge in a cleft on the surface of NDUFS8 formed by the β1-α3S8 and β2-3S8 loops (Figure 3H). The C-terminal domain binds a Zn2+ ion and sits in a pocket formed by core subunits NDUFS1, NDUFV1, NDUFV2 and NDUFS8 (Figure 3H). In the structures of plant and algal CI (Maldonado et al., 2020; Soufari et al., 2020; Klusch et al., 2021), NDUFS6 lacks the N-terminal domain altogether and the sequence for the N-terminal domain is missing from the α-proteobacterial CI, indicating that this domain evolved later in specific eukaryotic lineages.
On the “calf” side of CI where NDUFS6 is located in mammals, the T. thermophilus and E. coli CIs have extended loops/coils—the NDUFS8 (Nqo9) β3-4S8 loop in T. thermophilus and the extended C-terminal coils of NDUFS8 (NuoI), NDUFS7 (NuoB) and NDUFV1 (NuoF) in E. coli – bind overtop of the NDUFS1 (NuoG) FeS clusters (Figures 3I,J) (Baradaran et al., 2013; Berrisford et al., 2016; Kolata and Efremov, 2021). In mammalian CI, the corresponding loops are shorter and the extended loops in the bacterial structures would conflict with the location of NDUFS6 (Figure 3H). This suggests that NDUFS6 replaces these bacterial sequences and acts to stabilize the NDUFS1 FeS clusters. Indeed, NDUFS6 (NUMM) deletion (ΔNDUFS6) or mutation of a NDUFS6 Zn2+ coordinating cysteine in Y. lipolytica, showed loss of EPR signal for nearby cluster N4, indicating severe disruption (Kmita et al., 2015). In humans, the mutation of one of the Zn2+ coordinating cysteines (C115YS6) results in fatal neo-natal lactic acidosis (Kmita et al., 2015) indicating the importance of NDUFS6’s Zn2+ coordination in stabilizing its interaction with CI. It has been noted (Kmita et al., 2015) that two other Zn2+ containing proteins, IscU (Markley et al., 2013) and mito-NEET (Zuris et al., 2011), with the same Zn2+ coordination pattern as NDUFS6 (three-cysteine/one-histidine), are involved in FeS biogenesis. This suggests that NDUFS6 may have initially started as an assembly factor for the FeS clusters of the peripheral arm that became permanently associated with the complex as a stabilizing subunit.
NDUFA12—Located on the “calf” of the CI boot below NDUFS6, NDUFA12 sits at the interface of the matrix and IMM (Figure 1 and Figures 3C,G). It is composed of a structured N-terminal domain that binds to the Q-module adjacent to the membrane and a C-terminal coil which extends to the N-module forming an extensive interface with the NDUFS8 and crossing under the N-terminal domain of NDUFS6 (Figure 3G). This suggests that either NDUFA12 binds the complex first, that NDUFS6 and NDUFA12 pre-assemble and bind together or that conformational changes in NDUFS6 are needed for NDUFA12 binding (Parey et al., 2019). The N-terminal domain consists of two amphipathic α-helices that interact with lipid, followed by a three stranded β-sheet, and an α-helix and interacts with NDUFS8, NDUFA7, NDUFS2 and NDUFS7 (Figures 3G,K). The amphipathic helices play a role, along with NDUFA9 and NDUFS7, in distorting the membrane in the region of the CoQ-tunnel (Figure 3L) (Parey et al., 2019).
In Y. lipolytica, deletion of NDUFS6 (ΔNDUFS6) results in the assembly factor NDUFAF2 remaining bound to the enzyme and a decrease in the bound quinone content of the complex relative to wildtype (Parey et al., 2019). NDUFA12 and NDUFAF2 are paralogs and occupy the same binding site on CI (Parey et al., 2019), thus, NDUFAF2 must be removed from the assembly intermediate before NDUFA12 can bind (Vogel et al., 2007). Importantly, NDUFAF2 lacks the amphipathic helices seen in NDUFA12 (Figure 3K) and therefore fewer bound lipids are seen at the interface in the ΔNDUFS6 structure (Parey et al., 2019). The observation of decreased CoQ-content is consistent with the hypothesis that deformation of the membrane by NDUFA12, NDUFA9 and NDUFS7 promotes CoQ access to the CoQ-tunnel (Figure 3L) (Parey et al., 2019). Reduced CI activity seen in the NDUFA12KO (Stroud et al., 2016) and a naturally occurring NDUFA12 nonsense mutation (Ostergaard et al., 2011) may be due in part to less efficient CoQ access to the active site. The inability of NDUFAF2 to deform the membrane may help prevent reverse electron transport (RET), which can generate significant reactive oxygen species (ROS) (Chouchani et al., 2014), before complete assembly of the complex at which point NDUFAF2 is replaced by NDUFA12 and CI is activated.
Roles of NDUFS4, NDUFS6 and NDUFA12 in CI assembly—Together NDUFS4, NDUFS6 and NDUFA12 play an important role in the attachment of the N-module during CI assembly. Patients with deletion or substitution mutations in the NDUFS4 gene show an abnormal assembly profile with a complete loss of the fully assembled CI (Assouline et al., 2012). NDUFS4KO studies in mice suggest that CI is unstable or fails to assemble properly in the absence of NDUFS4 (Kruse et al., 2008). In HEK293T cells, although, NDUFS4 only interacts with the C-terminal coil of NDUFA12 over a short sequence (Figure 3M), NDUFS4KO results in poor incorporation of NDUFA12 but overall only mild assembly defects (Calvaruso et al., 2012; Stroud et al., 2016). The dependence on NDUFS4 for the incorporation of NDUFA12 was not seen in Y. lipolytica ΔNDUFS4 as this structure showed clear incorporation of NDUFA12 (Parey et al., 2019). However, although assembly goes to completion and NDUFA12 is incorporated into the complex, ΔNDUFS4 resulted in an increase of bound assembly factor NDUFAF2 (Parey et al., 2019; Kahlhöfer et al., 2021) indicating that the deletion introduces a bottleneck in the final stages of assembly (Kahlhöfer et al., 2021).
In HEK293T cells, NDUFS6KO prevents attachment of the N-module, stalling CI assembly at the Q/P subassembly (Figure 2A) (Stroud et al., 2016; Guo et al., 2017). In Y. lipolytica, ΔNDUFS6 leads to accumulation of a CI intermediate with the assembly factor NDUFAF2 bound, lacking both NDUFS6 and NDUFA12 but with the N-module attached (Kmita et al., 2015; Parey et al., 2019). NDUFAF2 lacks the N-terminal amphipathic α-helices seen in NDUFA12, but has a similar central domain followed by a NDUFAF2 specific α-helix (α2AF2) (Figure 3K) (Parey et al., 2019). The C-terminal region of NDUFAF2 contains a disordered region of 103 amino acid residues followed by a coil that binds in a similar position as the C-terminal coil of NDUFA12 (Figure 3K). The α2AF2 helix binds to the surface of NDUFS8 where NDUFS6 would normally bind, indicating that when bound to CI, NDUFAF2 would prevent NDUFS6 binding (Figure 3N) (Kmita et al., 2015; Parey et al., 2019). Given that the NDUFA12 gene is wild type in the ΔNDUFS6 Y. lipolytica strain, but NDUFA12 is not seen on CI, NDUFA12 alone is not sufficient to remove NDUFAF2 and NDUFS6 must play an important role in the removal of NDUFAF2 during the final stages of CI assembly. The difference in N-module attachment between NDUFS6KO in HEK293T cells and ΔNDUFS6 in Y. lipolytica indicate a more severe impact of loss of NDUFS6 on CI assembly in mammals compared to yeast.
In HEK293T cells, NDUFA12KO increases the abundance of CI subassemblies and decreases CI activity, however, fully assembled CI is still observed (Stroud et al., 2016). In humans, a NDUFA12 nonsense mutation leads to a similar phenotype, i.e., although CI appears fully assembled in patients with the mutation, they have reduced CI activity resulting in Leigh syndrome (Ostergaard et al., 2011). These data indicate that, in contrast to the loss of NDUFS6, the loss of NDUFA12 does not prevent the full assembly of the complex but negatively impacts CI turnover.
From the wild type and mutant CI studies, the hypothesis arises that NDUFAF2 acts in concert with NDUFS4, NDUFS6 and NDUFA12 as an assembly checkpoint, blocking the full assembly of the peripheral arm until the rest of the complex is fully assembled. In this scenario, the formation of the Q/P subassembly (Figure 2A), which contains the full membrane arm and Q-module along with NDUFAF2, promotes the association of NDUFS4, which in turn recruits the N-module and NDUFS6. As pointed out by Parey et al., (2019) NDUFS4 binding also likely promotes exchange of NDUFAF2 for NDUFA12 via its extended β2-3S4 loop (Figure 3M).
This “checkpoint” hypothesis differs from the model proposed by Parey et al., (2019), in which NDUFAF2 recruits the N-module to the Q/P subassembly, in two major ways. 1) Given the inability of smaller NDUFAF2 containing assembly intermediates to recruit the N-module, NDUFAF2 alone is insufficient for N-module recruitment. Thus, NDUFS4 and potentially NDUFS6 are required to help bind the N-module (Figure 3O). Importantly, in mammals NDUFS4 and NDUFS6 do not associate with the complex until after formation of the Q/P subassembly preventing premature attachment of the N-module (Figure 2A). 2) Given that NDUFS6 is required for the removal of NDUFAF2, interaction of NDUFS6 with the complex likely precedes that of NDUFA12, whose binding site is only available after NDUFAF2 is removed (Figure 3O). This necessitates a more complicated “dance” in which the C-terminus of NDUFA12 works its way under the N-terminal domain of NDUFS6 and likely involves additional intermediate conformations (Figure 3O).
Notably, in plant mitochondrial CI, NDUFS6 lacks the N-terminal domain (Maldonado et al., 2020; Soufari et al., 2020; Klusch et al., 2021). This would simplify the assembly process for the peripheral arm, as the NDUFA12 C-terminal coil no longer passes under NDUFS6 (Maldonado et al., 2020). Consistent with the interactions of these subunits regulating the association of the N-module, plant CI assembles by a distinct pathway, in which the N-module is connected to the complex before the PD-module, forming the plant specific assembly intermediate CI* (Ligas et al., 2019; Maldonado et al., 2020). Although possible genes for NDUFAF2 have been identified in plants, biochemical studies of CI assembly in plant have yet to identify NDUFAF2 as a plant CI assembly factor (Meyer et al., 2019). Nonetheless, if overcoming the checkpoint for N-module attachment is initiated by NDUFS4 binding, the major difference between plants and opisthokonts could be the dependence of NDUFS4 binding on the attachment of the PD-module.
The variety in assembly pathways suggests that the specific roles of NDUFS4, NDUFS6 and NDUFA12 in regulating CI assembly may have evolved later and that the original physiological roles of these subunits are structural. In α-proteobacteria the NDUFS6 gene lacks the sequence for an N-terminal domain and assembly of CI in E. coli follows a more “plant-like” pathway (though E. coli lacks the accessory subunits) (Friedrich et al., 2016). Further studies on CI assembly and structure in the α-proteobacteria would shed more light on these issues (Jarman et al., 2021).
The Subunit at the Tip of the Peripheral Arm: NDUFV3
NDUFV3 lies on the tip of the N-module and joins the complex in the final stage of assembly (Figure 2A and Figure 4A). NDUFV3 is composed of a N-terminal coil, an α-helix and a C-terminal coil that bind in the cleft between NDUFV1 and NDUFV2. The C-terminal coil of NDUFV3 reaches to NDUFS1 where it interacts with the C-terminal coil of NDUFS4. NDUFV3 is known to be present on CI in two isoforms (Figures 4A,B) (Bridges et al., 2017; Dibley et al., 2017; Guerrero-Castillo et al., 2017b). The 10 kDa “short” isoform (NDUFV3-S) is found in heart tissue while the 50 kDa “long” isoform (NDUFV3-L), generated by alternative splicing of the NDUFV3 gene, appears to be dominant in other tissues (liver and brain) and in HEK293T cells (Bridges et al., 2017; Dibley et al., 2017). NDUFV3KO in HEK293T cells showed that lack of both NDUFV3 isoforms led to only minor defects in the assembly and function of CI suggesting its presence in CI is not essential (Stroud et al., 2016; Dibley et al., 2017). In addition, it was found that NDUFV3-S alone is sufficient for CI assembly (Dibley et al., 2017). The N-terminal 64 amino acid residues of NDUFV3-S are disordered and the region of NDUFV3-S that is bound to NDUFV1 and NDUFV2 and clearly resolved in the structure is conserved in NDUFV3-L, suggesting they bind similarly to CI (Figures 4A,B). Therefore, the main difference between the isoforms is not in their interaction with CI but that NDUFV3-L has an additional 423 amino acid residues on its N-terminus that are also predicted to be disordered (Figures 4A,B) (Guerrero-Castillo et al., 2017b; Bridges et al., 2017; Dibley et al., 2017).
Phylogenic tree analysis has shown that NDUFV3 is absent in jawless fish, insects, nematodes, and fungi suggesting it has evolved within the vertebrates (Bridges et al., 2017). Further, a sequence alignments show conservation in the C-terminal structured region of both NDUFV3 isoforms as well as in a string of 10 serine residues only present in NDUFV3-L (Figure 4B). Phospho-proteome analyses have identified three serine residues, from the string of 10, to be phosphorylated in various conditions which is consistent with the previous identification of NDUFV3-L as a mitochondrial phosphoprotein (Bridges et al., 2017).
Interestingly, as noted by Bridges et al. (2017), the size, lack of secondary structure and binding site of NDUFV3-L resembles the 68 kDa fragment of the atypical cadherin (Ft4) which has been shown to regulate CI activity in Drosophila melanogaster (Sing et al., 2014). Fat (Ft) cadherins are cell adhesion molecules that control tissue growth and organization (Tanoue and Takeichi, 2005). In Drosophila, Ft regulates ETC integrity and promotes OXPHOS by release of a soluble 68 kDa fragment by proteolytic cleavage of its intracellular domain, which is imported into mitochondria and binds to CI at NDUFV2 (Sing et al., 2014). Loss of Ft in Drosophila leads to loss of CI and increases ROS (Sing et al., 2014). This led Bridges et al. (2017) to propose that NDUFV3-L may play a similar role in mammals. Given that the unstructured regions of the intracellular domains of cadherins are known to associate with a variety of adaptors and signaling proteins (Maître and Heisenberg, 2013) and that unstructured regions of proteins are commonly involved in protein-protein interactions (Dyson and Wright, 2005), it is reasonable to speculate that NDUFV3-L has additional interaction partners and that the physiological impact of the NDUFV3 isoforms may have more to do with those additional interactions than with possible changes in the behavior of CI itself. In this scenario, CI is used as a scaffold for the localization of NDUFV3 to the matrix surface of the cristae. More work is needed to identify any additional NDUFV3 interaction partners and determine what role it may be playing at the cristae surface.
The Thioredoxin Fold Subunit NDUFA2
NDUFA2 is assembled into the N-module subassembly along with NDUFV1, NDUFV2 and NDUFS1 prior to attachment to CI (Figure 2A and Figure 4C) (Sánchez-Caballero et al., 2016; Guerrero-Castillo et al., 2017a). NDUFA2 has a thioredoxin fold consisting of a β-sheet with four anti-parallel β-strands and three α-helices (Figure 4D). Despite the structural homology to thioredoxins, the two vicinal cysteines of the canonical thioredoxin CXXC motif are not conserved, instead NDUFA2 has two different cysteines (Cys24A2 and Cys58A2 in humans) conserved across eukaryotes (with a notable exception of Ala47A2(NI8M) in Y. lipolytica).
In all current structures of eukaryotic CI, NDUFA2 interacts solely with core subunit NDUFS1 (Figures 4C,D) in a reduced form i.e., there is no disulfide bond between the conserved cysteine residues (Figure 4D). Nonetheless, the structure of isolated human NDUFA2 in the oxidized state, containing a disulfide linkage between Cys24A2 and Cys58A2, has been solved by NMR (Figure 4E) (Brockmann et al., 2004). In the oxidized state NDUFA2 adopts a distinct conformation compared to the reduced state (Figure 4E). When docked onto the structure of CI the oxidized conformation of NDUFA2 loops clashes with the surface of NDUFS1 (Figure 4F). This indicates that change in reduction state of NDUFA2 would impact NDUFA2’s interaction with NDUFS1.
In bacteria, NDUFS1 (Nqo3 in T. thermophilus and NuoG in E. coli) is composed of four large domains A-D (Figures 4H,I). However, in eukaryotes, NDUFS1 lacks a significant domain D, and thus is composed of domains A-C alone and a short C-terminal helix (Figure 4G). In bacteria, domain D binds at the interface of domains B and C and likely stabilizes the overall domain architecture of NDUFS1 (Figures 4H,I). NDUFA2 in eukaryotes binds on the opposite face of NDUFS1 relative to domain D in bacteria, but like domain D in bacteria, NDUFA2 bridges domains B and C (Figure 4G). Thus, it is reasonable to hypothesize that, like domain D of bacteria, NDUFA2 stabilizes the overall domain architecture of NDUFS1, thereby compensating for the lack of domain D. Thus, the stability of eukaryotic NDUFS1 may depend on the presence of NDUFA2, thereby making the eukaryotic CI N-module dependent on this accessory subunit. Consistent with this NDUFA2KO in HEK293T cells results in the accumulation of a CI intermediate lacking the N-module and severe defects in CI activity and respiration (Stroud et al., 2016).
These observations lead to the hypothesis that NDUFA2 may act as a ROS sensor that works to “shut off” CI activity under conditions of high ROS production. In this scenario, molecules of superoxide or hydrogen peroxide produced at the FMN site of CI could react with the conserved cysteines of NDUFA2, stripping electrons from them and resulting in the formation of a disulfide bond (Figure 4J). This would result in the conformational rearrangement of the NDUFA2 loops causing it to clash with NDUFS1 and unbind (Figure 4J). Loss of NDUFA2 would destabilize the NDUFS1 structure by removing the bridging interactions between domains B and C impacting NDUFS1’s interaction with other N- and Q-module subunits (Figure 4J). In short, reaction of NDUFA2 with ROS may be an initiating factor resulting in the observed partial degradation of CI under RET conditions (Guarás et al., 2016). If correct, this hypothesis makes several experimentally testable predictions. First, treatment of isolated CI with oxidizing agents should result in loss of NDUFA2 followed by loss of the N-module. Second, Y. lipolytica CI, due to its lack of one of the conserved NDUFA2 cysteines, should be more resistant to oxidizing agents.
The Lone Accessory Subunit of the Q Subassembly: NDUFA5
NDUFA5 binds at the interface of core subunits NDUFS2 and NDUFS3 and is composed of a short N-terminal coil, a three-helix bundle, and a long C-terminal coil (Figures 5A,E). Along with NDUFS2, NDUFS3, NDUFS7 and NDUFS8, NDUFA5 forms the Q subassembly (Figure 2A). In the fully assembled complex, the N-terminal coil and three-helix bundle of NDUFA5 interacts with NDUFS2, NDUFS3 and NDUFA7 (Figure 5E). The three-helix bundle also interacts with NDUFA10 in a state-dependent manner (discussed in the section on NDUFA10). The C-terminal loop of NDUFA5 interacts with NDUFS2, NDUFS3 and NDUFS4. In HEK293T cells, NDUFA5KO results in incomplete assembly of CI with the accumulation of a 460 kDa subcomplex composed of membrane arm subunits but lacking any Q- or N-module subunits (Stroud et al., 2016). In addition, HEK293T cells with NDUFA5 depleted by RNA interference showed a significant decrease in CI activity compared to other complexes (Rak and Rustin, 2014). Ndufa5 deletion in mice is embryonic lethal and conditional neuronal-specific KO in mice yielded mild chronic encephalopathy with concomitant decreases in the levels of fully assembled CI and CI activity (Peralta et al., 2014). Together, these data indicate that NDUFA5 is required for the stability of the Q-module and the formation of a functional CI.
[image: Figure 5]FIGURE 5 | Accessory subunits NDUFA5 and NDUFA7. (A) The structure of CI (PDB: 6ZKC) in cartoon with the surface of NDUFA5 (auburn) shown, the core subunits colored as in Figure 1A and the accessory subunits grey. (B–D) The NDUFA5 C-terminus compensates for a shorter NDUFS3 (corn yellow) β3-4S3 loop. (B) Mammalian (PDB: 6ZKC), (C) T. thermophilus (PDB: 4HEA) and (D) E. coli (PDB: 7NZ1). CI structures shown in transparent surface with NDUFA5 and the NDUFS3 β3-4S3 loop in cartoon. (E–G) NDUFA5 may compensate for a shorter NDUFS3 β4-5S3 loop. (E) O. aries cartoon of NDUFS3 β4-5S3 loop (aa 99–102), NDUFA5, and NDUFS8 (sea green) on the CI surface (PDB: 6ZKC). The β4-5S3 loop is shorter in O. aries than in bacteria. (F) T. thermophilus cartoon of the β4-5S3 loop (aa 76–86) and NDUFS8 (Nqo9) on the CI surface (PDB: 4HEA). (G) Y. lipolytica cartoon of the NDUFS3 β4-5S3 (NUGM) loop (aa 147–150), NDUFA5 (NUFM) and NDUFS8 (NUPM) on the CI surface (PDB: 6YJ4). Y. lipolytica has an extended NDUFS8 coil compared to O. aries and T. thermophilus. (H) The structure of CI (PDB: 6ZKC) shown in cartoon with the surface of NDUFA7 (azzure blue), the core subunits colored as in Figure 1 and the accessory subunits grey. (I–K) Differences in NDUFA7 between eukaryotes. (I) O. aries NDUFA7 shown as cartoon on the CI (PDB: 6ZKC) surface with the variable region indicated (*) and the N-terminal coil and helix of NDUFS3 shown as cartoon. A: ascending coil, L: lateral coil, D: descending coil. (J) Y. lipolytica NDUFA7 (NUZM) shown as cartoon on the CI (PDB: 4HEA) surface with the variable region indicated (*) and the N-terminal coil and helix and C-terminal coil of NDUFS3 (NUGM) shown as cartoon. (K) V. radiata NDUFA7 (NDUA7) shown as cartoon on the CI (PDB: 6X89) surface with the variable region indicated (*) and the N-terminal coil and helix of NDUFS3 (NDUS3) shown as cartoon. (L) A conformation change is needed in the N-terminal helix of NDUFS3 relative to that from T. thermophilus to accommodate NDUFA7. Cartoon of NDUFS3 in O. aries (PDB: 6ZKC) and NDUFS3 (Nqo5; grey) in T. thermophilus (PDB: 4HEA) on the O. aries CI surface. (M,N) NDUFA7 participates in NDUFA12 (gold) binding. (M) Cartoon of NDUFA7 (NUZM), the N-terminal and C-terminal loop of NDUFS3 (NUGM) and NDUFA12 (N7BM) on the CI surface (PDB: 6YJ4). (N) Cartoon of NDUFA7, NDUFS3 and NDUFAF2 (N7BML) (gold) on the CI surface (PDB: 6RFQ). The N-terminal regions of NDUFA7 and NDUFS3 are disordered. (O–Q) Stabilizing role for NDUFA7 at the interface of the N and Q modules. (O) O. aries cartoon of NDUFA7 on CI surface (PDB:6ZKC). NDUFA7 stabilizing interactions are replaced by core subunits in bacteria. A: ascending coil, L: lateral coil. (P) T. thermophilus cartoon of NDUFS1 (orange) (Nqo1) on CI surface (PDB: 4HEA). (Q) E. coli cartoon of C-terminal coil of NDUFV1 (NuoF) on CI surface (PDB: 7NZ1). Subunits are colored as in Figure 1 throughout unless stated otherwise. NDUFA5: auburn, NDUFS3: corn yellow, NDUFS8: sea green, NDUFA7: azzure blue, NDUFA12: gold, NDUFS1: orange.
Bacterial CI structures, both T. thermophilus and E. coli, contain extended loops in NDUFS3 (Nqo5 and NuoCD, respectively), that would conflict with the position of NDUFA5 in eukaryotes (Figures 5B–F). Importantly, in E. coli, but not in T. thermophilus, the NDUFS2 and NDUFS3 subunits are a single polypeptide (NuoCD). Nonetheless, in both bacterial structures, an extended β3-4S3 loop (β3-4Nqo5 and β3-4NuoCD) conflicts with the position of the NDUFA5 C-terminal coil in the mitochondrial CI structures (Figures 5B–D). This extended loop provides additional contacts between NDUFS3 and NDUFS2 in T. thermophilus and would stabilize the overall NuoCD fold in E. coli. Thus, NDUFA5 in mammals would replace these lost bacterial stabilizing interactions between NDUFS2 and NDUFS3. Additionally, the loop corresponding to β4-5S3 in T. thermophilus (β4-5Nqo5) is also longer with an extended interaction interface between NDUFS3 and NDUFS2 (Figure 5F). This extended β4-5S3 loop would also conflict with the position of NDUFA5 in mitochondrial CI (Figures 5E,G). In Y. lipolytica, an additional stabilizing interaction involving the N-terminal coil of NDUFS8 is seen in this region, bridging NDUFA5 and NDUFS3 (Figure 5G). Overall, the differences of the NDUFS2 and NDUFS3 interfaces between the bacteria and mitochondrial structures indicate that different strategies have evolved to support the association of these subunits. On one extreme there is E. coli that uses a fused NuoCD subunit and on the other is eukaryotes that have recruited NDUFA5 to facilitate interaction between NDUFS2 and NDUFS3. In the middle is T. thermophilus that has extended loops that help facilitate the interaction and occupy the equivalent position of NDUFA5 in eukaryotes.
Nonetheless, differences in the interaction interface between NDUFS2 and NDUFS3 in mammalian and T. thermophilus CIs alone cannot explain the dependency on NDUFA5 for Q-module assembly. In human CI the interface between NDUFS2 and NDUFS3 is larger (2,747.1 Å2 vs. 2,613.5 Å2) and more energetically favorable (-20.2 kcal/mol vs. -16.6 kcal/mol) than that of T. thermophilus (Krissinel and Henrick, 2007). This suggests that NDUFA5 binding, in addition to providing stabilizing interactions between the subunits, may also allosterically regulate their interaction, promoting necessary conformational changes that allow for Q-module assembly. Interaction studies between isolated NDUFS2 and NDUFS3 in the presence and absence of NDUFA5 are needed to address this hypothesis.
The Square Coil of the Peripheral Arm: NDUFA7
NDUFA7 forms part of the Q-module and it is believed to be among the last subunits added as no intermediates containing this subunit have been observed (Figure 2A) (Sánchez-Caballero et al., 2016). Except for the N-terminal amphipathic helix, which binds at the interface of the matrix and IMM adjacent to NDUFS8, NDUFA1 and NDUFA12, most of NDUFA7 is an extended coil without secondary structure that ascends from the membrane to the N-module, continues laterally along the N/Q-module interface then descends back towards the membrane (Figures 5H,I). NDUFS8, NDUFA12 and NDUFS2 create a binding surface for the NDUFA7 “ascending” coil (Figure 5I). The NDUFA7 “lateral” coil interacts with NDUFV1, NDUFS1 and NDUFS2 (Figure 5I). The lateral coil is followed by a variable region that is disordered in mammals (residues 72–89), a small α-helical domain in Y. lipolytica and a short α-helix in plants (Figures 5I–K) (Guo et al., 2017; Grba and Hirst, 2020; Kampjut and Sazanov, 2020; Maldonado et al., 2020). This variable region interacts with NDUFS3 and NDUFA5. The C-terminal NDUFA7 “descending” coil extends towards the N-terminus of NDUFS8 interacting with NDUFS2, NDUFS3 and NDUFA5 (Figure 5I). Adjacent to the variable region the lateral and descending coils sandwich the N-terminal α-helix of NDUFS3 resulting in a significant reorientation of the NDUFS3 helix in eukaryotic CI relative to its position in the bacterial structures (Figure 5L).
In HEK293T cells, NDUFA7KO has negligible to moderate reductions in CI activity and stability. However, in any accessory subunit KO that results in the reduction of N-module incorporation, e.g., NDUFS6KO, NDUFA2KO and NDUFA6KO, leads to a reduction of NDUFA7 (Stroud et al., 2016). This suggests that although NDUFA7 interacts mostly with Q-module subunits it requires the N-module for binding and has resulted in the proposal that NDUFA7 should be considered a N-module, as opposed to Q-module, subunit (Formosa et al., 2018). In cardiac cells, depletion of NDUFA7 promotes ROS generation and calcineurin signaling activation that results in the expression of cardiac hypertrophy genes (Shi et al., 2020).
Interestingly, in the Y. lipolytica ΔNDUFS6 CI structure – in which the assembly factor NDUFAF2 is bound instead of NDUFA12—the NDUFA7 amphipathic helix and ascending coil along with the N-terminal coil of NDUFS3—which binds overtop of the NDUFA7 ascending coil in Y. lipolytica—are disordered (Figures 5M,N). This indicates that full binding of NDUFA7 likely requires the exchange of NDUFAF2 for NDUFA12 during attachment of the N-module. However, in Y. lipolytica the C-terminal coils of NDUFA7 are held in place by the interaction between the small α-helical domain of the variable region and the C-terminal coil of NDUFS3 that wraps over the lateral coil, as well as additional interactions with the N-terminus of NDUFS8 (Figures 5G,J,M,N). These interactions are missing in mammals—which lack the α-helical domain and have shorter NDUFS3 C-terminal and NDUFS8 N-terminal coils (Figure 5I)—suggesting that NDUFA7 binding may be more sensitive to the exchange of NDUFAF2 and NDUFA12 in mammals.
Outside of the N-terminal amphipathic helix the most conserved region of NDUFA7 is the “corner” between the ascending and lateral coils which binds at the interface of NDUFV1 and NDUFS1 of the N-module and NDUFS2 and NDUFS3 of the Q-module (Figure 5O). In T. thermophilus and E. coli CIs this interface is filled with the NDUFS1 α3-β6S1 loop and the N-terminal coil of NDUFV1, respectively, which are much longer than their eukaryotic counterparts (Figures 5P,Q) (Baradaran et al., 2013; Kolata and Efremov, 2021). Like in the case of NDUFS4, these different interactions represent three different strategies for stabilizing this interface in the three different CI lineages (Figures 5O–Q). In mammals, it has also been shown that NDUFA7 is a target for phosphorylation by cAMP-dependent protein kinase (mtPKA) at Ser95A7 located at the interface of NDUFS3 and NDUFA5 (Rak and Rustin, 2014). Analogous to the interaction with the NDUFS3 C-terminal coil in Y. lipolytica, phosphorylation may promote NDUFA7 binding in this region and hence could play a part in regulating CI assembly (Palmisano et al., 2007). This leads to the hypothesis that NDUFA7, although not essential, functions to stabilize the attachment of the N-module and may aid in the replacement of NDUFAF2 with NDUFA12 during assembly.
The LYR/Acyl Carrier Protein Pairs: NDUFA6/NDUFAB1-α and NDUFB9/NDUFAB1-β
The NDUFAB1 subunit of mammalian CI is an acyl carrier protein (ACP) involved in transporting and extending fatty acid chains during fatty acid synthesis. ACPs interact closely with leucine-tyrosine-arginine (LYR) motif proteins (Dibley et al., 2020). The LYR family of proteins are involved with mitoribosome biogenesis (MIEF1-MP) (Brown et al., 2017; Rathore et al., 2018), CII assembly (SDHAF1) (Ghezzi et al., 2009), CIII2 assembly (LYRM7) (Maio et al., 2017), and iron-sulfur cluster biogenesis (LYRM4) (Atkinson et al., 2011). These interactions link these different processes to fatty acid biosynthesis and/or are responsible for recruitment of downstream factors (Brown et al., 2017). Mitochondrial CI contains two LYR protein subunits, NDUFA6 and NDUFB9, both of which are found in association with a copy of NDUFAB1 in the intact complex (Figure 6A). Therefore, two copies of NDUFAB1 are present in mitochondrial CI. NDUFAB1-α binds to NDUFA6 on the “shin” side of the Q-module whereas NDUFAB1-β binds to NDUFB9 on the mitochondrial matrix side of the PD-module forming part of the PD-bulge (Figure 1A and Figure 6A).
[image: Figure 6]FIGURE 6 | Accessory subunits NDUFA6, NDUFAB1-α, NDUFB9, and NDUFAB1-β in mammalian CI. (A) The structure of CI in cartoon with the surfaces of NDUFA6 (cinnabar red)/NDUFAB1-α (violet) and NDUFB9 (yellow orange)/NDUFAB1-β (violet) shown, the core subunits colored as in Figure 1A and the accessory subunits grey. (B) Shin view CI showing the NDUFA6/NDUFAB1-β pair in cartoon and other CI subunits as transparent surfaces. The acylated 4′-phosphopantetheine group is shown in spheres (PDB: 5LNK). (C) Looking down on the toe of CI (PDB: 6ZKC) showing the NDUFB9/NDUFAB1-β pair in cartoon and the other CI subunits as transparent surfaces. (D–F) NDUFA6 replaces structural elements of bacterial CI. Shin view of (D) mammalian (PDB: 5LNK), (E) E. coli (PDB: 7NYR) and (F) T. thermophilus CI shown as transparent surface with NDUFA6, the NDUFS2/S3 (NuoCD) (corn yellow) linker and NDUFS3 C-termini shown in cartoon. Accessory subunits that are not important for the discussion are omitted from panel (D) for clarity. The NDUFS2/S3 (NuoCD) linker in E. coli and Nqo16 (pink) subunit in T. thermophilus conflict with the position of NDUFA6 in mammals. NDUFA6: cinnabar red, NDUFAB1-α: violet, NDUFB9: yellow orange, NDUFAB1-β: violet/violet, NDUFS2/S3: corn yellow, Nqo16: pink.
NDUFAB1 is a small globular protein composed of four α-helices and a 4′-phosphopantetheine (4PP) group at Ser44 which serves as a prosthetic group for the attachment of fatty acids and which can exist in two conformations: buried, for fatty acid transport; or flipped-out, for interaction with fatty acid modifying enzymes (Cronan, 2014). The interaction between ACPs and LYR proteins via the flipped-out 4PP group and acyl chain extending into the core of the LYR protein (Figures 6B,C), was first observed in the structure of ovine CI (Fiedorczuk et al., 2016). The same flipped-out mode of interaction has since been seen for all ACP/LYR protein pairs (Boniecki et al., 2017; Brown et al., 2017). Unlike the case in mammals, Y. lipolytica CI does not harbor two identical copies of NDUFAB1 but two distinct homologues, ACMP1 and ACMP2, bound in the analogous positions of NDUFAB1-α and β respectively.
NDUFA6/NDUFAB1-α—In fully assembled CI NDUFAB1-α interacts solely with NDUFA6 and joins the complex in the final stages of CI assembly (Figure 2A) (Guerrero-Castillo et al., 2017a). Therefore, NDUFAB1-α is one of only two accessory subunits that does not interact directly with any core subunits (the other being NDUFC1). NDUFA6 is situated in the Q-module interacting with NDUFS3, NDUFS4 and ND3 bridging the peripheral and membrane arms of the complex (Figure 6B). NDUFA6’s C-terminal coil extends toward the N-module and interacts with NDUFS3, NDUFA9 and NDUFS1 (Figure 6B). In E. coli the binding site of NDUFA6 conflicts with the loop connecting the fused NDUFS2/NDUFS3 single subunit NuoCD (Figures 6D,E). Whereas, in T. thermophilus, the binding site of NDUFA6 conflicts with the accessory subunit Nqo16, which is not present in other species (Figure 6F). Also, in this region differences can be seen between the C-terminal loops of NDUFS3 in mammals and T. thermophilus (Nqo5) which have adapted to interact with the distinct accessory subunits NDUFA9 and Nqo16 respectively (Figures 6D,F).
NDUFB9/NDUFAB1-β—In contrast to the NDUFA6/NDUFAB1-α pair, NDUFB9/NDUFAB1-β participates early in CI assembly, interacting with core subunit ND5 and accessory subunits NDUFB2, NDUFB3, NDUFB6 and NDUFB8 to form the PD-b subassembly (Figure 2 and Figure 6C) (Guerrero-Castillo et al., 2017a). Unlike NDUFA6, no structural elements of the bacterial core subunits conflict with the position of the NDUFB9/NDUFAB1-β pair, suggesting that NDUFB9 simply used the surface of ND5 as a platform without replacing any pre-existing functionality.
Roles of LYR/ACP pairs in CI assembly and activity—Given its role in fatty acid metabolism it is not surprising that NDUFAB1 is the only accessory subunit essential for overall HEK293T viability (Stroud et al., 2016). Complementation of NDUFAB1KO HEK293T cells with a yeast ACP rescued cell growth, but not CI assembly (Stroud et al., 2016). This demonstrates that although NDUFAB1 is essential for CI assembly, the essential role of NDUFAB1 in cell viability is independent of CI. NDUFA6KO in HEK293T or NDUFA6 (LYRM6) deletion in Y. lipolytica (ΔNDUFA6) results in a subassembly of CI lacking the N-module or a fully assembled (only lacking the NDUFA6/NDUFAB1-α pair), but catalytically incompetent CI, respectively (Stroud et al., 2016; Guerrero-Castillo et al., 2017a). This indicates the NDUFA6/NDUFAB1-α pair is essential for activity (Guerrero-Castillo et al., 2017a). More recently, point mutations of NDUFA6, generated in Y. lipolytica, at its interface with core membrane subunits ND1 and ND3 (Figure 6B) demonstrated that NDUFA6’s essential role in CI activity is mediated by contacts at this site (Angerer et al., 2014) (Galemou Yoga et al., 2020). Structural analysis of the functionally impaired F89AA6(LYRM6) mutant revealed that this mutation influences the structures of the TMH1-2ND3 loop, TMH5-6ND1 loop, and NDUFA9; this network of loops is proposed to provide needed conformational flexibility during ubiquinone reduction (Galemou Yoga et al., 2020). Conversely, NDUFB9KO in HEK293T cells more closely recapitulates, though with lesser severity, the NDUFAB1KO phenotype in which the assembly of CI is abrogated (Stroud et al., 2016). This demonstrates the importance of the NDUFB9/NDUFAB1-β pair in the early stages of CI assembly.
The above indicates that CI assembly and activity are dependent on the presence of acylated ACPs and leads to the hypothesis that the LYR/ACP pairs connect CI assembly and activity to fatty acid metabolism. The NDUFB9/NDUFAB1-β and NDUFA6/NDUFAB1-α pairs ensures that new CI is not assembled, and that CI activity is “switched off” in the absence of sufficient levels of fatty acid fuel, i.e., low levels of acylated ACP. In metazoans that rely solely on respiration for energy production, the dependence of CI on the presence of sufficient fatty acids is likely moot, as the organism would be unlikely survive such severe starvation conditions. However, during the evolution of eukaryotes dependence of CI assembly and activity on the presence of sufficient levels of fatty acid may have aided in switching between different metabolic strategies. The fact that Y. lipolytica CI harbors two distinct ACP homologues, ACMP1 and ACMP2, may provide additional flexibility in regulating CI assembly vs. activity. This combined with its powerful genetic tools makes Y. lipolytica a powerful system in which to test the distinct roles of the ACPs in CI assembly and activity.
The NADPH Containing Subunit NDUFA9
NDUFA9 is part of the Q-module adjacent to the membrane at the Q/P interface (Figure 1B and Figure 7A). Along with NDUFA1 and assembly factor NDUFAF2, NDUFA9 is incorporated after formation of the Q/PP subassembly (Figure 2A) (Sánchez-Caballero et al., 2016; Guerrero-Castillo et al., 2017a). NDUFA9 belongs to the family of short-chain dehydrogenase/reductases and contains a conserved nucleotide binding Rossmann fold motif that binds a NADPH cofactor (Figure 7B). NDUFA9 forms an extensive interface with the core-subunits NDUFS1, NDUFS3, NDUFS7 and NDUFS8, as well as ND1, ND3 and ND6 (Figure 7B). NDUFA9 binds on the surface of membrane overhanging the opening of CoQ tunnel in ND1 (Figure 3L). The short amphipathic helix of NDUFA9 (α9A9) along with those of NDUFS7 (α1S7 and α6S7) and NDUFA12 (α2A12) pull the membrane lipids in the region out of the membrane plane by ∼10 Å (Figure 3L) (Parey et al., 2019). Additionally, the C-terminal amphipathic helix of NDUFS7 (α6S7) approaches NDUFA9’s NADPH binding pocket and may contact the NADPH directly (Fiedorczuk et al., 2016). Distortion of the membrane at the entry site of the hydrophobic CoQ substrate has been suggested to help promote CoQ entry and exit from the CoQ tunnel (Parey et al., 2019).
[image: Figure 7]FIGURE 7 | Accessory subunit NDUFA9. (A) The structure of CI (PDB: 6ZKC) in cartoon with the surface of NDUFA9 (lavender) shown, the core subunits colored as in Figure 1A and the accessory subunits grey. (B) M. musculus CI (PDB: 6G2J) and (C) Y. lipolytica CI (PDB: 6RFR) shown as transparent surfaces with NDUFA9 (NUEM), ND3 (sea green) and ND6 (cyan-blue) shown in cartoon. NADPH and lipids are shown as spheres. The C-terminal coils of NDUFA9 are colored red. The key residues interacting with ND6 are shown in stick representation. Accessory subunits that are not important for the discussion are omitted from the figures for clarity. Subunits are colored as in Figure 1 in all the structure figures unless stated otherwise. NDUFA9: lavender, ND3: sea green, ND6: cyan-blue.
Despite its homology to dehydrogenase enzymes, NDUFA9 has not be shown to have any catalytic activity and the bound NADPH cofactor most likely plays a structural role as demonstrated by mutations that block NADPH binding in Y. lipolytica only affecting CI assembly but not activity (Abdrakhmanova et al., 2006; Ciano et al., 2013; Torraco et al., 2017). Deletion of NDUFA9 in Y. lipolytica (NUEM) or Neurospora crassa (Nuo-40) abolished CI activity and severely decreased the total amount of CI reflecting a severe assembly defect (Schulte et al., 1999; Abdrakhmanova et al., 2006). In HEK293T cells, NDUFA9KO results in loss of CI activity and the appearance of a novel ∼600-kDa subassembly lacking the N-module as well as components of the Q-module (Stroud et al., 2013). NDUFA9 missense mutations R321PA9 and R360CA9 are associated with human mitochondrial disease (van den Bosch et al., 2012; Baertling et al., 2018). R321A9 is in the core of the Rossmann fold and forms a salt bridge with Asp/Glu133A9 (Asp in humans, Glu in other mammals) adjacent to the NADPH binding site. Therefore, like the NADPH disrupting mutations, mutation of R321A9 to proline likely disrupts the stability of NDUFA9 and its interaction with CI. However, R360A9 (R325 in M. musculus) is not located in the core of the protein but on the C-terminal loop where it packs against Tyr78ND6 of the TMH3-4ND6 loop, suggesting an important role for the interaction between NDUFA9 and the core TM subunits (Figure 7B).
Cross-linking studies have shown that in the deactive (D)-form of CI, ND3 crosslinked to NDUFA9 but not in the active (A)-form (Ciano et al., 2013). The order to disorder transitions seen in the TMH1-2ND3 loop and the TMH 3-4ND6 loop between the A- and D-forms of the enzyme are also reflected in a structurally conserved short amphipathic helix of NDUFA9 (human α9A9), which is ordered in the A-form but disordered in the D-form (Kampjut and Sazanov, 2020). In Y. lipolytica mutations in NDUFA6 (LYR6M) adjacent to the TMH1-2ND3 loop (F89AA6(LYRM6)) result in disorder of the Q-site loops of the core subunits (the TMH1-2ND3, TMH5-6ND1 and β1-β2S2 loops), as well as the C-terminal loop of NDUFA9 propagating over 50 Å away from the mutation site (Galemou Yoga et al., 2020). The disorder of NDUFA9 also results in the loss of density for several NDUFA9 associated lipid molecules adjacent to the CoQ tunnel entry (Galemou Yoga et al., 2020).
Importantly, the above demonstrates that the interactions between NDUFA9 and the core TM subunits are key to CI activity in both mammals and yeast. However, significant structural differences exist in the interactions of the NDUFA9 C-terminus in mammals and yeast (Figures 7B,C). In mammals, the C-terminus of NDUFA9 interacts closely with both ND3 and ND6 but then folds back onto the core of the Rossman fold (Figure 7B). Conversely, in Y. lipolytica, the NDUFA9 C-terminus extends across the surface of the membrane arm and buries an α-helix adjacent to ND4L and the NDUFS2 N-terminal coil (Figure 7C). Despite these differences the hypothesis emerges that NDUFA9, due to its close interaction with the Q-site loops and role in distorting the membrane around the Q-tunnel, may help regulate substrate access to the CoQ-tunnel by altering the membrane environment in response to changes in the conformation of the Q-site loops. The order to disorder transitions of the NDUFA9 C-terminus, seen in the A- and D-forms of the mammalian enzyme and in the Y. lipolytica NDUFA6 mutant, propagate to the membrane and likely disrupt the lipid environment generated by NDUFA9, NDUFS7 and NDUFA12 (Figure 3L). Therefore, NDUFA9 may regulate access to the CoQ site in the A/D transitions and during early stages of CI assembly.
Transmembrane Accessory Subunits of the Heel: NDUFA13, NDUFA3 and NDUFA1
The heel of CI is the site of CoQ reduction. This region is composed of the core subunits ND1, which harbors the entry site of the CoQ tunnel, three accessory transmembrane subunits NDUFA13, NDUFA3 and NDUFA1 (Figures 8A–C), as well as the quadruple-CX9C motif containing subunit NDUFA8 (discussed below) (Figure 8D).
[image: Figure 8]FIGURE 8 | Accessory subunits of the CI heel. The structure of CI (PDB: 6ZKC used throughout) in cartoon with the surface of NDUFA13 (light yellow) (A), NDUFA3 (pine green) (B) and NDUFA1 (firebrick red) (C) shown, the core subunits colored as in Figure 1A and the accessory subunits grey. (D) Looking up from the CI heel showing NDUFA13, NDUFA3, and NDUFA1 of H. sapiens CI structure (PDB: 5XTD) as cartoons. NDUFA8 (lilac purple) is shown as a transparent surface for clarity. (E) Accessory subunit NDUFA13 of H. sapiens CI structure (PDB: 5XTD) is shown as cartoon. The residues mentioned in the text are shown in stick representation. (F) NDUFA13 compensates for the lost transmembrane helix TMH9ND1 (cobalt blue) of T. thermophilus. T. thermophilus ND1 (Nqo8) (PDB: 4HEA used throughout) is superposed on ND1 of mammalian (O. aries) CI structure shown as transparent surface. TMH5ND1(Nqo8) and TMH9 ND1(Nqo8) are shown as cartoons. NDUFA13 surface and cartoon are shown. (G) Schematic representation of the “Flag post model.” NDUFA13 of healthy CI is furled and incapable of binding to STAT3. NDUFA13 alone is raised exposing the STAT3 interacting site to the IMS. (H,I) Assembly vs. lipid binding roles of NDUFA3. (H) Mammalian CI shown as transparent surface with NDUFA3, NDUFA13, α1ND1 (cobalt blue), and α3ND3 (sea green) shown as cartoons. (I) Y. lipolytica CI (PDB: 6YJ4) shown as transparent surface with NDUFA3 (NI9M), NDUFA13 (NB6M), NUXM (light cyan), α1ND1 (NU1M), and α3ND3 (NU3M) (sea green) shown as cartoons. (J,K) NDUFA1 compensates for the shorter TMH2-3ND1 loop. (J) Mammalian CI structure shown as transparent surface with NDUFA1, TMH1ND1, TMH7ND1 and the TMH2-3ND1 loop shown as cartoons. (K) T. thermophilus CI shown as transparent surface with TMH1ND1(Nqo8), TMH7ND1(Nqo8) and the TMH2-3ND1(Nqo8) loop shown as cartoon. (L) NDUFA1 connects the PP-a and PP-b subassemblies. Mammalian CI a transparent surface with NDUFA1 and the ND6 TMH4-5ND6 (cyan-blue) loop shown as cartoon. Residues mentioned in the text are shown as sticks. Key H40-S46 sequence shown in purple. Subunits are colored as in Figure 1 in all panels unless stated otherwise. NDUFA13: light yellow, NDUFA3: pine, NDUFA1: firebrick red, NDUFA8: lilac purple, ND1: cobalt blue, ND3: sea green, ND6: cyan-blue, NUXM (light cyan).
NDUFA13—Along with ND1, NDUFA3 and NDUFA8, NDUFA13 forms the PP-a subassembly (Figure 2). NDUFA13 has an N-terminal coil that binds along the Q-module, a single TMH that extends into the intermembrane space (IMS) followed by a coil and two short α-helices at the C-terminus in a helix-turn-helix motif (Figures 8A,E). The N-terminal coil of NDUFA13 binds atop the ascending coil of NDUFA7 near the interface of the N- and Q-modules (Figure 8A) and follows a groove along NDUFS2 towards the membrane (Figure 5I). At the interface of the matrix and IMM, NDUFA13 interacts with NDUFS8 and a lipid molecule (Figure 8D). The NDUFA13 TMH binds to ND1 in the membrane and continues into the IMS where it interacts with ND3, NDUFA3 and NDUFA8 (Figure 8D). Although not completely vertical in the membrane the interaction with NDUFA8 bends the NDUFA13 TMH sharply, making it run nearly parallel to the surface of the membrane (Figures 8D,E). Thus, the NDUFA13 TMH extends across the IMS side of the complex interacting with ND6, NDUFB5, NDUFA1, NDUFS5 and NDUFA8 (Figures 8D,E). After crossing the complex, NDUFA13 turns back interacting with NDUFS5, NDUFA8, NDUFB5, ND6, ND3 and NDUFA1 (Figures 8D,E). The NDUFA13 C-terminal coil also participates in the binding of a lipid molecule between ND1, ND3 and ND6 (Figure 8E). In T. thermophilus CI, ND1 (Nqo8) has an additional C-terminal TMH (TMH9ND1(Nqo8)) that occupies the same position as the NDUFA13 TMH in eukaryotes (Figure 8F), however, this additional TMH is not seen in the E. coli CI structure (Baradaran et al., 2013; Kolata and Efremov, 2021). Nonetheless, the presence of the additional helix in T. thermophilus ND1 suggests that the position of NDUFA13 binding at the N-terminus of the tilted TMH5ND1 may confer additional stability to ND1 (Figure 8F).
In HEK293T cells, NDUFA13KO results in loss of the N-module, NDUFA10 and NDUFB5 indicating that, although it is added early in assembly, NDUFA13 is necessary for the final stages of CI assembly (Stroud et al., 2016). NDUFA13 mutations K5NA13 and R115PA13 have been implicated in Oxyphil or Hurthle cell tumors (Máximo et al., 2005). The side chain of K5A13 is solvent exposed and does not make any specific interaction with other residues, hence mutation of this residue is unlikely to affect the structural integrity of CI directly but may affect mitochondrial targeting and import. R115A13 is on the TMH1-α1A13 loop and forms a salt bridge with NDUFS5 conserved residue E38S5 (Figure 8E). This salt bridge likely helps to stabilize the kinked structure of the NDUFA13 TMH and the R115PA13 mutation would remove this stabilizing interaction. Germline mutation R57HA13 leads to early onset of hypotonia, dyskinesia and sensorial deficiencies (Angebault et al., 2015). R57A13 is buried in a pocket at the interface with ND1 (Figure 8E) and mutation would disrupt this interaction and weaken the association of NDUFA13 with CI.
NDUFA13 is also known as GRIM-19 and was independently discovered as part of an apoptosis/cell proliferation pathway involving the cytoplasmic transcription factor STAT3 (Lufei et al., 2003). Through its interaction with STAT3, NDUFA13 represses STAT3 dependent transcription and thus has an anti-proliferative pro-apoptotic effect and plays a role in tumor suppression (Lufei et al., 2003). The interaction between NDUFA13 and STAT3 was narrowed down to the DNA binding domain and linker region of STAT3 and residues 36–72 of NDUFA13 (Lufei et al., 2003), however, given that residues 29–51 of NDUFA13 are buried in the membrane, the most likely interaction site would be between residues 52–72 which extend into the IMS. Consistent with this, mutations in the IMS portion of the NDUFA13 TMH (L71P, L91P and A95T in human) disrupt STAT3 binding and promote oncogenesis (Nallar et al., 2013). When associated with CI, this region of NDUFA13 (residues 52–72) is inaccessible due to interactions with NDUFA8 and NDUFA3 (Figure 8D). Hence, NDUFA13 can only interact with STAT3 when it is not bound to CI. These observations lead to a “flagpole” hypothesis in which NDUFA13 acts as a sensor that ties mitochondrial and ETC health to cell proliferation and apoptosis (Figure 8G). In conditions that block CI assembly or promote CI disassembly the NDUFA13 “flag” is raised allowing it to interact with STAT3 suppressing proliferation and promoting apoptosis (Figure 8G). Conversely, in healthy mitochondria, NDUFA13 is “furled,” i.e., interacting with CI, and thus sequestered away from interaction with STAT3 thereby promoting proliferation (Figure 8G).
NDUFA3—Along with NDUFA13, NDUFA8 and ND1, NDUFA3 is a member of the PP-a subassembly (Figure 2A) (Sánchez-Caballero et al., 2016). NDUFA3 is made up of an amphipathic helix that lies at the matrix-membrane interface, a single TMH, and an α-helix followed by a C-terminal coil in the IMS (Figures 8B,H). The NDUFA3 amphipathic helix interacts with the N-terminal NDUFS8 amphipathic helix and helps to trap two lipids, one against ND1 and the other against ND3 (Figure 8H). In the membrane and IMS, NDUFA3 interacts with ND3 and ND1 via a short α-helix and NDUFA13, ND6, NDUFS5, NDUFB5 and NDUFA8 via a C-terminal coil. Thus, NDUFA3’s interactions bridge components of the Q, PP-a and PP-b subassemblies within the matrix and IMS (Figure 8H).
In HEK293T cells, NDUFA3KO blocks CI assembly and leads to a decrease in the level of subunits in the N- and PP-b subassemblies, as well as subunits in the PD-a subassembly (Stroud et al., 2016). NDUFA3 knockdown in human cell lines also showed that NDUFA3 is required for the assembly and stability of the Q-module (Rak and Rustin, 2014). In the structure of Y. lipolytica CI (Grba and Hirst, 2020) the amphipathic helix of NDUFA3 (NI9M), along with subunit NUXM, trap several lipids against ND3 and ND2 (Figure 8I). However, in mammals the loss of the first three TMHs of ND2, which form the binding site of NUXM, results in the lack of a homolog for NUXM and fewer structured lipids in this region (Figure 8H). Interestingly, a NUXM homologue is also seen in plants (coined NDUX1) emphasizing this metazoan specific deletion in ND2 (Maldonado et al., 2020).
This leads to the hypothesis that one of the original functions of NDUFA3 was to stabilize lipid binding at the interface of ND1, ND3 and ND2, however with the truncation of ND2 and loss of NUXM, this function may be minimized in metazoans. The importance of NDUFA3 in CI assembly likely stems from interactions at two interfaces. 1) At the interface of the matrix and IMM, the NDUFA3 amphipathic helix, along with NDUFA13, sandwich the N-terminal amphipathic helix of NDUFS8, anchoring the Q subassembly to the Pp-a subassembly (Figure 8H). 2) In the IMS NDUFA3’s helix binds between ND1 and ND3, thereby stabilizing the association of the Pp-a and Pp-b subassemblies. This interaction involving ND1 and ND3 is much diminished in Y.lipolytica CI where NDUFA3 (NI9M) lacks the IMS α-helix but binds several additional lipids not seen in mammalian structures (Figure 8I), suggesting the possibility of different primary roles, lipid biding vs. assembly, in different organisms.
NDUFA1—The single TMH accessory subunit NDUFA1 is not found in the PP-a or PP-a/Q subassemblies but joins along with NDUFA9 upon connection of the PP-a/Q and PP-b subassemblies forming the Q/PP or Q/P intermediates (Figure 2A) (Sánchez-Caballero et al., 2016). NDUFA1 does not have an N-terminal coil but begins at the interface of the matrix and IMM with its TMH (Figures 8C,J). In the IMS, NDUFA1 has a small domain comprised of a loop, α-helix (α1A1) and C-terminal coil. At the interface of the matrix and IMM, the NDUFA1 N-terminus interacts with NDUFS8 and NDUFA7 (Figure 8J). Also, at the matrix/IMM interface the amphipathic helix of NDUFA12 binds atop NDUFA1 trapping a cardiolipin onto the NDUFA1 TMH (Figure 3L). In the membrane, NDUFA1 interacts with ND1 filling a groove formed between TMH1ND1 and TMH7ND1 (Figure 8J). In the IMS, NDUFA1 interacts with NDUFA8, ND1, ND6, NDUFS5 and NDUFA13. In T. thermophilus the ND1 (Nqo8) groove that houses NDUFA1 in eukaryotes is partially filled by the TMH2-3ND1(Nqo8) loop which is 10 residues longer relative to that seen in eukaryotes (Figure 8K). In the E. coli CI structure, TMH1ND1(NuoH) is disordered and the TMH2-3ND1(NuoH) loop is of intermediate length (5 amino acid residues longer than the eukaryotic loop), suggesting that the TMH2-3ND1 loop is important for the stability of TMH1ND1.
NDUFA1 has been shown to play an essential role in the assembly pathway and function of CI in mammals (Fernandez-Moreira et al., 2007). NDUFA1KO in HEK293T cells prevents the full assembly of the complex and leads to a drop in the levels of subunits associated with the N- and PP-b subassemblies (Stroud et al., 2016). The promoter region of the NDUFA1 gene contains a cAMP response element suggesting it is linked to cAMP signaling pathways that regulate cellular energy metabolism (Palmisano et al., 2007). Studies in Chinese hamster cells identified several important functional residues and regions of NDUFA1 (Breen and Scheffler, 1979; Au et al., 1999; Yadava et al., 2002). For example, the conservative mutation R50KA1 results in a severe loss of CI activity (Yadava et al., 2002). The structure shows that R50A1 forms an inter-subunit salt bridge with E77A13 buried in an otherwise relatively hydrophobic pocket (Figure 8L). The inability of the R50KA1 to maintain this interaction speaks to the specificity and importance of the interaction between NDUFA1 and NDUFA13. Furthermore, sequence differences between rodent and primate NDUFA1 in the region from H40-S46A1 in humans was also shown to prevent complementation between the NDUFA1 sequences from the different species (Yadava et al., 2002). Swapping just a few residues between the hamster and the human sequence results in CI assembly defects (Yadava et al., 2002). This region of the NDUFA1 interacts most closely with ND6 highlighting the importance of this interaction for CI assembly (Figure 8L). Additionally, mutations of highly conserved residues (G8RA1 and R37SA1) were found in two patients with Leigh’s syndrome and with myoclonic epilepsy and developmental delay (Fernandez-Moreira et al., 2007). G8A1 lies within the first 28 amino acids required for mitochondrial targeting, import, and orientation of NDUFA1 but also packs tightly against ND1 indicating either an import defect or assembly defect due to impaired interaction of NDUFA1 and ND1 (Fernandez-Moreira et al., 2007). R37A1 forms inter-subunit salt bridges with D89A8 and E94A8 of NDUFA8 (Figure 8L).
The above leads to the hypothesis that NDUFA1 through its interaction with ND1, ND6, NDUFA8 and NDUFA13, is required for the stable connection of the PP-a and PP-b subassemblies during CI biogenesis. Given that none of the Q/PP-a subassembly subunits are directly blocking NDUFA1 binding, it is unclear from the structure of the intact complex what prevents association of NDUFA1 to the Q/PP-a subassembly. This suggests a conformation change upon association of the PP-b subassembly that would expose the NDUFA1 binding site. Notably, TMH1ND1, which is flexible in the E. coli structure (Kolata and Efremov, 2021), interacts closely with ND3 which arrives as part of the PP-b subassembly. Altogether, this suggests that NDUFA1 compensates for the shortened TMH2-3ND1 loop as a “wedge” that stabilizes the position of TMH1ND1 and whose binding site is not fully available until the position of TMH1ND1 is established through interaction with ND3. Thus, NDUFA1 would only bind after association of the Q/PP-a and PP-b subassemblies and further stabilizes their association via a network of interactions (Figure 8L). Furthermore, the addition of NDUFA12 in the final stages of CI biogenesis, which binds overtop of NDUFA1 at the interface of the matrix and IMM, would act to lock NDUFA1 in place further stabilizing its association.
The Nucleoside Kinase Subunit: NDUFA10
NDUFA10 is a globular protein of the nucleoside kinase family (Steeg et al., 2011) that lies on the matrix side of ND2 (Figure 9A). It is one of the last assembled subunits of the PP-b subassembly joining along with NDUFS5, NDUFB4 and the PD-a subassembly to make either the PP-b/PD-a or Q/P subassemblies (Figure 2A) (Sánchez-Caballero et al., 2016). Addition of NDUFA10 as a subunit of CI occurred in metazoans and no structural homolog for NDUFA10 is seen in fungi or plants (Elurbe and Huynen, 2016). NDUFA10 interacts with accessory subunits NDUFC1, NDUFA5, NDUFB11 and NDUFC2 and core subunits ND2 and NDUFS2. The N-terminal coil of NDUFA10 occupies space at the interface of the matrix and IMM that is occupied by the first three ND2 TMH in bacteria, fungi, and plants. In HEK293T cells, NDUFA10KO leads to the loss of the N-module as well as NDUFB4 which is added to the complex in the same step as NDUFA10 (Figure 2A) (Stroud et al., 2016). This suggests that in the absence of NDUFA10 the assembly of the complex stalls at the Q/P intermediate.
[image: Figure 9]FIGURE 9 | Accessory subunit NDUFA10. (A) The structure of CI (PDB: 6ZKC) in cartoon with the surface of NDUFA10 (cadet blue) shown, the core subunits colored as in Figure 1A and the accessory subunits grey. (B) Transparent surface and cartoon of O. aries NDUFA10 (PDB: 6ZKC). The P-loop (pink), DR (Y/H) motif (red), lid region (orange) and base sensing loop (yellow) are shown as thickened cartoon. (C) Cartoon of NDUFA10 with the density map (grey) from M. musculus CI bound to the Q-site inhibitor piericidin (PDB: 7B93). Mg2+ ATP and key binding residues are shown as sticks and colored by element. (D) Cartoon of NDUFA10 colored by atomic displacement parameter (ADP) in CI (PDB: 6ZKO). Red: most flexible, Blue: least flexible. (E,F) State dependent interactions between NDUFA5 and NDUFA10 involve the base-sensing loop. (E) Transparent surface of closed A-state CI showing NDUFA10 and NDUFA5 (auburn) as cartoons (PDB: 6ZKC). (F) Transparent surface of open D-state CI showing NDUFA10 and NDUFA5 as cartoons (PDB: 6ZKD). Key residues involved in the interaction are shown as sticks and colored by element. NDUFA10: cadet blue, NDUFA5: auburn.
NDUFA10 is related to deoxyguanosine (dG) kinases, which catalyze phospho-transfer reactions between a donor ATP and a dG acceptor, generating ADP and dGMP. Theses enzymes have two substrate binding sites, a deep pocket for binding the acceptor nucleoside and a more exposed binding site for the donor ATP nucleotide (Ostermann et al., 2000; Sabini et al., 2008). However, it has also been shown that ATP nucleotide can bind to the acceptor nucleoside pocket acting as a feedback inhibitor of the phospho-transfer reaction (Welin et al., 2007). Four loops are important for substrate binding and catalysis in dG kinases: the P-loop (β1-α1A10 loop), the DR(Y/H) motif containing loop (160ERS162 in human NDUFA10); the “lid” region (D173-I194A10); and the base-sensing loop that recognizes the donor nucleotide base (S224-E229) (Figure 9B) (Ostermann et al., 2000; Sabini et al., 2008). It is known that in dG and related nucleoside kinases the lid region and base-sensing loops undergo conformational change upon binding of substrate (Vonrhein et al., 1995; Sabini et al., 2008).
As has been noted previously (Elurbe and Huynen, 2016), many of the residues for binding nucleoside in the acceptor pocket are conserved in NDUFA10. Although the quality of density for bound substrate varies significantly, mammalian CI structures have been modeled either empty or with ATP, ADP or AMP in the NDUFA10 acceptor binding pocket (Fiedorczuk et al., 2016; Wu et al., 2016; Guo et al., 2017; Agip et al., 2018; Bridges et al., 2020; Kampjut and Sazanov, 2020; Chung et al., 2021; Yin et al., 2021). Most CI density maps obtained thus far have been at 3–4 Å resolution and this medium resolution can lead to difficulty in the modeling and interpretation of bound ligands. Therefore, when analyzing the presence of bound ligands at medium resolution it is important to examine cryoEM maps directly. The cryoEM map with the clearest density for the bound substrate is the mouse CI bound to the Q-site inhibitor Piericidin A at 3.0 Å (Bridges et al., 2020). Although substrate bound to NDUFA10 is modeled as ATP, the density is most consistent with Mg2+ ATP or potentially Mg2+ deoxyATP (dATP) (Figure 9C). The Mg2+ ion is coordinated by E88A10 and E160A10. E160A10 is part of the DR(Y/H) motif loop and the equivalent residue in thymidylate kinase has also been shown to coordinate a Mg2+ ion (Whittingham et al., 2010). In the different CI structures solved to date the lid region and base-sensing loop are more flexible, with weaker cryoEM density and higher atomic displacement parameters (ADPs) than the other regions of NDUFA10 (Figure 9D). The clearest cryoEM density for these loops appears in the mouse structures with nucleotide bound (Bridges et al., 2020), suggesting a role for substrate in stabilizing these loops, via interactions between K221A10 and D191A10 of the lid region and the β-phosphate and 3′-hydroxyl of the bound nucleotide, respectively (Figure 9C), similar to what is seen in other nucleoside kinases (Vonrhein et al., 1995; Sabini et al., 2008). The ‘base-sensing’ loop of NDUFA10 (mainly via α9A10) participates in a state-dependent interaction with NDUFA5 (Figures 9E,F). The peripheral arm of CI rotates between the D-state and the A-state and brings NDUFA5 into contact with the base-sensing loop of NDUFA10 only in the A-state (Figure 9E).
The above leads to the hypothesis that NDUFA10 is a nucleotide receptor that may influence the A-to-D state transition. Flexibility in the lid and base-sensing loops may impose an entropic barrier weakening the interaction between NDUFA10 and NDUFA5. If so, binding of nucleotide in the acceptor site may remove that barrier and hence help to promote the active state of the complex. Conversely, as has been proposed previously from cryoEM map local resolution analysis (Letts et al., 2019), flexibility within NDUFA10 may allow for conformational changes to be transmitted from the peripheral arm into the membrane arm. In this scenario, nucleotide binding may limit conformational coupling across NDUFA10. In either case, evolution would have transformed an enzyme that recognizes nucleotide substrate through a series of conformational changes into a nucleotide sensor that influences CI activity. This hypothesis generates several experimentally testable predictions, the major one being that the CI activity or A-to-D transition would be sensitive to nucleotide concentration.
Transmembrane Subunits at the Interface of ND2 and ND4: NDUFC2, NDUFC1 and NDUFB1
The interface of core antiporter-like subunits ND2 and ND4 on the side opposite to the ND5 lateral helix (ND5-HL) is defined by a deep lipid filled pocket bordered by the accessory TM subunits NDUFC2, NDUFC1 and NDUFB1 (Figures 10A–D) and capped by NDUFA10.
[image: Figure 10]FIGURE 10 | TM accessory subunits of the ND2 and ND4 interface. The structure of mammalian CI (PDB: 6ZKC throughout) in cartoon and the surface of (A) NDUFC2 (green), (B) NDUFC1 (deep orange) and (C) NDUFB1 (red) shown, the core subunits colored as in Figure 1A and the accessory subunits grey. (D) Lipid binding pocket in the mammalian ND2 (thistle purple)/ND4 (pearly purple) interface with the accessory subunits in cartoon and lipids in spheres. (E) Lipid binding in the Y. lipolytica (PDB: 6YJ4) ND2/ND4 interface with the accessory subunits in cartoon and lipids in spheres. (F,G) NDUFC1 alters the structure of ND2 through lipid binding. (F) NDUFC2 and NDUFC1 form a cardiolipin binding pocket with the final TMHND2 in O. aries, TMH11ND2 (PDB: 6ZKC). Positive residues that interact with the cardiolipin, as well as the cardiolipin, are represented as sticks. (G) The cardiolipin pocket is not present in Y. lipolytica which lacks NDUFC1 (PDB: 6YJ4). NDUFC2: green, NDUFC1: deep orange, ND2: thistle purple, ND4: pearly purple, NDUFB11: carrot orange, NDUFB5: cyan azure, NUXM: light cyan.
NDUFC2—Along with NDUFC1, NDUFC2 joins ND2, ND3, ND4L, and ND6 to form the PP-b subassembly (Figure 2A) (Sánchez-Caballero et al., 2016). NDUFC2 is composed of a N-terminal coil followed by two TMHs bound to ND2 and a C-terminal coil that reaches to ND4 (Figures 10A,D). In the IMS, the N-terminal coil of NDUFC2 occupies space at the interface of the IMS and IMM that is occupied by the first three ND2 TMH’s in non-metazoans. This coil interacts with ND2, NDUFB5, NDUFS5, NDUFA8, and NDUFC1. In the membrane, TMH1C2 interacts with ND2 via TMH11ND2 and TMH9ND2, as well as stabilizes several lipid molecules at the interface of ND2 and ND4 (Figure 10D). In the matrix, the TMH1-2C2 loop interacts with ND2 and NDUFA10 as well as binds several lipids. TMH2C2 interacts with NDUFC1 and NDUFA8. In the IMS, the C-terminal coil of NDUFC2 interacts with NDUFB5, NDUFB10, NDUFB11, and ND4. In HEK293T cells, NDUFC2KO blocks CI assembly and results in a decrease in the abundance of subunits associated with the PP-b subassembly and the N-module (Stroud et al., 2016). A heterozygous NDUFC2KO in rats causes an increase in ROS and mitochondrial dysfunction (Raffa et al., 2017). A similar phenotype was observed in another rat model where the reduction of Ndufc2 expression induced CI dysfunction and promoted stroke-like episodes (Rubattu et al., 2016). These data demonstrate that NDUFC2 is vital for proper CI assembly and activity.
Across species there are notable differences in the structure of NDUFC2’s N- and C-terminal coils. The N- and C-termini in plants and yeast are truncated relative to mammals without any extended coil structures (Figures 10D,E) (Parey et al., 2019; Maldonado et al., 2020). Although the coil structures vary between mammalian species, the presence of the extended termini is conserved in mammals. Notably, the extended C-terminus of NDUFC2 in mammals bridges the PP- and PD-modules, stabilizing the membrane arm of the complex. A universal feature of NDUFC2 seen in plants, yeast and mammals is the stabilization of lipids both on the surface of ND2 and in a deep pocket at the interface between ND2 and ND4 (Figures 10D,E). This suggests that the main function of NDUFC2 is the stabilization of structured lipids at the interface of ND2 and ND4 and that NDUFC2’s role in bridging between the PP-b and PD-a subassemblies via the extended C-terminal coil evolved later in metazoans.
NDUFC1—Similar to NDUFC2, NDUFC1 is part of the PP-b subassembly (Figure 2A) (Sánchez-Caballero et al., 2016). NDUFC1 consists of a single TMH that is bound to CI mainly via interaction with NDUFC2 and NDUFA10 (Figures 10B,D). NDUFC1 is one of the two accessory subunits that does not make direct contact with any of the core subunits (NDUFAB1-α is the other). In the mitochondrial matrix, the N-terminal coil of NDUFC1 binds NDUFA10 (Figure 10D). In the membrane NDUFC1 interacts with NDUFC2 and, along with NDUFC2 and ND2, NDUFC1 forms a cardiolipin binding pocket (Figure 10F). In HEK293T cells, NDUFC1KO blocks CI assembly and results in the buildup of an intermediate lacking the N-module (Stroud et al., 2016). Similar to NDUFC2, NDUFC1KO results in a decrease in the abundance of PP-b subassembly and N-module subunits (Stroud et al., 2016). This suggests that both NDUFC2 and NDUFC1 are required for the formation or stability of the PP-b subassembly.
Subunits analogous to NDUFC1 are absent in Y. lipolytica and plant CI (Wirth et al., 2016; Parey et al., 2019; Grba and Hirst, 2020; Maldonado et al., 2020; Klusch et al., 2021), making it, along with NDUFA10, a metazoan specific subunit. The other major metazoan specific difference in this region is the deletion of the first three helices of ND2 and the loss of subunit NDUX1 (NUXM in Y. lipolytica). A less prominent difference between the mammalian and yeast/plant structures in this region is that the final TMH of ND2 in mammals (TMH11ND2) is shorter on its N-terminal matrix side by two turns compared to that of Y. lipolytica and plants (TMH14ND2) (Figures 10F,G). This results in the first turn of the helix in mammals being within the membrane with the positive helix dipole capped by the phosphate of the cardiolipin which is held to the complex by NDUFC1 and NDUFC2 (Figure 10F). The position of this cardiolipin conflicts with the additional helical turns of TMH14ND2 in Y. lipolytica and plants (Figures 10F,G). Importantly, the TMH10-11ND2 loop forms a major interaction interface with NDUFA10 and unwinding of TMH11ND2 may influence the position of this loop and hence interaction with NDUFA10. Thus, NDUFC1 may work to recruit a cardiolipin molecule that impacts the structure of ND2 which in turn influences the binding of NDUFA10. In this way, although it does not interact directly with any core subunit, NDUFC1 would influence the assembly of the entire complex.
NDUFB1—Along with ND4, NDUFB5, NDUFB6, and NDUFB10, NDUFB1 forms part of the PD-a subassembly (Figure 2A) (Sánchez-Caballero et al., 2016). NDUFB1 is composed of a single TMH with a C-terminal loop extending into the IMS (Figures 10C,D). The NDUFB1 TMH contacts ND4 and binds two lipid molecules (Figure 10D). The C-terminal loop of NDUFB1 contacts NDUFB5 and NDUFB10 (Figure 10D). In HEK293T cells, NDUFB1KO blocks CI assembly and decreases the abundance of subunits associated with the PP-b, PD-a and N subassemblies, with only minor impact on subunits associated with the PP-a/Q and PP-b subassemblies (Stroud et al., 2016). This indicates that NDUFB1 is needed for the stabilization of the PP-b/PD-a subassembly and thus NDUFB1KO blocks formation of the full Q/P intermediate required for the addition of the N-module in mammals (Guerrero-Castillo et al., 2017a).
It is important to note that a subunit called MNLL, which is a synonym for NDUFB1, was assigned in the recent full length structures of plant and algal CI (Soufari et al., 2020; Klusch et al., 2021). However, this subunit is not a NDUFB1 (MNLL) homolog, nor does it bind in the equivalent position of NDUFB1. Instead, this plant subunit is a structural homolog of the Y. lipolytica subunit NUXM, which does not have a homolog in mammals. For this reason, Maldonado et al. (2020) coined this subunit NDUX1, an important distinction, as NDUFB1 appears to be metazoan specific not having homologs in either fungi or plants.
The structures of mammalian and Y. lipolytica CI indicate that NDUFB1’s main function may be to stabilize structural lipids at the interface of ND2 and ND4 (Figure 10D). An evolutionary pressure for trapping lipids at this interface becomes apparent in the Y. lipolytica structure, which lacks a NDUFB1 homolog, but instead the first TMH of ND4 is pulled away from the rest of subunit occupying an equivalent position to that of NDUFB1 in mammals (Figure 10E). The repositioning of TMH1ND4 in Y. lipolytica is likely aided through interaction with the matrix domain of NDUFB11 (NESM) and traps several lipids at the interface of ND2 and ND4 (Figure 10E). The evolution of these two distinct strategies for trapping lipids at this interface indicate the importance of these lipids for CI.
Transmembrane Subunits at the Interface of ND4 and ND5: NDUFB11, NDUFB5, and NDUFB6
Like the interface of ND2 and ND4 discussed above, the interface of the antiporter-like subunits ND4 and ND5 on the side opposite the ND5-HL is also defined by a deep lipid filled pocket. This pocket is bordered by the accessory TM subunits NDUFB11, NDUFB5 and NDUFB6 (Figures 11A–C).
[image: Figure 11]FIGURE 11 | TM accessory subunits of the ND4 and ND5 interface. The structure of mammalian CI (PDB: 6ZKC throughout) in cartoon with the surface of (A) NDUFB11 (carrot orange), (B) NDUFB5 (cyan azure), and (C) NDUFB6 (old gold), the core subunits colored as in Figure 1A and the accessory subunits grey. (D) Lipid binding pocket in the mammalian ND4 (pearly purple)/ND5 (boysenberry purple) interface with the accessory subunits in cartoon and lipids in spheres. (E) Lipid binding in the Y. lipoyltica (PDB: 6YJ4) ND4/ND5 interface with the accessory subunits in cartoon and lipids in spheres. (F) The NDUFB11-S (short isoform) is shown in carrot orange cartoon. The additional 10 amino acids of the NDUFB11-L (long isoform, represented as dashed line) clash with core subunit ND4 but may be accommodated in the PD-a′ assembly with accessory subunits NDUFB6, NDUFB10 (vivid auburn) and NDUFB11 shown in cartoon. NDUFB11: carrot orange, NDUFB5: cyan azure, NDUFB6: old gold, ND4: pearly purple, ND5: boysenberry purple, NDUFB10: vivid auburn.
NDUFB11—Dynamic complexome profiling of CI assembly indicates NDUFB11 preassembles with subunits NDUFB5, NDUFB6, and NDUFB10 forming what we coin the PD-a′ subassembly, before joining ND4 and NDUFB1 to form the PD-a subassembly (Figure 2A) (Guerrero-Castillo et al., 2017a). NDUFB11 is a single TMH subunit with a long N-terminal coil in the matrix and a C-terminal α-helix and coil in the IMS (Figures 11A,D). In the matrix NDUFB11’s N-terminal 50 amino acids are disordered. The resolved residues of the N-terminal coil bind across the matrix side of the membrane arm interacting with NDUFA10, NDUFS2, NDUFB4 and NDUFB9. The NDUFB11 TMH predominantly binds ND4 directly, but also on the IMS side of the membrane pins a lipid molecule to the surface of ND4 (Figure 11D). In both mammals and Y. lipolytica, NDUFB11 helps to form the side of the lipid filled cavity between ND4 and ND5 (Figures 11D,E). In the IMS NDUFB11 interacts with NDUFB5, ND4, NDUFB10, ND5 and NDUFC2.
In HEK293T cells, NDUFB11KO disrupts CI assembly with a decrease in the abundance of subunits associated with the PP-b, PD-a, PD-b and N subassemblies (Stroud et al., 2016). Mutations in the Ndufb11 gene, including an in frame deletion of F93B11 located in the NDUFB11 TMH that would impact its interaction with ND4, compromise CI stability and have been associated with various diseases such as congenital sideroblastic anemia, microphthalmia with linear skin defects, and lactic acidosis (Van Rahden et al., 2015; Lichtenstein et al., 2016; Torraco et al., 2017). Thus, NDUFB11 is important for CI assembly and activity. Additionally, NDUFB11 is one of the few supernumerary subunits to have isoforms produced by alternative splicing (Panelli et al., 2013). The short 153 amino acid isoform is the structurally resolved CI subunit and is expressed at higher levels than its longer 163 amino acid isoform (Panelli et al., 2013). The isoforms utilize two different 5′ splice sites and the longer 163 amino acid isoform includes an additional 30 nucleotides in the second exon of Ndufb11 (Panelli et al., 2013) thereby producing a NDUFB11 isoform with an additional 10 amino acid residues inserted into the loop between the TMH and the IMS α-helix (α1B11) (Figure 11F). In the fully assembled complex, the TMH-α1B11 loop packs closely against ND4 and major conformational changes would be needed to accommodate the additional residues of the splice variant (Figure 11F). Nonetheless, the location of the insertion and the fact that it is predicted to be an unstructured coil may not prevent the formation of the PD-a′ subassembly between NDUFB5, NDUFB6, NDUFB10 and NDUFB11 (Figure 11F). In this way, the long NDUFB11 isoform may regulate CI assembly by sequestering the PD-a′ interaction partners while blocking association of ND4. Interestingly, treatment of human SH-SY5Y neuroblastoma cells with the specific CI inhibitor rotenone enhances the expression of the long isoform while also triggering apoptosis suggesting a regulatory response to mitochondrial stress or cell death (Panelli et al., 2013). More work is needed to fully understand the role of the NDUFB11 isoforms.
NDUFB5—In the fully assembled complex, NDUFB5 spans the membrane arm of the complex with its TMH situated between ND4 and ND5 and two α-helices in the IMS parallel to the membrane (Figure 11B). In the matrix, the N-terminal coil of NDUFB5 contacts NDUFB3, NDUFAB1-β, NDUFB6, NDUFB9, and ND5. In the membrane, NDUFB5 contacts ND4, NDUFB11 and several well resolved lipid molecules. The NDUFB5 TMH pins NDUFB11 and the lipid molecules onto the surfaces of ND4 and ND5. In the IMS, NDUFB5 wraps around NDUFB10 with a coil of NDUFB10 threading through an eyelet formed by a coil of NDUFB5 (Figures 11D,F). This eyelet is not present in the Y. lipolytica structure and both NDUFB10 and the NDUFB5 loop (TMH-α1B5 loop) are shorter in yeast CI (Figures 11D,E). This interaction is directly followed by a short α-helix (α1B5) which binds overtop NDUFB11 and contacts ND4, then a long α-helix (α2B5) which contacts NDUFB1, ND4, NDUFB10, NDUFA8, NDUFC2, NDUFA11, and ND2. Finally, the C-terminal coil of NDUFB5 contacts NDUFC2, ND2, NDUFS5, NDUFA8, NDUFA3, and NDUFA13 (Figure 8H). Given this extensive network of interactions that span the membrane arm, it is not surprising that in HEK293T cells NDUFB5KO blocks CI assembly with a larger impact in the abundance of subunits in the PP-b and PD-a subassemblies (Stroud et al., 2016) compared to the Q or PD-b subassemblies. This indicates that NDUFB5 is essential for establishing the PD-a subassembly and formation of the PP-b/PD-a subassembly (Stroud et al., 2016). NDUFB5’s long α2B5 which binds along the IMS side of the membrane arm likely plays the major role in the connection between the PD-a and PP-b modules (Figure 11B).
In both mammals and Y. lipolytica the NDUFB5 (NUUM in Y. lipolytica) TMHs cap a lipid filled cavity trapping several lipids at the interface between ND4 and ND5. This indicates an important role for NDUFB5 in trapping lipids at the interface of ND4 and ND5 in addition to its role in assembly. Interestingly, in plants the accessory subunit P2 is structurally analogous to the long IMS helix of NDUFB5 (α2B5) but lacks the TMH (Soufari et al., 2020; Klusch et al., 2021). This indicates that the roles of NDUFB5 in assembly and lipid binding may be separable, with plants using this subunit only to aid complex assembly and stability and opisthokonts using it additionally for lipid sequestration.
NDUFB6—Despite its low sequence conservation, NDUFB6 is structurally conserved across eukaryotes. NDUFB6 is a single TMH subunit that has an N-terminal matrix domain containing an α-helix (α1B6) which forms part of the matrix PD-bulge (Figure 1A), a highly tilted TMH which is partially disordered in mammals, indicating flexibility, and an IMS C-terminal coil (Figure 11C). Although in mature CI NDUFB6 mostly interacts with the subunits of the PD-b subassembly, during assembly it joins the PD-a′ subassembly and then the PD-a subassembly (Figure 2A) (Sánchez-Caballero et al., 2016). In the fully assembled complex, NDUFB6 interacts with NDUFAB1-β, NDUFB9 and NDUFB5 as part of the matrix PD-bulge (Figure 6C). The matrix side of the NDUFB6 TMH is disordered in mammals with only the IMS half of the TMH having clearly defined density, indicating a flexibility in the matrix half of the TMH not seen for any other TM accessory subunit. The IMS half of NDUFB6’s TMH interacts with ND5 and NDUFB10. Together with NDUFB5 and NDUFB11, NDUFB6’s TMHB6 forms the boundary of a lipid filled cavity at the interface between ND4 and ND5 (Figure 11D). In the IMS the C-terminal coil of NDUFB6 interacts with ND5, NDUFB10, and NDUFB7.
In HEK293T cells, NDUFB6KO prevents full assembly of the complex and reduces the abundance of subunits of the N-, Q-, and PD-b modules (Stroud et al., 2016) and NDUFB6 depletion in HEK293T Flp-In cells displayed an 80% decrease in CI activity (Loublier et al., 2011) indicating that NDUFB6 is necessary for CI assembly and hence activity. Moreover, NDUFB6 expression may play a regulatory role in CI activity. Patients with type 2 diabetes mellitus experience a decrease in NDUFB6 expression in muscle cells (Ling et al., 2007). DNA methylation in the NDUFB6 promoter present in elderly patients was observed to reduce NDUFB6 expression, suggesting an epigenetic-basis of NDUFB6 regulation (Ling et al., 2007).
Given that NDUFB6 forms part of the PD-a subassembly but that it interacts mostly with PD-b subassembly subunits in the final CI structure and NDUFB6KO results in decreased levels of subunits associated with the PD-b subassembly, it is clear that a major role of NDUFB6 is to bridge the PD-a and PD-b subassemblies during CI biogenesis in mammals. As NDUFB6 does not directly interact with ND4, this bridging interaction would be facilitated through the interactions with the PD-bulge in the matrix and the PD-a′ subassembly subunits, specifically NDUFB10, in the IMS.
The Sole of CI—Intermembrane Space CX9C Motif Subunits
NDUFA8, NDUFS5, NDUFB10, and NDUFB7 are members of the coiled-coil-helix-coiled-coil-helix domain-containing family that carry CX9C motifs, and all reside on the IMS surface of the CI membrane arm (Figures 12A,B). NDUFA8 is a subunit of the PP-a subassembly added to ND1 along with NDUFA3 and NDUFA13 (Figure 2A). NDUFS5 is a subunit of the PP-b/PD-a subassembly and assembles along with NDUFA10 and NDUFB4 upon connection of PD-b and PD-a (Figure 2A). NDUFB10 is part of the PD-a′ subassembly with NDUFB11, NDUFB5 and NDUFB6 and goes on to form the PD-a subassembly along with the addition of ND4 and NDUFB1 (Figure 2A). NDUFB7 is a subunit of the PD-b subassembly, it assembles with ND5, NDUFB2, NDUFB3, NDUFB7, NDUFB8, NDUFB9, and NDUFAB1-β (Figure 2A) (Guerrero-Castillo et al., 2017a). Thus, during assembly each of the membrane arm subassemblies has an associated CX9C motif subunit: PP-a has NDUFA8, PP-b has NDUFS5, PD-a has NDUFB10, and PD-b has NDUFB7 (Figure 2A).
[image: Figure 12]FIGURE 12 | The CX9C motif containing accessory subunits. (A) The structure of mammalian CI (PDB: 6ZKC throughout unless stated otherwise) in cartoon with the surface of NDUFA8 (lilac purple), NDUFS5 (cadet blue), NDUFB10 (vivid auburn) and NDUFB7 (gold) shown, the core subunits colored as in Figure 1A and the other accessory subunits grey. (B) IMS view of the CI sole showing the CX9C motif containing subunits. CI is shown as a transparent surface. The CX9C subunits are shown as cartoons colored as in Figure 1 with the disulfide bonding residues shown as spheres. (C) Schematic diagram showing the import of CX9C motif subunits into the IMS and assembly onto CI. CX9C motif subunits are imported from the cytosol into the IMS via outer membrane protein TOM40. CX9C subunits are oxidized by CHCHD4 protein bound to the AIF protein in its NADH bound state. The folded CX9C subunits are assembled on their destined ETC complex. The electrons are transferred from CHCHD4 protein to CIV via the ALR protein and cyt c or are transferred from ALR protein to molecular O2. (D) NDUFB10 interacts with the surface of ND4 (pearly purple) and compensates for the loss of the extended helical region of TMH14ND4 present in bacteria. ND4 (NuoM) of E. coli CI (PDB: 7NZ1) and ND4 (Nqo13) of T. thermophilus (PDB: 4HEA) are superposed onto ND4 of mammalian (O. aries) CI structure. NDUFB10 and TMH14ND4 are shown as cartoons. (E) NDUFB7 is myristoylated. Mammalian NDUFB7 (PDB: 6ZKO) of CI is shown as cartoon and other subunits are shown as colored surface. The myristoyl group is shown as spheres. NDUFA8: lilac purple, NDUFS5: cadet blue, NDUFB10: vivid auburn, NDUFB7: gold, ND4: pearly purple, ND5: boysenberry purple.
The CX9C motifs of these subunits form disulfide bonds that stabilize the helix-turn-helix structure of the subunits (Figure 12B) (Ugalde et al., 2004; Longen et al., 2009; Szklarczyk et al., 2011). These subunits are imported into the IMS in an unfolded reduced form and subsequently folded and oxidized via the disulfide relay-dependent Mitochondrial Import and Assembly (MIA) pathway (Figure 12C) (Mesecke et al., 2005; Fischer et al., 2013; Modjtahedi et al., 2016; Dickson-Murray et al., 2021). The electrons thus released during the oxidation are fed to CIV of the ETC via cytochrome c (cyt c) or released as reactive oxygen species (ROS) (Figure 12C) (Allen et al., 2005; Bihlmaier et al., 2007). The MIA pathway is regulated by the redox environment of the cell and interacts with several antioxidant systems (Nakao et al., 2015; Kritsiligkou et al., 2017), as well as small molecule regulators (Dickson-Murray et al., 2021).
NDUFA8—In the fully assembled complex NDUFA8 binds overtop NDUFA13 forming the base of CI’s heel (Figure 8D and Figure 12A). NDUFA8 has an N-terminal coil, followed by six α-helices folded into an L-shape containing two disulfide cross-linked helix-turn-helix motifs (Figure 12B) and a long C-terminal coil. The N-terminal region of NDUFA8 interacts with NDUFA13, NDUFS5 and NDUFA1. The first NDUFA8 disulfide cross-linked helix-turn-helix motif (α3-α4A8) interacts with NDUFA13, NDUFB5 and NDUFA3. The second NDUFA8 disulfide cross-linked helix-turn-helix motif (α5-α6A8) interacts with NDUFA1, ND1 and NDUFA13. The C-terminal coil of NDUFA8 reaches halfway down the membrane arm interacting with NDUFA3, NDUFA13, NDUFS5, NDUFB5, NDUFC2, ND2 and ND4. The C-terminus of NDUFA8 also interacts with lipid molecules bound at the interface of ND2 and ND4.
NDUFS5—Spanning the IMS side of the Pp-b module, NDUFS5 interacts with core subunits ND6, ND4L and ND2 (Figures 12A,B). In mammals NDUFS5’s N-terminal coil occupies space at the interface of the IMS and IMM that is occupied by the first three ND2 TMHs in other species. This is followed by the disulfide cross-linked helix-turn-helix motif (α1-α2S5), a α-helix (α3S5) and a C-terminal coil (Figure 12B). The N-terminal coil of NDUFS5 interacts with ND2, NDUFC2, NDUFB5, ND4L, ND6 and NDUFA3. The disulfide cross-linked NDUFS5 helix-turn-helix motif interacts with NDUFA8, NDUFB5, ND2 and ND4L. NDUFS5’s α3S5 interacts with ND4L, ND6 and NDUFA13. The C-terminal coil of NDUFS5 interacts with NDUFA13, NDUFA1, and NDUFA8.
NDUFB10—During CI assembly NDUFB10 associates with NDUFB5, NDUFB6 and NDUFB11 to form the PD-a′ subassembly before interacting with any core subunits (Figure 2A). In the fully assembled complex NDUFB10 zigzags between ND5 and ND4 interacting with both core subunits and several accessory subunits (Figures 12A,B). NDUFB10’s N-terminal coil and helix interact with NDUFB11, NDUFB6, NDUFB7, ND5 and NDUFB5. The long α1-2B10 loop passes through an eyelet formed by NDUFB5 and interacts with NDUFB11, NDUFB1, and NDUFC2. The disulfide cross-linked NDUFB10 helix-turn-helix motif interacts with ND4, NDUFB11, ND5, NDUFB6, NDUFB7, NDUFB8 and NDUFB4. The C-terminal region of NDUFB10 interacts with ND4, NDUFC2 and NDUFB11. NDUFB10 occupies a binding site on the bottom of ND4 that in both T. thermophilus and E. coli CI structures is occupied by extensions of ND4 TMH14, suggesting that interactions in the pocket formed by the TMH8-9ND4, TMH10-11ND4, and TMH11-12ND4 loops may be important for stability of the complex (Figure 12D).
NDUFB7—Located under the CI toe, NDUFB7 has a long N-terminal coil with two short α-helices (α1B7 and α2B7) followed by the disulfide cross-linked helix-turn-helix motif (α3-α4B7) (Figures 12A,B). The N-terminal glycine of NDUFB7 is myristoylated anchoring it to IMS leaflet of the membrane (Figure 12E) (Carroll et al., 2005). NDUFB7 is the only CI subunit that is known to be lipid modified. The myristoyl group is bound in a groove on ND5 formed by TMH12ND5, TMH13ND5 and TMH15ND5 (Figure 12E) (Kampjut and Sazanov, 2020). The N-terminal coil of NDUFB7 interacts with ND5, NDUFB8, NDUFB2, NDUFB6 and NDUFB10. The NDUFB7 disulfide cross-linked helix-turn-helix motif interacts with ND5, NDUFB10, NDUFB6 and NDUFB2.
Roles of NDUFA8, NDUFS5, NDUFB10 and NDUFB7 in CI assembly—In HEK293T cells, NDUFA8KO, NDUFS5KO, NDUFB10KO or NDUFB7KO results CI assembly defects and reductions in subunits associated with the PP-a, PP-b, PD-a and PD-b subassemblies respectively as well as N-module subunits (Stroud et al., 2016). Accordingly, CI activity and basal mitochondrial respiration are reduced drastically in all four KOs (Stroud et al., 2016). NDUFS5 (Nuo-11.5) and NDUFA8 (Nuo-20.8) deletion in N. crassa prevents full assembly of CI and results in the accumulation of membrane arm intermediates (Vieira Da Silva et al., 1996; Marques et al., 2007). A missense mutation in NDUFB10 (C107SB10) was discovered in patients with CI deficiency (Friederich et al., 2017). The substitution of the highly conserved C107B10, which is involved in disulfide crosslinking, blocks import of the mutated protein into the IMS due to its failure to act as a CHCHD4 substrate (Figure 12C) (Friederich et al., 2017). These results indicate that NDUFA8, NDUFS5, NDUFB10 and NDUFB7 are each essential for CI assembly and stability.
The dependence on CX9C motif containing subunits ties CI assembly to the functioning of the MIA pathway which in turn depends upon pre-existence of a functional ETC, namely sufficient CIV to act as an electron sink in the disulfide relay (Figure 12C). Additionally, the MIA pathway is highly regulated through redox signaling (Dickson-Murray et al., 2021). Hence, the evolution of essential CX9C motif containing subunits has multiple applications: 1) they enhance CI stability through rigid disulfide linked structures, 2) they ensure that CI assembly only occurs in healthy respiring mitochondria and 3) they allow for additional regulation of CI assembly by the overall redox status of the cell. It is important to note that both CIII and CIV also have CX9C motif containing subunits (UQCRH and COX6B respectively) indicating that this is a general strategy used for the entire ETC (Figure 12C).
Transmembrane Subunits at the Tip of the Toe: NDUFB2 and NDUFB3
NDUFB2 and NDUFB3 are single TMH subunits bound to the toe of the CI membrane arm (Figures 13A,B). During assembly they are incorporated together as part of the PD-b subassembly with core subunit ND5 and accessory subunits NDUFAB1-β, NDUFB7, NDUFB8, and NDUFB9 (Figure 2A) (Stroud et al., 2016; Guerrero-Castillo et al., 2017a).
[image: Figure 13]FIGURE 13 | TM accessory subunits at the CI toe. The structure of mammalian CI (PDB: 6ZKC) in cartoon with the surface of (A) NDUFB2 (yellow orange) and (B) NDUFB3 (iguana green) shown, the core subunits colored as in Figure 1A and the other accessory subunits grey. (C) Cartoon of accessory subunits on surface of ND5 (boysenberry purple). Key residue mentioned in the text are shown. Lipid and NDUFB7 myristoyl group are shown as spheres. NDUFB2: yellow orange, NDUFB3: iguana green, ND5: boysenberry purple.
NDUFB2—In the matrix, NDUFB2’s N-terminal coil interacts with NDUFAB1-β, NDUFB3 and ND5 (Figure 13C). On the matrix side of the membrane, NDUFB2’s TMH binds between TMH12ND5 and TMH14ND5 interacting with the extended loop of the broken THM12ND5. In the IMS, NDUFB2’s C-terminal coil interacts with ND5 and NDUFB7 (Figure 13C).
NDUFB3—The N-terminal matrix domain of NDUFB3 interacts with NDUFAB1-β, NDUFB9, NDUFB2, and ND5 (Figure 13C). In the membrane, the N-terminus of NDUFB3’s TMH binds in a pocket on ND5 formed by TMH12ND5, TMH13ND5 and TMH15ND5 then as it encounters NDUFB2 it kinks sharply and extends outward from the tip of the membrane arm with no visible structure extending into the IMS (Figures 13B,C). Thus, NDUFB3 pins NDUFB2 to the surface of ND5. The N-terminal tilted region of NDUFB3’s TMH creates a lipid binding site on the surface of ND5 in which the lipid is pulled down relative to the plane of the membrane indicating thinning of the membrane in this region (Figure 13C).
Roles of NDUFB2 and NDUFB3 in CI assembly—In HEK293T cells, NDUFB2KO or NDUFB3KO results in a severe CI assembly defect with a decrease in the abundance of PD-b and N subassembly subunits (Stroud et al., 2016). The NDUFB2 gene contains a highly conserved CHOP element in its promoter (Aldridge et al., 2007). Transcription of CHOP element containing genes is upregulated in response to the accumulation of unfolded proteins and induce the mitochondrial unfolded protein response (Aldridge et al., 2007). A point mutation in NDUFB3 (W22RB3) is associated with CI deficiency (Calvo et al., 2012; Haack et al., 2012) as well as with a distinctive facial appearance and short stature (Alston et al., 2016). W22 is located on the N-terminal matrix loop of NDUFB3, and binds overtop of NDUFB2 R45B2, the W22RB3 mutation would introduce unfavorable electrostatics likely disrupting the interactions in this region (Figure 13C). Therefore, the W22RB3 mutation reveals the importance of the NDUFB2 and NDUFB3 interactions in the mitochondrial matrix for overall CI activity.
NDUFB3 is also involved with supercomplex formation as it contacts CIV (via COX8B) in the tight conformation of the respirasome (Letts et al., 2016b). Deformation of the lipid bilayer by NDUFB2 at this interface may promote interaction with CIV. Altogether, due to their many interactions with accessory subunits on both sides of the membrane, NDUFB2 and NDUFB3 are required for the assembly of the PD-b subassembly and are hence essential to CI biogenesis.
Transmembrane Subunits of the Lateral Helix: NDUFB8, NDUFB4 and NDUFA11
The lateral helix of ND5 (ND5 HL) is an amphipathic helix that stretches between TMH15ND5 at the tip of the membrane arm and TMH16ND5 adjacent to ND2 and ND4L (Figure 1A). Along its length ND5-HL is bound by three accessory transmembrane subunits, NDUFB8, NDUFB4 and NDUFA11 (Figures 14A–C). These subunits all bind overtop of ND5-HL and help anchor it to the complex.
[image: Figure 14]FIGURE 14 | TM accessory subunits of the ND5 lateral helix (ND5 HL). The structure of mammalian CI (PDB: 6ZKC throughout unless stated otherwise) in cartoon with the surface of (A) NDUFB8 (vivid tangelo), (B) NDUFB4 (old gold) and (C) NDUFA11 (wheat) shown, the core subunits colored as in Figure 1A and the other accessory subunits grey. (D) Mammalian NDUFB8, NDUFB4 and NDUFA11 subunits are shown as cartoons on the surface of CI. Residues that are discussed in the text are shown as sticks. ND5 HL, TMH16ND5 and TMH4ND6 are shown as cartoon. Lipids are shown as spheres. (E) Zoom in on mammalian NDUFA11 shown as cartoon. ND5 HL, TMH16ND5 and TMH4ND6 are shown as cartoon. Lipids are shown as spheres. (F) Y. lipolytica NDUFA11 (NUJM; PDB: 6RFR) shown as cartoon. The ND5 (NU5M) HL (ND5 HL), TMH16ND5(NU5M), TMH17ND5(NU5M and TMH14ND6(NU6M) are shown as cartoons. The lipids are shows as spheres. Subunits are colored as in Figure 1 unless stated otherwise. NDUFB8: vivid tangelo, NDUFB4: old gold, NDUFA11: wheat, ND5: boysenberry purple, ND6: cyan-blue.
NDUFB8—Together with ND5, NDUFB2, NDUFB3, NDUFB7, NDUFB9, and NDUFAB1-β, NDUFB8 forms the PD-b subassembly (Figure 2A) (Guerrero-Castillo et al., 2017a). NDUFB8 is a single TMH accessory subunit with an N-terminal domain in the matrix and a short C-terminal coil in the IMS. Despite structural variability in the N- and C-terminal regions, the position of NDUFB8 is conserved in mammals, yeast and plants (Parey et al., 2019; Kampjut and Sazanov, 2020; Klusch et al., 2021). In mammals, the N-terminal domain interacts with NDUFB4, ND4, ND5, NDUFB9 and NDUFAB1-β, as well as with the head group of a lipid that is trapped by the ND5-HL at the ND5/ND4 interface (Figure 14D). In the membrane NDUFB8 interacts solely with ND5. In the IMS the C-terminal coil of NDUFB8 interacts with ND5, NDUFB7, NDUFB10 and NDUFB2.
In HEK293T cells, NDUFB8KO prevents proper assembly of CI and results in a decreased abundance of subunits associated with the N-module (Stroud et al., 2016). NDUFB8 mutations Y62HB8, E63DB8, P76QB8, C144WB8 or deletion of the region M105-V156B8 cause CI deficiency with symptoms ranging from fatal infantile lactic acidosis to Leigh-like syndrome (Piekutowska-Abramczuk et al., 2018). In humans, C144B8 (not conserved in other sps.) is positioned to form a possible inter-subunit disulfide bond with core subunit ND5 residue C279ND5. The larger tryptophan sidechain in C144WB8 mutation would disrupt the close interaction between NDUFB4 and ND5 in this region. The other mutations are in the matrix domain of the complex and would disrupt the stability of the PD-bulge.
NDUFB4—During assembly of CI NDUFB4 does not form part of the individual membrane arm subassemblies but has been proposed to join during formation of the PP-b/PD-a subassembly or the Q/P subassembly (Figure 2A) (Guerrero-Castillo et al., 2017a). In the fully assembled complex the N-terminal matrix domain of NDUFB4 is composed of a coil and two helices (α1B4 and α2B4) that zigzag over the matrix side of the complex forming part of the PD-bulge and interacting with NDUFB9, NDUFB8, ND5, NDUFB11 and ND4 (Figures 14B,D). In the membrane, NDUFB4 interacts with ND5 via ND5-HL, and ND4. NDUFB4 along with NDUFA11 also traps lipids to the surface of the complex (Figure 14D). In the IMS, NDUFB4 interacts with NDUFC2, NDUFB10, ND5 and ND4.
The position of NDUFB4 binding overtop of ND5-HL raises questions about the proposed assembly pathway (Guerrero-Castillo et al., 2017a). If NDUFB4 binds to the PP-b/PD-a subassembly, unless its interaction with ND4 is very different than what is observed in the structure of the full complex, it would block the binding of the ND5-HL preventing the addition of the PD-b subassembly. Thus, the structure indicates that NDUFB4 would need to be added only after the connection of the PD-a and PD-b subassemblies, which occurs upon formation of the Q/P subassembly (Figure 2A). This also explains why NDUFB4 is not part of any of the individual membrane arm subassemblies but is only added to the complex later. Together with NDUFB9, NDUFB4 forms one of the most extensive contacts with CIII2 in the supercomplex, binding to a loop extended from the UQCRC1 subunit of CIII2 (Letts et al., 2019).
In HEK293T cells, NDUFB4KO results in incomplete assembly of the complex with a reduction in the levels of subunits in the PD-b subassembly and N-module (Stroud et al., 2016). NDUFB4 can be modified by peroxynitrite resulting in 3-nitrotyrosine at Tyr46B4, Tyr50B4 and Tyr51B4 in B. taurus (Murray et al., 2003). Tyr46 and Tyr50 are conserved in humans and in O. aries on α1B4 in the matrix (Figure 14D). In O. aries Tyr46 and Tyr50 contact ND4 (via His421ND4, His422ND4 of the TMH13-14ND4 loop), NDUFB9 (via His168B9) and NDUFB8 (via Asp65B8 and Trp73B8). Tyr46 and Tyr50 are hypothesized to contribute to the altered function of CI and perhaps play a role in the onset of Parkinson’s disease (Murray et al., 2003). Overall, this suggests an important role for the NDUFB4 PD-bulge interactions in CI assembly and stability and leads to the hypothesis that NDUFB4 acts to cement the interaction between the PD-a and PD-b subassemblies during CI biogenesis. This is achieved by NDUFB4 “clamping” over ND5-HL, intertwining with the PD-bulge in the matrix and binding ND4, ND5 and NDUFB10 in the IMS (Figure 14D).
NDUFA11—The four TMH subunit NDUFA11 binds overtop of ND5-HL adjacent to the final TMH16ND5 at the interface of ND2 and ND4 (Figure 14C). During CI assembly NDUFA11 joins the complex only after formation of the Q/P-subassembly making it the final membrane arm subunit to join the complex (Figure 2A) (Sánchez-Caballero et al., 2016). NDUFA11 is structurally conserved across eukaryotes and is homologous to Tim17, Tim22, and Tim23, which are involved in protein translocation across the inner membrane (Carroll et al., 2002). NDUFA11’s four TMHs form an “arch” shape with the feet of the arch contacting CI and the central cavity of the arch filled with lipids (Figure 14D). It interacts with core subunits ND2, ND4 and ND5 with most of these interactions mediated via lipids trapped between NDUFA11 and the core subunits. The C-terminal coil of NDUFA11 interacts with ND2, ND4 and NDUFB5. In addition to the lipids trapped between NDUFA11 and ND2, ND4 and ND5, NDUFA11 also binds lipids adjacent to NDUFB4 and ND6 TMH4ND6 (Figure 14D).
Suppression of NDUFA11 expression in human osteosarcoma 143B cells results in reduced oxygen consumption, a fragmented mitochondrial network, a reduction in intact CI and accumulation of subassemblies associated with assembly factors NDUFAF1-4, ACAD9, ECSIT, FOXRED1 and TMEM126B (Andrews et al., 2013). In HEK293T cells, NDUFA11KO results in incomplete assembly of CI with a decrease in the levels of subunits associated with the N-module (Stroud et al., 2016) indicating that NDUFA11 is needed for the final stages of CI biogenesis.
In Y. lipolytica ND5 has two TMHs after ND5-HL (TMH16ND5 and TMH17ND5) whereas mammalian ND5 on has one (TMH16ND5) (Figures 14E,F). The additional TMH17ND5 binds within the central cavity of the NDUFA11 arch displacing some of the lipids seen in the mammalian structures (Figures 14E,F). Also, Y. lipolytica NDUFA11 has a longer C-terminal coil relative to mammals, that extends along the IMS side of the complex interacting with ND4, NDUFB10, NDUFB4, NDUFB11, and NDUFB6 (Figure 14F). In Y. lipolytica and bacterial CI structures (E. coli and T. thermophilus) TMH4ND6 binds at the interface of TMH16ND5, TMH1ND4L and TMH6ND2, forming additional contacts with NDUFA11 in Y. lipolytica (Figure 14F). In mammals, TMH4ND6 is displaced from this position binding adjacent to TMH1ND6 and not directly interacting with ND2 or NDUFA11 (Figure 14E). These additional NDUFA11 interactions in Y. lipolytica are likely why dissolution of CI using the harsh detergent lauryl dimethylamine oxide (LDAO) results in a different pattern of subcomplexes in Y. lipolytica vs. mammals (reviewed by Letts and Sazanov 2015) (Sazanov et al., 2000; Angerer et al., 2011; Letts and Sazanov, 2015; Letts et al., 2016a). In Y. lipolytica the PD-module remains associated with the Q- and N-modules even after the loss of PP-module subunits whereas in mammalian CI the PD-module is more easily dissociated (Sazanov et al., 2000; Angerer et al., 2011; Letts et al., 2016a). These data indicate that NDUFA11 plays an important role in stabilizing the interaction between the PD- and PP-modules and that this role has been diminished in mammals. The predominantly lipid-mediated contacts between CI and NDUFA11 in mammals, is also likely the reason why NDUFA11 is easily lost or disordered by detergent when mammalian CI is extracted from the membrane (Letts et al., 2019).
In the mammalian supercomplex I + III2 structure, NDUFA11 forms the only interface between CI and CIII in the membrane. The interface is largely formed by interactions between NDUFA11, UQCRB, and UQCRQ (Letts et al., 2019). NDUFA11 therefore plays a role in stabilizing supercomplex I + III2 (Letts et al., 2019) and conversely CIII2 helps to stabilize NDUFA11 onto the surface of CI (Letts and Sazanov, 2017). The fact that in mammals NDUFA11’s stabilizing role at the interface of the PP and PD modules is diminished relative to Y. lipolytica, and that NDUFA11 plays an important role in the formation of supercomplex I + III2, leads to the hypothesis that NDUFA11 has been coopted to promote supercomplex formation in mammals. In this scenario CI stability would depend in part on interaction with CIII2 through the stabilization of NDUFA11 onto the CI core subunits.
CONCLUSION
The functional roles of the multitude of CI accessory subunits have remained mysterious. However, the recent trove of CI structures across bacteria and eukaryotes provides a wealth of information to explore possible functional roles. Comparing the available structures and integrating information from assembly, knockout, knockdown, mutagenesis and clinical studies have allowed us to propose new functional hypotheses for most accessory subunits that can now be experimentally tested. Overall, we hypothesize that CI accessory subunits have roles in 1) coordinating CI assembly, e.g., preventing the association of the N-module until the membrane arm is fully assembled (NDUFS4, NDUFS6, and NDUFA12); 2) providing a scaffold to localize proteins to the inner surface of the cristae (NDUFV3); 3) allowing CI to alter its activity in response to ROS (NDUFA2); 4) integrating information about upstream energy supplies (LYR/ACP pairs) and downstream energy output (NDUFA10); 5) regulating access to the Q-tunnel in an assembly or state dependent manner (NDUFA12, NDUFA9, and NDUFA1); 6) linking CI assembly to cell proliferation (NDUFA13); 7) linking CI assembly mitochondria health (e.g. the CX9C motif subunits NDUFA8, NDUFS5, NDUFB10 and NDUFB7, as well as all the TM and matrix subunits that require membrane potential for import into or across the IMM); 8) coupling CI assembly to the redox state of the cell (CX9C motif subunits); 9) regulating CI biogenesis via the unfolded protein response (NDUFB2) or alternative splicing (NDUFB11); 10) regulating supercomplex formation (NDUFB3, NDUFB4, NDUFB9, and NDUFA11); and 11) stabilizing the association of lipids at key subunit interfaces (NDUFA3, NDUFC2, NDUFC1, NDUFB1, NDUFB11, NDUFB5, and NDUFB6). We anticipate that this framework for the potential functions of CI’s accessory subunits will contribute to an experimental roadmap to build on the structural, cellular, genetic and biochemical work of the last decades to fully understand the roles of this mysterious multitude in health and disease.
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Around one third of patients with mitochondrial disorders develop a kind of cardiomyopathy. In these cases, severity is quite variable ranging from asymptomatic status to severe manifestations including heart failure, arrhythmias, and sudden cardiac death. ATP is primarily generated in the mitochondrial respiratory chain via oxidative phosphorylation by utilizing fatty acids and carbohydrates. Genes in both the nuclear and the mitochondrial DNA encode components of this metabolic route and, although mutations in these genes are extremely rare, the risk to develop cardiac symptoms is significantly higher in this patient cohort. Additionally, infants with cardiovascular compromise in mitochondrial deficiency display a worse late survival compared to patients without cardiac symptoms. At this point, the mechanisms behind cardiac disease progression related to mitochondrial gene mutations are poorly understood and current therapies are unable to substantially restore the cardiac performance and to reduce the disease burden. Therefore, new strategies are needed to uncover the pathophysiological mechanisms and to identify new therapeutic options for mitochondrial cardiomyopathies. Here, human induced pluripotent stem cell (iPSC) technology has emerged to provide a suitable patient-specific model system by recapitulating major characteristics of the disease in vitro, as well as to offer a powerful platform for pre-clinical drug development and for the testing of novel therapeutic options. In the present review, we summarize recent advances in iPSC-based disease modeling of mitochondrial cardiomyopathies and explore the patho-mechanistic insights as well as new therapeutic approaches that were uncovered with this experimental platform. Further, we discuss the challenges and limitations of this technology and provide an overview of the latest techniques to promote metabolic and functional maturation of iPSC-derived cardiomyocytes that might be necessary for modeling of mitochondrial disorders.
Keywords: mitochondrial cardiomyopathy, mitochondrial disease, mtDNA, heteroplasmy, induced pluripotent stem cells (hiPSCs), iPSC-derived cardiomyocytes
INTRODUCTION
Mitochondrial diseases comprise a multisystemic group of metabolic disorders characterized by early- or late-onset progressive neurodegenerative and cardiac symptoms, likely associated with a psychomotor regression, encephalopathy, myopathy and cardiomyopathy (DiMauro and Schon, 2013). Around 20–40% of children with a mitochondrial disease develop a kind of cardiac symptoms (Brambilla et al., 2020; Mazzaccara et al., 2021). In such cases, severity is quite variable ranging from asymptomatic status to severe manifestations including heart failure, arrhythmias, and sudden cardiac death. The highest prevalence in these patients is to develop a hypertrophic cardiomyopathy (HCM), nonetheless, there are also reports about cases with mitochondrial-caused restrictive, dilated and left ventricular non-compaction cardiomyopathies (Finsterer and Kothari, 2014). As a result of its continuous contractile work, the heart is an extremely oxidative organ which demands a high amount of energy. To sustain this task, the adult human heart consumes 6 kg of adenosine triphosphate (ATP) each day (Taegtmeyer, 1994; Bottomley et al., 1996). ATP is primarily generated in the mitochondrial respiratory chain (MRC) by the oxidative phosphorylation system (OXPHOS) by utilizing fatty acids and carbohydrates (Kolwicz et al., 2013). If the energy production in the heart is inhibited, the cardiac capacity to store ATP is only sufficient to sustain three heart beats, making the heart extremely vulnerable to mitochondrial insufficiency (Ingwall, 2009). Indeed, a deleterious mitochondrial function can detrimentally impact the contraction or relaxation capacity of the heart (Brown et al., 2017).
Mitochondria is a ubiquitous double membrane organelle that contains its own genome, which is maternally inherit and presents in multiple copies in every eukaryotic cell. Around 95% of the ATP production in cardiomyocytes is produced by substrate oxidation in the mitochondria (Doenst et al., 2013; Rosca and Hoppel, 2010). The OXPHOS is localized in the inner mitochondrial membrane where several metabolic pathways converge, with β-oxidation and Krebs cycle (citric acid cycle) being the most relevant in cardiomyocytes (Lai et al., 2014). Subsequently, both routes deliver nucleotides to Complex I (NADH-ubiquinone oxidoreductase) and Complex II (succinate dehydrogenase) in the MRC; nicotinamide-adenine-dinucleotide (NADH) delivered by Krebs cycle, and flavin-adenin-dinucleotide (FADH2) from β-oxidation, respectively (Brandt, 2006; Cecchini, 2003; Gu et al., 2016). Complex III (ubiquinol-cytochrome c oxidoreductase) represents the central core for the MRC, reducing cytochrome c from coenzyme Q oxidation. Here, the so-called Q-cycle mechanism takes place, which ensures a continuing proton pumping from the matrix to the intermembrane space (Slater, 1983). Finally, each cytochrome c molecule delivers one electron into the Complex IV (cytochrome c oxidase), which transfers them to one dioxygen molecule, converting the molecular oxygen into two molecules of water (Turrens, 2003). Consequently, three proton translocating complexes (Complex I, Complex III and Complex IV), connected by the mobile electron carrier ubiquinone and cytochrome c, catalyze the electron transfer from NADH to O2, thereby promoting an electrochemical gradient among the inner space membrane and the mitochondrial matrix. This gradient is used by Complex V (or adenosine triphosphate synthase; ATP synthase), to generate ATP from ADP conversion (Neupane et al., 2019). Notably, the MRC can exist as distinct enzymes or associate in supercomplexes that may facilitate its stabilization as well as the provision of greater spatiotemporal control of respiration (Vercellino and Sazanov, 2021).
OXPHOS is encoded by genes in both the mitochondrial (mtDNA) and the nuclear genome, and in fact, genes on both genomes are critical in controlling the bioenergetic mitochondrial function (Smeitink et al., 2001). Maternally inherited mtDNA is circular and relatively small (over 16,000 base pairs) and encodes 37 genes: 13 proteins, 22 transfer-RNAs and two ribosomal RNAs (Figure 1). Although this group of genes represents only 1% of mitochondrial proteins, it is critical for a proper OXPHOS function (Anderson et al., 1981; Schon et al., 2012). mtDNA is localized in the mitochondrial matrix, closely to the MRC, one of the major sources for reactive oxygen species (ROS) (Bogenhagen, 2012). Hence, the mitochondrial genome is highly susceptible for spontaneous mutations. In fact, epidemiological studies demonstrated that mutations in mitochondria-related genes including single-nucleotide variants to large-scale deletions, affect 1 in 4,500 individuals (Chinnery et al., 2000), and the risk to develop cardiac symptoms is significantly higher in this patient cohort. Furthermore, a clinical study showed that 36% of patients with mitochondrial disorders harboring mutations in nuclear DNA- or mtDNA-encoded genes developed a kind of cardiomyopathy (Brambilla et al., 2020), probably due to the high bioenergetic demand required by the heart. At the same time, infants with cardiovascular compromise in mitochondrial deficiency display a worse late survival compared to patients without cardiac compromise and current therapies are unable to substantially mitigate the disease burden (Wahbi et al., 2015; Brambilla et al., 2020). The genotype-phenotype correlation in patients with mitochondrial cardiomyopathies as well as the underlying pathophysiological mechanisms associated to mitochondrial gene mutations are still poorly understood. This is particularly true when it comes to understanding the impact of mtDNA gene mutations, mainly because the variable amount of pathogenic mtDNA variant load (heteroplasmy) represents an additional level of complexity in the interpretation of clinical and genetic findings.
[image: Figure 1]FIGURE 1 | Schematic representation of mitochondria-associated genes involved in protein synthesis and complex formation of the oxidative phosphorylation and ATP synthesis. The table summarizes the most important OXPHOS subunit and assembly proteins in human cells. mtDNA indicates mitochondrial DNA; nDNA, nuclear DNA; rRNA, ribosomal RNA; tRNA, transfer RNA; FA, fatty acids; CI, Complex I or NADH ubiquinone oxidoreductase; CII, Complex II or succinate dehydrogenase; CIII, Complex III or ubiquinol-cytochrome c oxidoreductase; CIV, Complex IV or cytochrome c oxidase; CV, Complex V or ATP synthase; CoQ, coenzyme Q10 and Cyt C, cytochrome c.
In the present review, we will explore the advantages and challenges of human induced pluripotent stem cell (iPSC) technology applied for mitochondrial cardiomyopathies, describing novel findings in modeling mtDNA and nuclear DNA mitochondrial gene mutations, as well as its potential scopes for biomedical research and therapeutic approaches.
HUMAN INDUCED PLURIPOTENT STEM CELLS AS CARDIOMYOPATHY MODEL
Cardiomyopathy is a clinically heterogeneous group of cardiac disorders that can be classified in congenital (or inherited), acquired or mixed subtypes, with the latter one accounting for individuals that carry distinct genetic risk factors that might provoke cardiac symptoms under certain environmental circumstances (Elliott et al., 2014). Historically, cardiomyopathies have been classified in hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic right ventricular cardiomyopathy (ARVC), nonetheless, due the upgrade of genetic and molecular assays, a better understanding has been gained in terms of etiology and phenotypic expression (Brieler et al., 2017). Congenital cardiomyopathy is caused by genetic mutations that affect the heart and/or the cardiovascular system. Whereas a certain correlation exists between the clinical features of cardiomyopathies and an autosomal dominant inheritance of gene mutations—as it is for instance known for MYH7 gene mutations causing HCM or titin truncating variants leading to DCM (Herman et al., 2012; Marian and Braunwald, 2017)—the etiology of around 40% of the cases with cardiac symptoms remains unknown (Campuzano et al., 2014).
Over the last years, the vast development of iPSC technology allows to study human diseases by using patient-specific cells in vitro. By activation of four essential transcriptional factors (such as OCT4, SOX2, C-MYC, and KLF4), isolated somatic cells from skin biopsies or blood samples from donors can be reprogrammed into iPSCs that harbor the identical genome of the donor including genetic variants/defects (Robinton and Daley, 2012). Significant progress has been made in developing efficient protocols for the directed differentiation of iPSCs into functional cardiomyocytes (iPSC-CMs), thus we are now able to generate defined cardiac subtypes in high quantity and purity. Substantial evidence shows that iPSC-CMs derived from patients with congenital cardiomyopathies represent the phenotype of the disease, thereby providing a unique and powerful platform for modeling genetic diseases as well as investigating the underlying pathological mechanisms.
Nowadays, iPSC-derived cardiomyocytes have been applied to gain insights into channelopathies (such as Long-QT and Brugada syndrome) (Garg et al., 2018), sarcomeric cardiomyopathies (such as HCM and DCM) (Eschenhagen et al., 2015), syndromic cardiomyopathies (such as Noonan syndrome or Duchenne muscular dystrophy) (Long et al., 2018; Hanses et al., 2020), or polygenetic cardiac diseases (Borchert et al., 2017). However, although many phenotypic properties can be recapitulated in patients’ iPSC-CMs, a higher ‘adult-like’ maturation state and appropriate physiological conditions might to be required to comprehensively mimic all aspects of the disease in the dish. Therefore, pursuing efforts are being made to accomplish suitable mature conditions, which involve, among others, energetic substrates delivered in culture medium (Yang et al., 2019), growth factors (Yang et al., 2014), metabolic pathway modulators (Gentillon et al., 2019; Sarikhani et al., 2020) and engineered 3D cardiac tissue (Tiburcy et al., 2017). Further, this technology is now gradually entering into preclinical and clinical phase by testing of novel therapeutic options, such as screening of chemical compounds or evaluating gene therapy approaches (Musunuru et al., 2018).
In the following sections, we summarized the promises and challenges of iPSC-based modeling of mitochondrial cardiomyopathies, involving both nuclear and mitochondrial genome mutations, as well as the analysis of bioenergetic disturbances as a consequence of heart failure via iPSC-CMs.
MODELING MITOCHONDRIAL CARDIOMYOPATHIES USING IPSC-DERIVED CARDIOMYOCYTES
Mitochondrial disorders triggered by both nuclear DNA- and mtDNA-encoded mutated genes might cause a kind of cardiomyopathy. For a long time, the absence of robust and reliable mitochondrial disease models hindered to explore the underlying pathomechanisms and to find new treatment options for this rare condition, principally due to the genetic heterogeneity of patients and challenges to recapitulate the disease phenotypes in animal models due to the interspecies discrepancy in cardiac physiology (Chanana et al., 2016; Ulmer and Eschenhagen, 2020). Here, modeling of mitochondrial DNA-encoded gene mutations represents a particular difficulty, as it is virtually impossible to introduce a desired gene variant in a multitude of copies of the mitochondrial genome. Most of the strategies to generate a disease models with mtDNA variants involved transgenic animals in combination with cytoplasmic transplantation (so-called cybrids) (Wilkins et al., 2014). Although these models might display some of the metabolic features, they are not able to fully recapitulate the patients’ genetic context and therefore cannot represent the entire picture of the disease.
Recent reports exploited iPSC-CMs as platform to overcome this challenge by reprogramming patients’ somatic cells. Throughout this approach, novel investigations were made possible in analyzing the key molecular and functional features of patients’ cardiomyocytes and revealing novel insights in cardiac disease progression of mitochondrial disorders. Herein, we will highlight some of the major findings obtained using iPSC-CMs and we will explore the pathophysiological causality of both mtDNA and nuclear DNA gene mutations in causing mitochondrial cardiomyopathy.
mtDNA Disorders
The involvement of mitochondrial dysfunction as a result of mutations in mtDNA-encoded genes was first observed more than 3 decades ago. Wallace et al. (1988) provided the first approximation through identifying a point mutation in the mtDNA gene for subunit 4 of the NADH dehydrogenase complex (MT-ND4) to be associated with maternally inherited Leber’s hereditary optic neuropathy. Since then, a completely new genomic mitochondrial era was pioneered, describing many other syndromes related to this gene. In eukaryotic cells, nuclear DNA and mtDNA co-exist, based on the cell type, in a ratio of 1:10 in sperm, over 1:100–300 in stem cells/iPSCs up to 1:1,000–10,000 in terminally differentiated cells such as cardiomyocytes, in line with an increased organelle biogenesis upon differentiation (Kelly et al., 2012; Kelly et al., 2013) Due to spontaneous variations in the mitochondrial genome, mtDNA within one cell might be mixture of different mtDNA genomes, and this event is called heteroplasmy (Stewart and Chinnery, 2015). When a mixture of normal and mutated mtDNA is present, the cell may randomly deliver these variations to daughter cells (Stewart and Chinnery, 2021). As a consequence of this event, daughter cells can receive a different load of mutant mtDNA, generating diverse levels of heteroplasmic mutations (Durham et al., 2007). Considering that 1) this event occurs during every cell division, and 2) mtDNA copy number from less than 300 copies in undifferentiated cells significantly increases as cells differentiate into mature functional cells the percentage of mutant mtDNA load might highly differ between tissues and organs (Figure 2). However, when mtDNA variant load exceeds a certain threshold (which might highly differ between individual gene mutations), some clinical manifestations in certain tissues may occur (Yu-Wai-Man et al., 2010). This phenomenon, in addition to the unique patient’s genetic background, explains the high range of signs and symptoms that are depicted in mtDNA disorder patients.
[image: Figure 2]FIGURE 2 | Impact of mtDNA heteroplasmy levels on cardiomyocyte pathology. mtDNA heteroplasmy associated to pathogenic variant load in iPSCs is typically preserved during cardiomyocyte differentiation, promoting poor mitochondrial performance and cardiac remodeling when mtDNA variant load exceeds a certain.
An additional challenge represents the variable heteroplasmy levels in biopsy material used for iPSC generation (Perales-Clemente et al., 2016). However, the variable amount of mutant mtDNA load in somatic cells (such as dermal fibroblasts) allows to generate patient-specific iPSC lines with high and low heteroplasmic levels in parallel during one reprogramming procedure (Kodaira et al., 2015; Ma et al., 2015). Further, once a iPSC line is established, mtDNA heteroplasmy levels are not significantly altered during in vitro differentiation, so that higher and lower percentage of heteroplasmy is preserved in fully differentiated cells (Folmes et al., 2013; Klein Gunnewiek et al., 2020). In-depth genetic screening methods nowadays allow a detailed estimation of the heteroplasmy levels in patients, further enhancing our knowledge of the impact of mtDNA variants in mitochondrial disorders. However, there is still little knowledge about the consequences of mtDNA mutations in the manifestation of disease symptoms and, so far, only few studies investigated the cardiac phenotype of mtDNA mutations via patient-specific iPSC-CMs.
For instance, Leigh syndrome is a multi-systemic disease characterized by a progressive neurodegenerative disorder, as a result of OXPHOS gene mutations encoded either by the mitochondrial or nuclear genome (Sofou et al., 2018). The mitochondrial gene mutation m.13513G>A within the MT-ND5 gene, encoding the core subunit of Complex I, has been reported as a frequent cause of Leigh syndrome and is commonly associated with cardiac defects (Ruiter et al., 2007). Galera-Monge et al. (2019) generated iPSCs from patients’ fibroblasts with high (>40%) and low (<20%) mutation load of the respective m.13513G>A variant. Surprisingly, high mutation load iPSCs displayed a highly impaired cardiac differentiation, probably due to an ineffective epithelial-mesenchymal transition at the first days of differentiation. Nevertheless, when using iPSCs with a mtDNA mutation load below the threshold of 30%, dysfunctional iPSC-CMs could be obtained which presented aberrant pattern of beating strength and rate and higher apoptosis levels compared to the control group in a mutant-load dependent way (Galera-Monge et al., 2019).
A similar outcome was obtained from in an iPSC model from a patient with mitochondrial encephalomyopathy and stroke-like episodes (MELAS) (Yokota et al., 2017). Patient-specific iPSCs with high (>90%), intermediate (80–90%) and low (40–50%) mutation load were employed to explore the cardiac and neurological consequences caused by the heteroplasmic mitochondrial gene mutation m.3243A>G within MT-TL1 (encoding a mitochondrial transfer RNA). By analyzing skin fibroblasts collected from MELAS patients, the molecular pathogenic threshold for this particular mutation with regard to mitochondrial respiratory function was expected to be around 90% (Yokota et al., 2015). In contrast to intermediate and low mutation load, and in line with the neuronal differentiation of these lines, the mitochondrial dysfunction promoted by high-load m.3243A>G disturbed cardiac lineage commitment during iPSC differentiation, suggesting that the mitochondrial protein synthesis machinery is central for triggering cardiomyocyte differentiation (Yokota et al., 2017). In line, iPSC-CMs from two patients with myoclonic epilepsy with ragged red fiber (MERRF) syndrome harboring a mutation in a different mitochondrial transfer RNA, namely the mitochondrial gene mutation m.8344A>G in MT-TK, and here with a mutation load around 50%, revealed an impaired mitochondrial respiration, an abnormal ultrastructure of mitochondria, elevated levels of ROS, as well as upregulation of antioxidant genes (Chou et al., 2016).
A different study demonstrated that iPSC-CMs derived from patients with a family history of maternally inherited HCM, who harbor the homoplasmic mitochondrial gene mutation m.2336T>C in MT-RNR2 (100% mutated mtDNA load), encoding the large subunit of the mitochondrial ribosomal RNA, resulted in mitochondrial dysfunction and ultrastructural defects by decreasing the stability of the 16S ribosomal RNA, which consequently led to reduced levels of mitochondrial proteins. Furthermore, mtDNA variants can lead to energetic depletion through impaired OXPHOS and mitochondrial Ca2+ regulation, which are central for excitation–contraction coupling in cardiac cells (Sommakia et al., 2017). Indeed, iPSC-CMs that harbor the m.2336T>C variant also presented disturbances in cytosolic Ca2+ handling and a deleterious electrophysiological pattern, thereby possibly triggering the manifestation of HCM in these patients (Li et al., 2018). Interestingly, by combining mtDNA sequencing data from a cellular iPSC-CM model of HCM with genetic screens from multiple unrelated HCM patients, novel potentially HCM-protective and HCM-deteriorating mtDNA variants were identified, mostly not overlapping with common ones in mitochondrial diseases (Kargaran et al., 2020).
The number of iPSC-based reports within the last decade underlines the challenges that are associated with the modeling of mtDNA gene mutations and the impact of heteroplasmy. Given the advantage of iPSC-CMs over other model systems, e.g. by allowing to precisely investigate the genotype-phenotype correlation in cardiac cells with different heteroplasmic load, iPSC-CM disease modeling might be considered a highly suitable model to uncover novel insights in the underlying pathomechanisms related to mtDNA gene variants.
Nuclear DNA Disorders
Nuclear DNA-encoded proteins represent around 99% of the total mitochondrial proteome and due the diversity of function that mitochondria exhibit, variations in this gene group extend beyond bioenergetic perturbations. Proteomic studies have revealed that mitochondria harbor almost 1,500 different proteins (Prokisch et al., 2004; Morgenstern et al., 2017; Pfanner et al., 2019), that are related, among others, to biosynthesis of amino acids, lipids, heme and Fe–S clusters, cellular signaling pathways, regulation of Ca2+ levels, quality control and programmed cell death.
The generation of iPSC-based models for mitochondrial disorders such as Leigh syndrome is not dissimilar to any other iPSC model when it comes to nuclear DNA mutations. However, the majority of studies have focused on the neurological phenotyping of these patient lines, probably since neuro-related symptoms are a major hallmark of mitochondrial disorders (Zhao et al., 2018; Liang et al., 2020; Inak et al., 2021). Most of the iPSC-CM studies related to nuclear-encoded gene mutations in OXPHOS have been focused in Complex IV deficiency, which has been involved in certain forms of inherited cardiomyopathies (Jaksch et al., 2000). Briefly, the main function of Complex IV is to oxidize cytochrome c and to transfer electrons to molecular oxygen. Here, the mitochondria-encoded COX1 and COX2 provide the essential sites for oxygen reduction, by housing the redox-active heme and copper centers (Capaldi, 1990; Khalimonchuk et al., 2010). Further, nuclear-encoded SCO1, SCO2, and COA6 are required for copper center formation (Leary et al., 2014; Soma et al., 2019). A loss of function of these chaperones and the concomitant cytochrome c oxidase deficiency causes severe human disorders (Brischigliaro and Zeviani, 2021). SCO2 encodes a 266 amino acid metallochaperone that participate in copper delivery to COX, and its mutations represent the most common cause of COX or Complex IV deficiency, often leading to cardiomyopathies (Jaksch et al., 2000). The first study using iPSC-CMs to model COX deficiency was conducted by Hallas et al. (2018) by generating iPSCs from two Leigh syndrome patients with HCM harboring the homozygous variant SCO2G193S (c.577G>A) and the compound-heterozygous variant SCO2E140K (c.418G>A) in combination with an early truncating variant (c.17ins19), respectively. In the study, the SCO2-associated COX deficiency resulted in ultrastructural abnormalities of the mitochondria, a reduced mitochondrial oxidative ATP production capacity, as well as aberrant Ca2+ handling and an arrhythmic contractility pattern in the patients’ iPSC-CMs.
Meanwhile, new reports have proven evidence of mitochondrial disease models harboring gene mutations in accessorial components of OXPHOS. Friedreich’s ataxia is autosomal recessive genetic condition that causes a neuro-degenerative movement disorder, with a typical age of onset between 10 and 15 years (Koeppen, 2011), and HCM is quite prevalent in this patient cohort (Weidemann et al., 2013). The condition is caused by expanded GAA repeats within the first intron of the nuclear-allocated gene frataxin, a protein that is involved in the biosynthesis of iron-sulfur co-factors required by multiple mitochondrial and extra-mitochondrial proteins (Castro et al., 2019). One of the first publications investigating the cardiac consequences of the Friedreich’s ataxia syndrome via patients’ iPSCs was described in 2013 (Hick et al., 2013). In the aforementioned work, the group applied iPSCs from two patients and registered partially degenerated mitochondria with abnormal structures—in line with mitochondrial damages observed in cardiac tissues from Friedreich’s ataxia patients—suggesting a functional defect in cellular respiration in these cells. Lee et al. (2016) revealed increased ROS levels, intracellular iron accumulation, as well as electrophysiological and Ca2+ handling abnormalities in patients’ iPSC-CMs . Another report provided evidence for the presence of an HCM-dependent transcriptional profile in cells from Friedreich’s ataxia patients (Li et al., 2019). Furthermore, a recent study proved that the contractile capacity from both patient-derived and frataxin-knockdown iPSC-CMs showed a poor performance using human engineered tissue modeling (Wong et al., 2019). In depth, frataxin-deficient cardiac tissues displayed attenuated force development compared to healthy controls with a correlation between frataxin gene expression and contractility. In addition, an aberrant electrophysiological pattern was detected (depicted as prolongation of the action potential duration and reduction of the maximum capture rate), thereby recapitulating some major clinical findings (Wong et al., 2019).
Similar efforts had been conducted in modeling Barth syndrome, a rare X-linked genetic disorder characterized by cardiomyopathy, skeletal myopathy, growth delay, neutropenia and increased urinary excretion of 3-methylglutaconic acid (Clarke et al., 2013). This disease has been mainly described by mutations in the nuclear-encoded tafazzin (Bione et al., 1996). Barth syndrome presents a unique pathophysiological mechanism: in detail, mutated tafazzin primary promotes an aberrant cardiolipin maturation process due its role in the transacylation process showing preference for the transfer of a linoleic acid group from phosphatidylcholine to monolysocardiolipin, resulting in depletion of mature cardiolipin and accumulation of an immature form and thereby in a deleterious mitochondrial metabolism (Garlid et al., 2020). Cardiolipin is an important component of the inner mitochondrial membrane, where it constitutes about 20% of the total lipid composition and affects many aspects of mitochondrial structure and function, including MRC complex formation/interaction, mitochondrial dynamics, and apoptosis (Dudek, 2017). In an extensive study, Wang et al. (2014) generated patient-specific iPSC lines with a tafazzin frameshift mutation (c.517delG) and a missense mutation TAZS110P (c.328T>C), respectively, as well as different CRISPR/Cas9-engineered tafazzin-deficient iPSC lines, in order to investigate the mitochondrial cardiomyopathy in vitro. Barth syndrome cells recapitulated the expected muscle-selective phenotype with an impaired cardiolipin biogenesis (by exceeding the monolysocardiolipin-to-cardiolipin ratio), smaller and fragmented mitochondria, deficits in the oxygen consumption rate, a decreased efficiency in ATP generation, as well as higher levels of ROS. Further, by analyzing iPSC-CM-based engineered cardiac tissues, tafazzin deficiency revealed impaired sarcomere assembly and defects in contractility that occurred independently of ATP depletion, thereby suggesting that both proper mitochondrial function and reduced ROS production is crucial for sarcomerogenesis and contractile performance (Wang et al., 2014). In a subsequent study, the group identified aberrant Ca2+ handling as major cause for the contractile deficits in the patients’ cells, most probably due to ROS-dependent activation of Ca2+/calmodulin-dependent protein kinase II and subsequent phosphorylation of the ryanodine receptor 2 (Liu et al., 2021). The identical patient line with the frameshift mutation was further used to identify an accumulation of cellular long chain acylcarnitines, as well as alterations in metabolic pathways related to energy production in iPSC-CMs (Fatica et al., 2019). In agreement with the previous reports, Dudek et al. reported a significant downregulation in the mitochondrial bioenergetic capacity in iPSC-CMs from a patient harboring the missense mutation TAZG197V (c.590G>T) (Dudek et al., 2016). Interestingly, the detrimental mitochondrial respiration coincided with dramatic structural remodeling of MRC supercomplexes and a deficiency in succinate dehydrogenase. Further, cardiolipin remodeling impaired NF-κB signaling and affected the HIF-1α response to hypoxic conditions (Chowdhury et al., 2018).
Moreover, a homozygous intronic variant (IVS3-1G>C) in DNAJC19 (also called TIM14), affecting splicing and resulting in gene loss-of-function, has been described to cause dilated cardiomyopathy with ataxia syndrome (Davey et al., 2006). Due to its similarities in abnormal metabolism, it has been linked to Barth syndrome. TIM14 is predicted to function as a part of the mitochondrial import complex facilitating the import of nuclear-encoded proteins into the mitochondria (Mokranjac et al., 2006), but also to regulate cardiolipin remodeling by tafazzin (Davey et al., 2006). However, by investigating iPSC-CMs from two patients with the respective homozygous variant, no differences in the cardiolipin content were observed (Rohani et al., 2020). Instead, fragmented and abnormally shaped mitochondria were recorded together with an isoform imbalance of OPA1, an important regulator of mitochondrial fusion that has been linked to heart failure.
Lastly, patients with autosomal recessive gene mutations in ACADVL, an inner-mitochondrial membrane localized enzyme that catalyzes the first step of the mitochondrial long-chain fatty acid β-oxidation pathway, possess a very long-chain acyl-CoA dehydrogenase deficiency and possess a high risk for developing cardiac arrhythmias. Consequently, patient-derived iPSC-CMs with a homozygous frameshift variant ACADVLP35Lfs*26 (c.104delC) or compound-heterozygous gene mutations ACADVLV283A/ACADVLE381del (c.848T>C/c.1141_1143delGAG), respectively, revealed accumulation of potentially toxic intermediates of long-chain fatty acid oxidation (Knottnerus et al., 2020). Further, the cells displayed electrophysiological abnormalities (such as short action potentials), disturbances in Ca2+ handling) and presented delayed afterdepolarizations, thereby providing a mechanistic link for the cardiac arrhythmia risk in these patients (Knottnerus et al., 2020; Verkerk et al., 2020).
In summary, nuclear DNA-encoded mitochondrial genes represent 99% of the total mitochondrial proteome and functionality of many of these genes is still unknown. Patient-specific iPSCs could unmask the pathophysiologic mechanisms of several of them. Moreover, since mitochondrial function is involved in many different cellular processes, iPSC-based disease modeling has helped to explore the role of these proteins in other signaling hubs, beyond their importance in energetic homeostasis.
Mitochondrial Dysfunction as a Consequence of Cardiomyopathies
Metabolic imbalances and bioenergetic perturbations are not only observed in primary mitochondrial disorders but might also be a consequence in other cardiomyopathies related to specific genetic conditions. As an example, phospholamban is a sarco/endoplasmic reticulum Ca2+-ATPase pump regulator and an active player in the cytosolic Ca2+ handling and contractility (Frank and Kranias, 2000). Carriers with the recurrent mutation PLNR14del (c.40_42delAGA), which is commonly reported in cardiomyopathy patients from Europe and USA (Haghighi et al., 2006; Kayvanpour et al., 2017), present a significantly higher risk to suffer from DCM and arrhythmogenic episodes associated to aberrant Ca2+ handling and pathological cardiac remodeling (Posch et al., 2009). A recent study by Cuello and co-workers described a tight correlation between phospholamban gene mutations and mitochondrial dysfunction. Particularly, patients’ iPSC-CMs harboring the PLNR14del variant depicted a detrimental mitochondrial function by displaying a low oxygen consumption rate as well as elevated mitochondrial ROS production (Cuello et al., 2021). Notably, whereas sarcoplasmic reticulum function remained unaltered, impairments of the endoplasmic reticulum to mitochondria crosstalk were detected resulting in lipid accumulation, mitochondrial dysfunction and degeneration, suggesting a cause-consequence correlation provided by a deleterious cytoplasmic Ca2+ signaling (Cuello et al., 2021).
In a different study, by generating multiple CRISPR-engineered iPSC lines harboring the HCM-associated gene mutation MYH7R453C (c.9123C>T), Mosqueira et al. (2018) not only recapitulated the classical hallmarks of HCM (such as cellular hypertrophy, sarcomeric disarray or Ca2+ handling disturbances), but also identified increased oxygen consumption rates in affected iPSC-CMs. Hence, the authors could show that the mutation-induced sarcomeric disarray caused an inefficient sarcomeric ATP utilization and energy depletion by maintaining the mitochondrial contents unchanged, thereby improving our mechanistic understanding in HCM.
Duchenne muscular dystrophy (DMD) is another genetic condition that causes a severe cardiomyopathy, particularly DCM, due to a loss of dystrophin (Kamdar and Garry, 2016). Patient-derived iPSC-CMs from two patients with out-of-frame deletions in dystrophin exon 45–52 recapitulated the expected dystrophin deficiency (Lin et al., 2015). In addition, mitochondrial damage and increased levels of cell death were detected in the patients’ cells. Strikingly, Lin et al. (2015) were able to underpin this findings by identifying a mitochondria-mediated signaling network that linked damaged mitochondria with caspase-3 mediated apoptosis, thereby uncovering a potential new disease mechanism in DMD.
The iPSC-CM model has been also applied to examine the cardio-metabolic remodeling in type 2 diabetes. Modulation of the insulin signaling involves the tyrosine kinase receptor which activates insulin receptor substrate family proteins (IRS-1/2), phosphoinositide 3-kinase (PI3K) and AKT. In the heart, AKT activation promotes intracellular glucose import through translocation of the glucose transporter type 4 to the plasma membrane, thereby stimulating glycolysis and mitochondrial substrate oxidation (Abel, 2021). As a hallmark of type 2 diabetes mellitus, PI3K/AKT signaling is disrupted as a result of the insulin resistance, promoting a fatty acid oversupply (Wende and Abel, 2010). However, elevated intracellular fatty acid levels increase ROS production, thereby inducing cellular and mitochondrial damage, decreasing energy production and promoting lipid accumulation in a positive feedback loop (van de Weijer et al., 2011; Westermeier et al., 2016). In consequence, triglycerides, sphingolipids and ceramides accumulate in peroxisomes and liposomes, resulting in cellular oxidative stress and poor cardiac performance; a process called lipotoxicity (D'Souza et al., 2016). In fact, a large community-based sample study demonstrated a potential association of elevated circulating ceramide with lower left ventricle function, suggesting a tight correlation between cardiac performance and lipotoxicity (Nwabuo et al., 2019). A recent report demonstrated the impact of ceramide overload on the cellular physiology using iPSC-CMs (Bekhite et al., 2021). Herein, both diabetic-like culture conditions as well as SPTLC1 overexpression, which promotes de novo synthesis of ceramides, resulted in increased intracellular ceramide levels and lipid accumulation (Bekhite et al., 2021). Interestingly, these changes were associated with impaired PI3K/AKT signaling, transcriptional changes in metabolic enzymes, abnormal bioenergetic capacity, as well as an increase in ROS production and apoptosis. Further, cardiac lipotoxicity and oxidative stress induced mitochondrial fission (indicated by increased levels of DRP1 and MFF) as well as mitophagy (indicated by upregulation of PINK1 and LC3B) in iPSC-CMs, thereby providing novel insights in the pathological mechanisms underlying lipotoxic cardiomyopathy. Aligned to this findings, Drawnel and co-workers recapitulated the type 2 diabetes associated cardiomyopathy using a selective medium composition (Drawnel et al., 2014). Briefly, the group incubated iPSC-CMs with two different culture conditions: one group was cultured in standard maintenance medium, whereas the other one was exposed to glucose-free medium with addition of insulin and fatty acids (maturation media). Thereby, iPSC-CM cultures were forced to exclusively utilize fatty acids through a persistent insulin signaling modulation. After administration of diabetic factors that are typically found in blood plasma of diabetic patients (endothelin-1 and cortisol), a clear DCM phenotype in the patients’ iPSC-CMs was observed when incubated in a diabetogenic environment including sarcomeric disarrangements, lipid peroxidation, and decreased expression of Krebs cycle-associated enzymes (Drawnel et al., 2014).
Besides, primarily neurological diseases might have an impact on cardiac physiology, as it is the case in Huntington’s disease (Critchley et al., 2018). In order to understand the role of neuronal function and mitochondrial metabolism, neuronal stem cells with increasing polyglutamine (polyQ) repeat length in the huntingtin gene were engineered (Ghosh et al., 2020). Here, the expression of huntingtin exon 1 fragments with polyQ-expansions inducing a deleterious mitochondrial function, such as a lower mitochondrial respiration promoted by decreased Complex I and III activity. Interestingly, similar effects were described by Joshi and co-workers in iPSC-CMs (Joshi et al., 2019). In their study, iPSC-CMs with polyQ-expansions showed an aberrant mitochondrial network due hyperactivation of the mitochondrial fission complex, uncovering a potential phenotype correlation in Huntington’s disease.
Summarizing, these examples highlight that maladaptive metabolic remodeling is not an exclusive pattern in mitochondrial cardiomyopathies Figure 3. Considering the high impact of mitochondrial function in multiple cellular processes, the bioenergetic modifications as a consequence of other forms of inherited cardiomyopathies should be taken into account in cardiovascular disease modeling.
[image: Figure 3]FIGURE 3 | Impact of mitochondrial dysfunction on cardiomyocyte pathology. Mitochondrial dysfunction, either caused by gene mutations in mitochondrial genes (primary mitochondrial cardiomyopathy) or as a consequence of other cellular disturbances (such as calcium overload or lipotoxicity), promotes an energy depletion as well as increased ROS production. Poor bioenergetic capacity and oxidative stress provoke, among others, changes in cytosolic calcium handling, electrophysiological defects, reduced contractile performance, sarcomeric re-arrangements, re-expression of fetal genes, cardiac remodeling and apoptosis.
DRUG SCREENING AND PRECLINICAL GENE THERAPY APPROACHES FOR MITOCHONDRIAL CARDIOMYOPATHIES
Although several therapeutic strategies using iPSC-CMs has been raised over the past decade, the limited number of disease models for mitochondrial disorders hampers drug screening approaches and represents one of the major hurdles in the development of novel treatments for mitochondrial cardiomyopathies. Nevertheless, recent efforts in iPSC-based drug screening had been reported. Further, significant breakthroughs in genome editing technologies enabling genetic correction of underlying gene mutations show great promise for the therapy of mitochondrial disorders.
A major upgrade that the iPSC technology offers is to screen selective therapeutics under more physiological conditions in patient-derived and disease-relevant cells, tissues or even organ-like cultures. For instance, to assess the efficacy of treatment for Friedreich’s ataxia, a pool of different antioxidants (an iron chelating agent deferiprone and an ubiquinone-derived analog idebenone) were tested in frataxin-deficient iPSC-CMs mimicking the cardiac stress stimulation (Lee et al., 2016). In their study, ROS production was evaluated after antioxidants administration in presence and absence of iron. Interestingly, deferiprone significantly decreased the intracellular ROS levels promoted by iron overload, and restored some aspects of deleterious Ca2+ handling in the patients’ iPSC-CMs, suggesting a tight correlation between iron overload-induced mitochondrial oxidative stress and cardiomyocyte contractility (Lee et al., 2016).
A drug screening approach in patients’ iPSC-CMs had been also performed for DCM as a result of TIM14 gene loss-of-function; the respective disease model had been introduced in the previous chapter (Rohani et al., 2020). Although, a severe disruption of the mitochondrial morphology was observed in TIM14-deficient cells, most of the deleterious effects could be restored by elamipretide treatment that resulted in a profound reduction of the proteolytic cleavage of the short OPA1 isoform, in lower levels of fragmentation of the mitochondrial network, as well as in an improved mitochondrial ultrastructure (Rohani et al., 2020). This inner mitochondrial membrane-targeting peptide is currently used in clinical trials for patients with primary mitochondrial myopathies (Karaa et al., 2020; Reid Thompson et al., 2021).
Further, iPSC models for type 2 diabetes were also utilized for compound screening. An impressive library of 480 compounds was tested in patient-specific iPSC-CMs and 10 out of these small molecules were able to restore the pathological phenotype. Here, thapsigaragin and fluspirilene presented the most-effective impact in cells under diabetic stress (Drawnel et al., 2014). Bekhite and co-workers explored the potential role of myriocin (a potent sphingosine biosynthesis inhibitor) in their SPTLC1 overexpression iPSC-CM model. Interestingly, most of the deleterious effects observed by ceramide accumulation—predominantly, fission morphology and mitochondrial/lysosome co-localization—was restored by myriocin. Moreover, mitochondrial respiration was significantly upregulated after SP1 inhibitor treatment (Bekhite et al., 2021). These examples demonstrate that iPSCs can be widely used for high-content phenotypic screenings for the estimation of drug effectiveness, toxicology and drug metabolism, thereby taken in consideration the patients’ genetic background as well as external pathophysiological factors.
On the opposite side, gene therapy as a consequence of the rapidly developing programmable genome editing tools may offer a promising resource to bypass the hurdles in the treatment of mitochondrial disorders. Particularly, huge progress in CRISPR/Cas9 genome editing and base editing for genetic correction of nuclear DNA gene mutations—such as for DMD (Amoasii et al., 2018) or for the Hutchinson-Gilford syndrome (Koblan et al., 2021)—can be transferred practically one-to-one to nuclear DNA-associated mitochondrial disorders. To name a few: Friedreich’s ataxia and coenzyme Q10 deficiency were successfully corrected by genome editing in vitro. For the former, Li and co-workers utilized two zinc finger nucleases specifically targeting the intronic region of GAA repeats in the frataxin gene (Li et al., 2019). As a result, the repeat expansion sequence was reduced by ∼1.2 kbps and total protein levels of full-length functional frataxin were doubled. In consequence, lipid droplets accumulation and expression of cardiac stress markers typically observed in untreated patients’ iPSC-CMs were restored after zinc finger nuclease-based treatment (Li et al., 2019).
For coenzyme Q10 deficiency, Nakamoto and co-workers applied a site-specific CRISPR/Cas9-mediated gene correction and evaluated its subsequent molecular and functional characteristics (Nakamoto et al., 2018). In detail, coenzyme Q10 represents one of the major antioxidant factors for the MRC, and its synthesis is commanded by coenzyme Q2 (polyprenyltransferase; COQ2) which catalyzes the second step of coenzyme Q10 biosynthesis (Forsgren et al., 2004; Quinzii et al., 2006). In the present study, the group generated iPSCs from a patient that harbors compound heterozygous mutations in the COQ2 gene (p.R387*/V393A) and observed an aberrant mitochondrial respiration, an elevated ROS production and increased apoptotic levels in iPSC-derived neuronal cells. Interestingly, after CRISPR/Cas9-based correction of both gene mutations on both alleles, the pathological parameters were fully restored, highlighting the promise of the genome editing technologies for future clinical translation.
In strong contrast, CRISPR/Cas9-based genome editing of mtDNA represents a significantly bigger challenge, mainly because of the absence of efficient endogenous RNA import mechanisms that would be required to introduce the CRISPR guide RNA into the mitochondrial matrix (Gammage et al., 2018a). This disadvantage motivated to develop alternative protein-only genome editing tools fused to a mitochondrial targeting signal, which enable to selectively modify mtDNA. Although these mitochondrial-specific transcription activator-like effector nucleases (mitoTALEN), zinc finger nucleases (mtZFN) and meganucleases (mitoARCUS) have not yet been tested in the human cardiac setting, these systems demonstrated certain success in selective degradation of mutant mtDNA by nuclease-mediated cleavage of mtDNA in both patients’ iPSCs (Yahata et al., 2017; Yang et al., 2018) as well as in vivo (Gammage et al., 2018b; Zekonyte et al., 2021), thereby resulting in heteroplasmic shifts by decreasing the pathological heteroplasmy levels. Importantly, classical DNA repair mechanisms are limited in mitochondria (Fu et al., 2020), which promotes major effects in edited cells, such as: 1) mitochondrial repair pathways of introduced double stand breaks in the mtDNA typically result in deletions that can manifest in a pathological phenotype, 2) nuclease-induced mtDNA linearization is rapidly recognized leading to rapid degradation of mtDNA and depletion of mitochondria (Peeva et al., 2018), and 3) ineffective mtDNA repair may trigger a toxic accumulation of mitochondrial content in host cells, therefore, might enhance intrinsic immune surveillance mechanisms (Tigano et al., 2021). This major hurdle can be overcome by precise base editing without induction of double strand breaks. Very recently, Mok and co-workers engineered a mitochondrial RNA-free base editor DdCBE by fusion of transcription activator-like effector proteins with split versions of a double-stranded deaminase DddAtox to induce selective C to T conversion in mtDNA with high target specificity and product purity (Mok et al., 2020). Strikingly, the authors confirmed that base editing (tested in HEK293T cells) was almost exclusively observed on the target sites at various mtDNA-encoded gene loci with an efficiency of up to 27%, becoming a promising approach in the future to precisely correct mtDNA variants and to decrease the mtDNA heteroplasmy (Mok et al., 2020). However, as it is true for the majority of gene therapy approaches, efficient delivery of the genome editing components into target organs, target cells and mitochondria remains currently one of the biggest challenges for clinical translation.
Finally, although not applicable as therapy for patients with mtDNA disorders, it should be mentioned that mitochondrial DNA replacement technologies aiming to transfer nuclear DNA from a zygote containing disease-causing mtDNA variants to a corresponding zygote with healthy mitochondria, offer a huge therapeutic benefit for assisted reproductive medicine to avoid pathogenic mtDNA transmission between generations (Greenfield et al., 2017).
In summary, the high versatility of iPSC-CMs have proven a powerful pre-clinical platform in the screening of drugs and genome editing tools in a patient context and might support the translation of these approaches into clinical practice by bridging the gap between preclinical and clinical research.
CHALLENGES AND LIMITATIONS OF IPSC-CMS FOR MITOCHONDRIAL CARDIOMYOPATHY RESEARCH
Mature cardiomyocytes reflect a very particular set of properties that involve myofibril re-arrangements, characteristic electrophysiological patterns, increased contractility, decreased cell cycle progression and a metabolic shift (Guo and Pu, 2020). The metabolic state is central in cardiac development and multiple studies demonstrated that a distinct substrate oxidation is present during the process of cardiac maturation (Lopaschuk and Jaswal, 2010; Dorn et al., 2015). The fetal heart exhibits a high glycolytic metabolism, accompanied by expression of different glucose transports and distinct transcriptional factors that maintain the glycolytic program in immature cardiomyocytes (Taegtmeyer et al., 2010). In a remarkable shift during postnatal development, around 80% of ATP production in the adult heart is generated from fatty acids oxidation and OXPHOS activity (Wisneski et al., 1987; Koff and Schimmel, 1993). This massive change in metabolic supply is mainly explained as a consequence of substrates availability, metabolic pathway activity and differential transcriptional factor induction (Lopaschuk and Kelly, 2008). Indeed, the metabolic transition from immature cardiomyocytes to mature cardiomyocytes is driven by the activation of transcriptional regulators including PGC-1α/β and NRF1/2, resulting in upregulation of metabolic genes that are involved in fatty acid transport and oxidation, OXPHOS as well as mitochondrial biogenesis (Lai et al., 2008; Leone and Kelly, 2011; Vega and Kelly, 2017). Simultaneously, a downregulation in glycolytic genes, among others, mediated by HIF-1α inactivation, enhances the switch towards mitochondrial metabolism (Menendez-Montes et al., 2016). A considerable rearrangement in mitochondrial morphology orchestrated by fusion/fission proteins is necessary for an optimal mitochondrial bioenergetic adaptation. As an example, mitofusion 1/2 and OPA1 that regulate the fusion of external and internal mitochondrial membranes, are increased in mature cardiomyocytes, promoting an effective ATP generation (Martin et al., 2014). Furthermore, an increased coordination among sarcoplasmic reticulum, sarcomeres and mitochondria has been described during cardiac maturation (Seppet et al., 2001; Guo et al., 2021). In depth, adult cardiomyocytes show a highly structured sarcomere pattern associated with an abundant mitochondrial network, which, in turn, presents several contact sites with the sarcoplasmic reticulum. This close interaction leads to efficient ATP transport from mitochondria to ATPases that participate in excitation-contraction coupling (Seppet et al., 2001).
Although recent studies have reported iPSC-CMs as a suitable experimental model for mitochondrial disease (see section three), one of the major limitations of these cells is their fetal-like properties compared to adult cardiac tissue, specifically their poor mitochondrial bioenergetic capacity (Guo and Pu, 2020). This limitation might have remarkable relevance in disease modeling particularly of mitochondrial disorders, since less-mature (glycolytic) iPSC-CMs might not reproduce the expected pathological disease phenotype. Regarding this issue, numerous methods have been developed in order to facilitate iPSC-CM maturation to generate an “adult-like” phenotype. Most of these attempts can be grouped in delivery of energy sources (e.g. fatty acids versus glucose), biochemical cues, transcriptional factor modulation, physical/electrical stimulation and 3D tissue engineering. Herein, we aim to summarize some of these strategies with particular emphasis on cardiac metabolism and mitochondrial function. One of the first studies that proposed fatty acid-based conditioned medium to induce cardiomyocyte maturation was provided by Correia and co-workers using a mixture of fatty acids (oleic acid, palmitate, and galactose) (Correia et al., 2017). After approximately 2 weeks of incubation, iPSC-CMs showed elevated mitochondrial respiration attended by elongated cell morphology, higher organized sarcomeric structures and an increased action potential upstroke velocity, comparable to adult cardiomyocytes (Correia et al., 2017). A subsequent study demonstrated that iPSC-CMs incubated in fatty acid-based medium showed an increased ATP generation as a consequence of elevated mitochondrial OXPHOS activity, resulting in increased force generation and contractility (Yang et al., 2019). Since then, many other studies have used this approach to evaluate different aspects of cardiomyocyte differentiation. For instance, Knight and co-workers used a similar conditioned medium combined with substrate patterning and could confirm that iPSC-CMs displayed an elongated morphology, a higher sarcomeric alignment and an elevated contraction force, equivalent with donor heart tissue (Knight et al., 2021). Besides, a differential and more robust pathological hypertrophic phenotype could be observed using the aforementioned setting. In line, fatty acid-based media also allowed a phenotypic resemblance of different inherent cardiomyopathies with more-mature iPSC-CMs, such as arrhythmogenic episodes described in Long QT syndrome, dilated cardiomyopathy or Danon disease (Feyen et al., 2020; Knight et al., 2021). Collectively, considering the high impact of substrate oxidation in mitochondrial function, the selective composition of culture media should be taken into consideration when studying the wide spectrum of phenotypic changes induced by mitochondrial disorders.
Considering the high prevalence that glycolytic metabolism plays at embryonic stage, an alternative cardiomyocyte maturation strategy involved the downregulation of glycolysis-associated components by inactivation of the hypoxia-inducible factor 1-alpha (HIF-1α) and the lactate dehydrogenase A (LDHA) during cardiac differentiation of iPSCs (Hu et al., 2018). Whereas HIF-1α controls glycolytic gene expression during hypoxic conditions and suppresses mitochondrial metabolism, LDHA mediates the conversion of pyruvate into lactate, thereby decreasing pyruvate oxidation in the mitochondria (Kim et al., 2006; Semenza, 2007). Hu and coworkers used small molecule inhibitors and small interfering RNAs (siRNAs) against HIF-1α and LDHA and observed reduced glycolytic activity and enhanced mitochondrial metabolism that was accompanied by increased mtDNA levels and mitochondrial content (Hu et al., 2018). Strikingly, HIF-1α/LDHA inhibition in iPSC-CMs did not only provided metabolic maturation, it also improved structural and functional maturation (Hu et al., 2018). Although this setting has not yet been tested in pathological conditions using iPSC-CMs, the metabolic shift from aerobic glycolysis to mitochondrial OXPHOS may be useful to understand the cardiac remodeling associated with mitochondrial insufficiencies.
Simultaneously, circulating factors and drugs have been tested as potential inductors of iPSC-CM maturation. Triiodothyronine (T3) is one of the most relevant metabolic hormones controlling the mitochondrial biogenesis and metabolism through its regulation via the thyroid hormone receptor-mediated pathway (Goldenthal et al., 2005). T3 has a preponderant effect on cardiomyocyte development, supported by the fact that cardiac defects have been described in congenital hypothyroidism patients (Wędrychowicz et al., 2019). Yang et al. (2014) showed that iPSC-CM cultures treated with T3 for over 1 week presented an augmentation of cellular size and sarcomere length and increased force generation. Interestingly, T3 treatment decreased cell cycle activity, an attribute also described in adult cardiomyocytes. Additionally, all these changes were aligned with a significant enhancement of mitochondrial function Yang et al. (2014). Thereafter, Parikh et al. (2017) demonstrated that combined treatment with T3 and glucocorticoids during cardiac differentiation resulted in an increase of cellular size and improved contractility. Surprisingly, iPSC-CMs also developed an extensive T-tubule network when using a Matrigel mattress. Although, the T-tubules were less structured compared to adult human myocardium, the distribution of junctophilin-2, which is mainly associated with T-tubule maturation, was significantly increased after T3 and dexamethasone treatment (Parikh et al., 2017). At the same time, iPSC-CMs showed a uniform Ca2+ release, a characteristic of maturated “adult-like” cardiomyocytes. In line, an iPSC-CM disease model based on a MYBPC3 gene mutation causing HCM revealed a robust disease phenotype only in maturation medium containing T3, IGF-1 and dexamethasone (Birket et al., 2015). In analogy to hormones, drug-based targeting of the AMP-activated protein kinase (AMPK), one of the master metabolic regulators of the cell (Garcia and Shaw, 2017), have also been tested to enhance mitochondrial respiration and to induce maturation. AMPK subunit gamma acts a sensor for adenosine monophosphate (AMP) and participates in the catalytic activation of the enzyme. Thus, when AMP/ATP ratio is high, AMPK is activated, thereby increasing the energy production through modulation of various signaling cascades (Garcia and Shaw, 2017). Two recent independent reports probed that AMPK modulation induced maturation of iPSC-CMs (Sarikhani et al., 2020; Ye et al., 2021). Long-term incubation of cultures with AMPK activator AICAR increased the expression of mitochondrial biogenesis-related markers such as PGC-1α and ERRα, increased fatty acid β-oxidation, and displayed an elevated mitochondrial density as well as an extended mitochondrial network. Besides, these changes were accompanied by increased expression of sarcomeric proteins including cardiac troponin T and cardiac troponin I as a consequence of long-term AICAR treatment.
Finally, 3D-engineered cardiac tissue, composed of iPSC-CMs and non-myocytes embedded in a hydrogel, has been considered the gold standard with respect to structural and functional maturation by more closely reflecting the native physiological conditions of the human heart muscle (Tiburcy et al., 2017). Indeed, the improved contractile properties of these cardiac tissues also contributed to a metabolic maturation of iPSC-CMs with higher abundance of mitochondria, less anaerobic glycolysis and an improved oxidative metabolism (Ulmer et al., 2018). In an extensive work performed by Ronaldson-Bouchard et al. (2018) addressing the maturity aspects of iPSC-CMs, they could demonstrate a robust sarcomeric re-arrangement, T-tubule maturation, increased contractility, and enhanced mitochondrial energy production upon early-stage biophysical pacing of cardiac tissues, highly recapitulating an “adult-like” cardiac phenotype.
Collectively, the physiologically immature state of iPSC-CMs might be a critical limitation in cardiac disease modeling by masking disease-relevant phenotypes/symptoms such as the disease-associated bioenergetic mitochondrial function. An improved maturation of iPSC-CM cultures accompanied with a shift from aerobic glycolysis to OXPHOS metabolism (e.g. by using one of the aforementioned approaches) might significantly improve evaluation of the cardiac pathology in vitro and should be taken into account in iPSC-based disease modeling of mitochondrial disorders.
CONCLUSION
Mitochondrial diseases can promote multi-organ insufficiency during early or late state. Around one third of these patients present a type of cardiac involvement by showing the poorest prognosis in the childhood. However, the lack of suitable disease models and the challenges associated with the different levels of heteroplasmy have been one of the major hurdles in the discovery of therapeutic targets. Our knowledge of iPSC biology has advanced to the point where we now can generate the majority of disease-relevant cell types of the human body in a culture dish, promoting iPSC technology as a suitable tool to overtake these challenges. The great variability of cardiac symptoms associated to mitochondrial disorders can by now be recapitulated and modelled more precisely, helping to evaluate tissue-specific threshold of mtDNA mutation load for individual genes or gene variants as well as to elucidate the tentative mechanisms behind the metabolic perturbations promoted as a consequence of mitochondrial disorders. Considering the high impact of maturity of iPSC-CMs in mitochondrial metabolism, it becomes crucial to not only study the pathology in traditional 2D culture systems, but to also incorporate improved maturation methods in order to get the most representative cardiac phenotype-genotype correlation. These efforts might be central to develop novel and personalized therapeutic approaches.
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Complexome profiling (CP) is a state-of-the-art approach that combines separation of native proteins by electrophoresis, size exclusion chromatography or density gradient centrifugation with tandem mass spectrometry identification and quantification. Resulting data are computationally clustered to visualize the inventory, abundance and arrangement of multiprotein complexes in a biological sample. Since its formal introduction a decade ago, this method has been mostly applied to explore not only the composition and abundance of mitochondrial oxidative phosphorylation (OXPHOS) complexes in several species but also to identify novel protein interactors involved in their assembly, maintenance and functions. Besides, complexome profiling has been utilized to study the dynamics of OXPHOS complexes, as well as the impact of an increasing number of mutations leading to mitochondrial disorders or rearrangements of the whole mitochondrial complexome. Here, we summarize the major findings obtained by this approach; emphasize its advantages and current limitations; discuss multiple examples on how this tool could be applied to further investigate pathophysiological mechanisms and comment on the latest advances and opportunity areas to keep developing this methodology.
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1 INTRODUCTION
Proteins, the so-called “workhorses” of life, are the tools that make living machines work (Adams, 2008). The vast majority of biological processes are thus structured, mediated and executed by these macromolecules. Even though many single proteins do perform specific functions by their own, most proteins habitually interact with other proteins, DNA, RNA and lipid molecules rather than acting individually for achieving their biological tasks. The resultant protein complexes can form transient or steady interactions, which also correlate with the type of biological processes they are involved in (De Las Rivas and Fontanillo, 2010). For example, housekeeping cell processes are likely performed by a large fraction of steady protein complexes, whereas in signaling, cell migration, membrane trafficking, metabolic response and other highly dynamic processes, involvement of transient complexes is definitely required for rapid responses and adaptation. The entire set of multi-protein complexes in a cell or compartment is referred to as the complexome (Deshaies et al., 2002; Ceulemans et al., 2006; Lasserre et al., 2006).
In situations where impaired interaction of the elements of a protein complex affect its proper formation; e.g., due to genetic mutations, the related cell process(es) could be compromised and result in biological dysfunction. Higher complexity in multicellular organisms is of course accompanied by larger complexomes than those from unicellular species. Therefore, alterations in protein complexes may affect not only multiple cell processes, but also lead to severe pathophysiological issues at the tissue/organ level. An integral elucidation of both complexomes and protein interaction networks; i.e., interactome (Vidal et al., 2011) under different cellular scenarios, becomes crucial to fully comprehend the molecular mechanisms behind cell physiology and disease.
Numerous biochemical, biophysical, structural, genetic, microscopy and mass spectrometry (MS) approaches have been applied to characterize protein complexes. Although these methods have different principles, in most cases, they require experimental interventions, cell/tissue fractionation, protein extraction and/or time-consuming protocols prior to data collection and analyses. Besides, the amount of information obtained is often limited to one or a small set of protein complexes. The recent breakthrough in quantitative high-throughput technologies and bioinformatic tools has substantially increased the efficiency and quality of the large-scale identification of protein interactors (Iacobucci et al., 2021; Low et al., 2021). Accordingly, an outstanding volume of evidence on the composition, 3D structure, interactions and molecular roles of hundreds of protein complexes is now easily accessible through multiple repositories, such as RCSB PDB (Burley et al., 2021), STRING (Szklarczyk et al., 2021), CORUM (Giurgiu et al., 2019), BioGRID (Oughtred et al., 2021), Pfam (Mistry et al., 2021), Complex Portal (Meldal et al., 2021), NCBI (Coordinators, 2016) and UniProt (UniProt, 2021). Yet, a substantial fraction of the protein interactors reported in those databases still lack full validation of their occurrence in vivo by using novel and more reliable methods.
A systematic approach known as complexome profiling (CP) has recently been introduced as a straightforward and unbiased way to explore protein complexes (Heide et al., 2012; Wessels et al., 2013). CP combines fractionation of protein complexes under native conditions with digestion and quantitative tandem MS-based identification of the derived peptides. Resultant data are clustered to visualize the inventory, abundance and arrangement of multi-protein complexes in a biological sample. Since its formal introduction a decade ago, CP has been primarily used in mitochondrial research (Kiirika et al., 2013; Senkler et al., 2017; Giese et al., 2021; Guerrero-Castillo et al., 2021b; Wittig and Malacarne, 2021); albeit CP can be applied to any kind of cellular fraction.
2 COMPLEXOME PROFILING
2.1 General Overview
The first requisite to carry out a CP experiment is the collection of biological material; e.g., tissue pieces/biopsies, cultured cells, enriched cell fractions, purified organelles, etc. These materials might also come from previous experimental interventions. Homogenization and cell fractionation methods should aim to keep the native state of protein complexes. For solubilization of membrane proteins, it is recommended to use mild, non-ionic detergents; e.g., Triton X-100, NP-40, dodecyl-maltoside, octyl-glucoside or digitonin (Eubel et al., 2005; Wittig et al., 2006). Next, native protein extracts are separated by a so-called “untargeted” method (Iacobucci et al., 2021), such as native electrophoresis, size-exclusion chromatography or density gradient ultracentrifugation (Figure 1). Regardless of the type of protein separation, CP follows a well-defined protocol that slightly differs among variants. In all cases, protein complexes are separated by size, hence, by shape and molecular mass. Each fraction is further digested with high-purity and specific proteases (e.g., trypsin, chymotrypsin and endoproteinase Lys-C) followed by MS/MS identification of the resulting peptides (Figure 1); i.e., bottom-up proteomics strategy (Zhang et al., 2013).
[image: Figure 1]FIGURE 1 | Overall workflow of complexome profiling (CP). After collection, homogenization and fractionation of biological materials, proteins are separated by either native polyacrylamide gel electrophoresis (PAGE), size exclusion chromatography (SEC) or density gradient ultracentrifugation (DGU) for CP studies. The obtained protein-containing fractions are individually digested with specific proteases. Resultant peptides are extracted, cleaned and usually separated by reversed-phase high-performance liquid chromatography (RP-HPLC) followed by tandem mass spectrometry (MS/MS) analysis. MS data can be acquired in data-dependent or data-independent modes, DDA or DIA, respectively. Next, a proteomic search is performed to match obtained MS spectra against proteome databases using a variety of available software. Icons of the most popular tools used for CP studies are shown (see Section 2.1 for details). Protein abundance profiles are further obtained by plotting LFQ/iBAQ values against the number of fractions. The list of identified protein groups is computationally sorted based on similarities of the abundance patterns across fractions; e.g., hierarchical clustering. Prior to analysis, complexome data are pre-processed to account for protein loading/MS sensitivity differences. Data correction and normalization between samples are regularly applied. In SEC- and native-PAGE-based CP, a mass calibration can be implemented for a more meaningful biological dimension. Data can be analyzed by using available bioinformatic tools specifically created for CP. Some of these programs are shown in the figure (see Section 2.4 for details). For reusing and further analysis, large CP datasets can be deposited and publicly shared through PRIDE (Proteome Xchange consortium) or the new dedicated website for CP, CEDAR.
Previous to MS analysis, peptides are usually separated based on their hydrophobicity by reversed-phase high-performance liquid chromatography (RP-HPLC) followed by electrospray ionization (ESI) to produce gas phase ions (Zhang et al., 2013). The majority of MS data for CP studies has been acquired in data-dependent mode (DDA); i.e., collection of a predefined number of precursor ions for fragmentation during the MS2 cycle is done according to their charge states and abundance (Hu et al., 2016). In conventional DDA modes, the possibility to identify low abundant peptides thus becomes significantly limited. To avoid this issue, acquisition strategies in data-independent mode (DIA) (Krasny and Huang, 2021), such as sequential window acquisition of all theoretical mass spectra (SWATH-MS) (Gillet et al., 2012), in which fragmentation of all precursor ions identified in the MS1 cycle can be analyzed in the MS2 cycle, have recently been introduced to CP-like workflows (Heusel et al., 2019; Bludau et al., 2020; Calvo et al., 2020).
MS spectra are routinely matched against a proteome database of the species of interest by using a variety of software/search engines (Figure 1), such as Mascot (Perkins et al., 1999), openMS (Rost et al., 2016), PEAKS DB (Zhang et al., 2012), Proteome discoverer (Orsburn, 2021), Protein Prospector (Chalkley et al., 2005) and MaxQuant (Tyanova et al., 2016a). In case that the proteome of the studied organism is not yet available or fully annotated, metagenome or transcriptome data are useful to generate a list of proteins and perform the search. Alternatively, peptide sequences might be deduced directly from tandem MS spectra by using database-independent computational approaches; i.e., de novo peptide sequencing (Tran et al., 2017).
Protein abundance profiles are further obtained by plotting, for example, label-free quantification (LFQ) (Cox et al., 2014) or intensity-based absolute quantification (iBAQ) (Schwanhausser et al., 2011; Tyanova et al., 2016a) values against the number of fraction. While LFQ intensities are typically utilized for comparing relative amounts of proteins in multiple samples, iBAQ values offer a more stoichiometric impression of the identified protein groups as those are proportional to their molar quantities. iBAQ values are calculated as the sum of all individual peptide intensities of a given protein group divided by its number of theoretical identifiable peptides. It is thus not surprising that the majority of CP studies use iBAQ since it enables a fair comparison between different protein groups in the same and multiple samples. Additional information regarding LFQ and other alternative methods have been reviewed in Fabre et al. (2014) and Wittig and Malacarne (2021). Ultimately, the list of hundreds or even thousands of identified proteins is mainly sorted based on similarities of the abundance patterns across fractions by hierarchical clustering analysis (Figure 1). Proteins that are part of the same complex consistently cluster together since these show co-migration in the same fraction(s) and similar abundance profiles.
2.2 Different Complexome Profiling Setups, One Common Goal
As a ground-breaking “-omics” method, CP has been rapidly developing and spreading among the scientific community. It is thus not striking that in less than a decade, multiple strategies have complemented or even improved its scope. At the same time, several limitations of CP have been circumvented gradually by including novel MS-based strategies, specific adaptions in sample processing and new tools for data analysis. All variants of CP do share a common goal nonetheless: to unravel the composition of protein complexes, as well as their abundance, stabilities, apparent molecular masses and stoichiometries.
The most used CP workflow, currently referred to as “classic CP” (Wittig and Malacarne, 2021), uses Blue Native-polyacrylamide gel electrophoresis (BN-PAGE) followed by MS identification. The main advantages of BN-PAGE are the relatively low amounts of biological material required and high-resolution separation of native proteins. BN-PAGE conditions keep proteins in similar native states to those occurring in vivo (Wittig et al., 2006). However, if the presence of Coomassie blue dye affects the stability of one or more protein complexes of interest, milder dye-free versions of native-PAGE can easily be used instead; e.g., high-resolution clear native-PAGE (hrCN-PAGE) (Wittig et al., 2007; Ladig et al., 2011). Native-PAGE is suitable for separation of proteins between ∼0.02–10 MDa. If the study requires interrogation of bigger protein complexes (>10 MDa), large pore BN-PAGE (LP-BN-PAGE) can be applied instead (Strecker et al., 2010; Heide et al., 2012).
After electrophoresis, entire gel strips are fixed and often cut into 32–70 slices followed by LC-MS/MS identification (Heide et al., 2012; Senkler et al., 2017; Vidoni et al., 2017; Giese et al., 2021). For CP analysis, slice numbers can be transformed into apparent molecular mass values by carrying out a calibration using standard proteins as exemplified in Wittig et al. (2010) and Heide et al. (2012). Molecular mass accuracy is optimized by using different sets of standard protein complexes, one for water-soluble proteins and the other for membrane proteins. On the whole, the more fractions collected the better resolution of the resultant profiles will be. In 2016, Müller and co-workers developed cryo-slicing Blue Native-Mass Spectrometry (csBN-MS), which helped increase the resolution, accuracy and quantification of the complexome profiles by slicing the BN-lanes in 230 pieces as well as optimizing MS analysis and protein identification (Muller et al., 2016). The resolution of complexome profiles obtained from ≤30 slices would not be suitable to unambiguously assign protein interactions.
Besides native-PAGE, size exclusion chromatography (SEC) and density gradient ultracentrifugation (DGU) have been implemented in different CP setups. Using SEC, native proteins are separated by filtration through a gel matrix (resin), which consists of spherical porous beads of different sizes depending on the desired range of molecular masses (Burgess, 2018). Elution of heavier proteins is faster than the lighter ones by this method. Apparent molecular masses of eluted fractions can be determined with proper standard mixes; although the mass calibration is more accurate for globular proteins (Hong et al., 2012; Korepanova and Matayoshi, 2012). SEC resins are suitable for separating proteins in a wide range of molecular masses; e.g., 1–700 kDa (Sephadex™, Superdex™); 5–5,000 kDa (Superose™) and 0.01–40 MDa (Sepharose™). The number of fractions that can be collected after SEC is comparable to those aforementioned. For example, in the recently introduced SEC-SWATH-MS approach (Heusel et al., 2019), 81 fractions were collected, subjected to MS identification and examined by complex-centric proteome analysis. This CP setup led to higher sensitivity and accuracy in protein quantification, less noise, and validation of protein interactions. SEC has been particularly useful in CP studies characterizing large protein complexes, such as nuclear components (Connelly et al., 2018). However, key limitations of SEC-involving CP setups would be the larger amounts of biological material required, loss of protein interactions by dilution, formation of self-oligomers and inadequate identification of membrane and low abundant protein complexes (Burgess, 2018; Heusel et al., 2019; Iacobucci et al., 2021).
On the other hand, DGU uses solutions of different densities made of glycerol, sucrose, cesium chloride, iodixanol or Ficoll® through which protein complexes are separated based on their sedimentation rates, where heavier complexes sediment faster. DGU is an excellent technique for separating large protein complexes, ribosomes, membrane vesicles and subcellular organelles. DGU is also suitable to separate cleared cell lysates as well as immunoprecipitation (IP)-captured protein complexes (Lee and Skalnik, 2013; Caudron-Herger et al., 2019). After separation, most of resolved protein complexes remain in near-native states. In a recent study, a reliable DGU-based CP variant, referred to as quantitative density gradient analysis by mass spectrometry (qDGMS) has been developed to study the human mitoribosome (Palenikova et al., 2021a). qDGMS combines stable isotope labeling by amino acids in cell culture (SILAC) and DGU followed by fractionation and LC-MS/MS analysis. SILAC is a MS-based technique that quantifies the differences in protein abundance/expression among biological samples (Ong et al., 2002). In conventional SILAC, two different cell lines/strains are cultured using media supplemented with either “heavy” or “light” essential aminoacids that are labeled with non-radioactive isotopes (e.g., 13C, 2H, 18O, 15N) or unlabeled, respectively (Geiger et al., 2011). The specific labeled aminoacids are hence incorporated into all cell proteins during cell growth. Proteins of cell lysates/fractions obtained from the two samples are mixed (1:1), digested and analyzed together by LC-MS/MS. The isotope-labeled peptides appear in MS spectra as pairs with identic chemical composition but different masses. Ratios of intensities for the many identified peptide pairs thus denote the respective changes in protein abundance between samples. Incorporation of SILAC not only in qDGMS but also in classic CP allows duplexing, MS time-saving and, most important, higher accuracy of quantification in proteomic analysis of two experimental conditions (Palenikova et al., 2021a; Palenikova et al., 2021b).
A major challenge of DGU relies on retrieving of fractions without manual disturbance of the resolved layers. To account for this issue, several strategies and devices have been developed, including commercially available automatic fractionators and freezing the gradient after centrifugation followed by cryo-slicing to fractionate samples consistently (Yu et al., 2016). Location of resolved proteins by DGU is considerably more spread when compared to native-PAGE or SEC, which means that increasing the number of fractions does not necessarily lead to higher resolution. Furthermore, sedimentation rates do not only depend on molecular masses of protein particles but also on shape and densities from both the particles and fluid used for making the gradient (Cole et al., 2008). For these reasons, co-migration of identified proteins by this CP setup does not immediately represent actual associations rather than merely similar sedimentation rates.
2.3 Other Mass Spectrometry-Based Approaches Related to Complexome Profiling
Additional untargeted MS-based assays have been described in the literature, which share the same principles of a CP experiment. The group of Matthias Mann developed protein correlation profiling (PCP) by combining DGU and quantitative MS to identify and validate several components of the human centrosome (Andersen et al., 2003). A few years later, Harner and co-workers applied PCP to discover the mitochondrial contact site (MICOS) complex (Harner et al., 2011). The further inclusion of hierarchical clustering and bioinformatic analysis of PCP data improved substantially this method leading to a broader characterization of both organelle and cell complexomes (Foster et al., 2006; Havugimana et al., 2012). PCP has also been related to co-fractionation coupled to MS (CoFrac-MS) experiments (Bludau, 2021). In CoFrac-MS, ion-exchange chromatography (IEX) or SEC have however been used for a higher resolution separation of protein complexes by their charges or hydrodynamic radii, respectively (Bludau and Aebersold, 2020). The combination of PCP/CoFrac-MS with other techniques, such as SILAC or stable isotope labelling in mammals (SILAM) have been proven valuable in proteome-scale interactome studies across cells (Kristensen et al., 2012) and tissues (Skinnider et al., 2021).
CP-like approaches using BN-PAGE followed by MS analysis have also been applied in different studies. A systematic proteomic analysis of series of 15 protein bands excised from individual BN-gel lanes allowed the identification of subunits of the mitochondrial respiratory complexes and was helpful to correctly re-assign NDUFA4, previously misidentified as a complex I subunit, as a bona fide component of the cytochrome c oxidase (Balsa et al., 2012). Likewise, Cogliati and co-workers separated mitochondrial proteins from mice by BN-PAGE and cut the strips in 26 slices before MS identification (Cogliati et al., 2016a) using a data-independent scanning (DiS) method (Guaras et al., 2016). The latter workflow has recently been standardized and referred to as Blue-DiS (Calvo et al., 2020).
2.4 Complexome Profiling Data Analysis and Visualization
Huge output files are obtained in CP studies after protein searches, which usually contain all data necessary for further analysis, including identified protein groups, unique peptides, sequence coverage, MS/MS counts, scores, LFQ/iBAQ values from each fraction, etc. The most common visualizations of a complexome profile are heatmaps accompanied by line charts plotting the LFQ/iBAQ values throughout the fractions (Figure 1). Complexome profiles of a short set of proteins can be manually generated and analyzed. Yet, the large volume of protein identifications in CP datasets makes full manual inspection impractical. In the last years, several tools have been specifically designed for automated processing and exploration of CP datasets.
ComplexomeMap has been developed as an online public platform for mining the mitochondrial complexome of plants Arabidopsis thaliana and Viscum album (Senkler et al., 2017). NOVA is a user-friendly software to perform cluster analysis, mass calibration, normalization, visual inspection, links to protein databases and comparison of experimental conditions (Giese et al., 2015). The software COPAL has proven helpful for analyzing multiple CP datasets, aligning experimental replicates and detecting significantly affected protein complexes (Van Strien et al., 2019). It also generates files that can be directly used for gene set enrichment analysis. ComPrAn, a Shiny R app, has been developed for analyzing qDGMS data; this tool enables analysis of peptide-level data, normalization, clustering, visualization options and a graphical user interface (Palenikova et al., 2021a). In addition, ComPrAn is particularly useful to analyze proteomic data obtained from SILAC-treated samples. ComplexFinder, a Python-based software suit, has recently been released to analyze fractionation of native protein complexes, particularly from BN-PAGE- or SEC-based CP experiments (Nolte and Langer, 2021). This tool allows machine learning-based prediction of potential protein-protein interactions (PPIs) and high flexibility in CP data analysis. ComplexFinder also provides improved peak-centric quantification and kinetic modelling, protein connectivity networks and compatibility with different quantification strategies. CCprofiler is a robust R package for analyzing co-fractionation MS datasets, which has been originally designed for SEC-SWATH-MS (Heusel et al., 2019). CCprofiler and its web interface, SECexplorer, offer multiple functions, such as quality control and filtering for less erroneous assignment of protein interactors, usage of curated reference datasets, protein quantification, protein- and complex-centric data analysis and visualization.
Other software available for proteomic and interactome analysis can also be used for CP data processing. For instance, free tools such as Perseus (Tyanova et al., 2016b), PrInCE (Stacey et al., 2017) and EPIC (Hu et al., 2019) may provide suitable options for visualization, protein quantification, statistical analysis, prediction of PPIs from co-fractionation data, obtention of supporting info from public repositories and/or cross-omics comparisons.
2.5 Storage, Sharing and Examination of Complexome Profiling Data
Although CP datasets contain a long list of identified proteins, the majority of studies have focused only on a small subset of the identified protein complexes. Naturally, the amount of information contained in those datasets could be useful not only to unveil uncharacterized PPIs, but also to validate previously reported protein complexes. All these under-explored results thus represent a valuable source of information, which could be reused and further mined by other researchers. To achieve this purpose, the ComplexomE profiling DAta Resource (CEDAR) has recently been established as the first website for depositing and sharing CP data (van Strien et al., 2021). A standardized format containing the minimum information required for a CP experiment (MIACE) ensures compatibility and correct retrieval of data. CEDAR is able to link access to raw MS data and other files deposited parallelly in the known repository PRIDE (ProteomeXchange consortium) (Perez-Riverol et al., 2019). Additionally, CEDAR has a profile viewer tool that allows users to examine CP data directly on the website. Since its release in June 2020, 24 complete CP experiments encompassing a total of 146 samples have been submitted to CEDAR (web V1.1, accessed October 6, 2021). CP data from 11 species covering different life domains are already accessible (Figure 2).
[image: Figure 2]FIGURE 2 | Different species used in complexome profiling studies. Phylogenetic tree including all the species reported in complexome profiling (CP) studies until November 2021. As it can be seen, CP has been used to study multiple species covering the three different life domains. Where a tree-like icon is shown next to the species name, CP data are currently available on CEDAR (https://www3.cmbi.umcn.nl/cedar/browse/). The template of the tree was generated online using Interactive Tree of Life (iTOL) v6.3.3 (https://itol.embl.de/) and further edited manually.
It should be mentioned that the data available through CEDAR are just a fraction of the CP studies reported in the literature. At present, ∼145 publications mentioning the term “complexome” (or complexomic/complexomics) have been found in PubMed (NCBI) records; ∼62 publications correspond to CP-related studies, reviews, methods and software tools (Figure 3). In ∼40 and ∼18 publications, CP has been used for mitochondrial research or to study protein complexes involved in disease, respectively (Figure 3). As the number of CP publications continues accelerating, it is desirable that future studies using this approach would also share resultant CP datasets publicly through CEDAR to simplify their reuse by the scientific community and keep expanding its valuable offer.
[image: Figure 3]FIGURE 3 | Reported studies in the literature including the complexome profiling approach. Since the introduction of the term “complexome” back in 2002 (*), ∼145 publications referring to this term have been reported in PubMed (NCBI) (blue line). Formal introduction of complexome profiling (CP) in 2012 (**). In less than 10 years, ∼62 studies have applied CP (orange line), where ∼40 and ∼18 publications are related to mitochondrial research (green line) or to protein complexes involved in disease (purple line), respectively. The positive tendency of multiple groups around the world implementing CP to study protein-protein interactions in both fundamental- and disease-related studies as a standard method is incontrovertible.
3 COMPLEXOME PROFILING AS A TOOL TO INVESTIGATE MITOCHONDRIAL PROTEIN COMPLEXES
Mitochondria are traditionally known as the eukaryotes’ “powerhouses” since they contain all the enzymes required to generate ATP via the oxidative phosphorylation (OXPHOS) pathway. This process is catalyzed canonically by four respiratory chain complexes (I, II, III and IV) and a F1FO-ATP synthase (complex V). Complexes I, III and IV couple the energy released during electron transfer to oxygen to the generation of an electrochemical gradient of protons across the inner mitochondrial membrane (IMM). The proton gradient not only drives the synthesis of ATP, but also other processes such as metabolite transport, protein import, redox and Ca2+ homeostasis, fusion/fission, signaling and cell death. These organelles do also contain their own genome, also known as mitochondrial DNA (mtDNA), which encodes for a few but essential subunits of OXPHOS complexes. The roles of mitochondria are thus not limited to their energy duties. These organelles are multi-functional “hubs” critical to almost every cell process.
Despite of the great progress in molecular characterization and structure elucidation of numerous mitochondrial protein complexes, mostly OXPHOS- and mitoribosome-related proteins, a large number of mitochondrial PPIs remain elusive. In the last years, however, CP has proven valuable for identifying novel protein interactors, validating previous results and shedding light on intricate assembly pathways. In this section, we summarize these findings and describe how CP has boosted the analysis of protein complexes in the mitochondrial research field. Expectedly, most of these findings are again related to components or mediators of the assembly of OXPHOS complexes, energy metabolism-linked proteins and mitoribosomes.
The first groups that established CP have also been interested in the many features of OXPHOS and in particular of complex I (CI). CI is the largest redox enzyme of the mitochondrial respiratory chain constituted by ∼45 subunits depending on the species. CI generates proton-motive force driven by the transfer of electrons from NADH to ubiquinone (Hirst, 2013). Although the redox features and composition of mitochondrial CI in several species were already known by the start of the 2010s, major queries on this enzyme had yet unresolved: its entire 3D structure, its energy-conversion mechanism and how it assembles. To help tackle the last one, the formal introduction of CP by Heide and co-workers was useful to identify TMEM126B interacting with the known CI assembly factors NDUFAF1, ECSIT and ACAD9 (Heide et al., 2012). TMEM126B knockdown in 143B osteosarcoma cells led to ∼95% specific decrease in CI-containing supercomplexes, i.e., supramolecular associations of complexes I, III and IV. These results thus proposed TMEM126B as a CI assembly factor. In an earlier report using HEK293 cells, Wessels and co-workers identified with a similar approach two other assembly factors of CI: C6ORF66 and C3ORF60 (Wessels et al., 2009), currently known as NDUFAF4 and NDUFAF3, respectively. In this study, mitochondrial proteins were separated by BN-PAGE followed by LC-MS/MS identification, but comparison of migration patterns was limited to the use of PCP.
A few years later, a dynamic CP strategy was successfully implemented to describe the step-by-step integration of the subunits, assembly factors and the different assembly intermediates of human CI (Guerrero-Castillo et al., 2017a). The authors used CP data from time-based mitochondrial translation recovery to describe a number of assembly intermediates of CI accumulating at various timepoints after removal of chloramphenicol, a reversible inhibitor of mitoribosomes (Ugalde et al., 2004). These data corroborated the long time proposed modular assembly pathway of CI, which basically involves the coordinated formation and pre-assembly of its functional modules, N, Q, PP and PD, before forming the entire enzyme. This study also provided insight into the specific involvement of earlier reported assembly factors and novel interactors. Complex IV (CIV) assembly-related chaperone COA1 and TMEM186 were clearly found associated with membrane arm intermediates that also interact with TMEM126B, NDUFAF1 and ECSIT. At present, all these proteins have been recognized as true components of the so-called mitochondrial CI assembly (MCIA) complex (Formosa et al., 2020). ATP5SL clustered with FOXRED1, another CI assembly factor. However, ATP5SL disruption did not lead to CI deficiency (Andrews et al., 2013) and its involvement in the assembly pathway is thereby unclear. Complex V assembly-involved protein TMEM70 was also identified in assembly intermediates of CI. To further explore the putative role of TMEM70 on CI assembly, Sánchez-Caballero and co-workers performed a study including proximity-dependent biotin identification (BioID), co-evolution analyses and CP (Sanchez-Caballero et al., 2020). In this study, TMEM70 was found in close contact with subunits of complexes I and V, as well as the small mitoribosome subunit. The absence of TMEM70 resulted in slight depletion of fully assembled CI and accumulation of assembly intermediates of the distal part of the membrane arm of CI, whereas mature complex V (CV) content was ∼70% lower than in the control cell line. These authors showed TMEM70 as a non-essential assembly factor of complexes I and V, and proposed a possible role in tethering mitoribosomes to the IMM during translation.
Apart from studies in human cells, CP has also been used to study the role of several accessory subunits of CI in different models. For example, Kmita and co-workers analyzed the assembly of CI in a deletion strain of the yeast Yarrowia lipolytica lacking the Zn2+-containing subunit NUMM/NDUFS6 (Kmita et al., 2015). Absence of this subunit did not prevent formation of the entire CI, since a lower enzyme content and higher fraction of peripheral arm subcomplexes were observed. Unexpectedly, the almost fully assembled CI contained the assembly factor N7BML/NDUFAF2 bound instead of accessory subunit N7BM/NDUFAF12. Moreover, Angerer et al. implemented CP in a study on the mitochondrial acyl carrier proteins (ACPM) 1 and 2, which are accessory subunits of CI and contain LYR motifs (Angerer et al., 2014). Although ACPM1/2 are predominantly associated to CI, ACPM1 was also found as a free protein in the matrix and forming a complex with LYRM4(ISD11)/NFS1 involved in iron-sulfur cluster biosynthesis. Furthermore, two different groups in parallel unveiled the existence of two isoforms of the peripheral arm subunit NDUFV3 of CI in mammals (Bridges et al., 2017; Guerrero-Castillo et al., 2017b). An extra exon present in gene NDUFV3 can be alternative spliced, hence generating short and long isoforms of ∼10 and ∼50 kDa, respectively. CP helped find a different expression of these isoforms in different tissues of bovine, mouse and rat as well as in cultured human cells. The canonical short isoform was predominantly identified in heart and skeletal muscle, whereas the large isoform was the foremost isoform in liver, brain and lung tissues. Both NDUFV3 isoforms can also be expressed at the same time and correctly assembled onto CI in some tissues; yet, one isoform predominated in each case.
Other OXPHOS complexes and their chaperones have also been explored by CP. Singhal et al. identified the product of ORF YDR381C-A as an assembly factor of yeast complexes III and IV (Singhal et al., 2017). This protein was renamed as cytochrome c oxidase interacting protein 1 (Coi1), which occurs only in fungi. Deletion of Coi1 resulted in severe alteration of mitochondrial function, diminished amounts of CIV-associated heme, defective assembly of complexes III, IV and their supercomplexes, as well as accumulation of assembly intermediates. Vidoni and co-workers reported that the short isoform of myofibrillogenesis regulator 1 (MR-1S) associates with chaperones PET100 and PET117 to mediate human CIV assembly (Vidoni et al., 2017). Authors implemented not only CP to study assembly intermediates accumulated in control and MT-CO3 mutant cybrids, but also SILAC and quantitative MS.
CP has been helpful to better understand the formation of supercomplexes or respirasomes. The specific factors for mediating this process remain unclear. COX7A2L, also known as SCAFI, has been shown critical for the association of complexes III and IV (Perez-Perez et al., 2016). Its putative involvement in larger respirasome formation has also been reported (Lapuente-Brun et al., 2013). To better understand the role of SCAFI, Férnandez-Vizarra et al. explored the mitochondrial complexome of a SCAFI knockout human cell line by SILAC-based CP (Fernández-Vizarra et al., 2021). Absence of SCAFI resulted in marked loss of supercomplex III2-IV, whereas CI-containing respirasomes were not affected. In contrast, authors showed that ∼70% of respirasomes contained COX7A2 in either human cell line analyzed. This discrepancy has apparently been related to a tissue-specific expression of the two isoforms (Lapuente-Brun et al., 2013). On the other hand, Protasoni and co-workers demonstrated that absence of a fully assembled complex III (CIII) in a MT-CYB-deficient human cell line stalled CI biogenesis by preventing the integration of its N-module (Protasoni et al., 2020). Although substantial accumulation of partially assembled Q/P intermediate was observed by SILAC-based CP, a slight fraction of CI could still be detected. Reasonably, respirasome assembly was totally lost in the mutant. Besides, assembly of CIV was affected since several COX subunits were found associated with CIII sub-assemblies; hence interfering their correct assembly. It has thus been proposed that human complexes I, III and IV assemble in a cooperative fashion, where CIII seems to be central.
Mitochondria are characterized by a highly folded IMM. These folds, called cristae, have emerged as dynamic compartments whose shape and dimensions influence structure and functioning of the OXPHOS system (Cogliati et al., 2016b). A key player in shaping cristae appears to be the MICOS complex, which also interacts with the sorting and assembly machinery (SAM) complex from the outer mitochondrial membrane (OMM) (Huynen et al., 2016). Interaction of these two complexes constitutes the mitochondrial intermembrane space bridging (MIB) complex (Ott et al., 2015). Since its relatively recent discovery (Harner et al., 2011), much of what we know about the MICOS complex has been derived from CP-based studies.
For instance, Weber and co-workers identified apolipoprotein O (APOO/MIC26) and apolipoprotein O-like protein (APOOL/MIC27) as potential components of the human MIB complex (Weber et al., 2013). Huynen and co-workers described the composition and apparent masses of the fully assembled MIB complex (2.2–2.8 MDa) and other putative assembly intermediates, e.g., the free MICOS complex (∼700 kDa) (Huynen et al., 2016). Anand et al. identified MIC13 (QIL1) as a novel MICOS complex subunit (Anand et al., 2016). Deletion of MIC13 resulted in a smaller albeit still assembled MICOS complex while having no effect on integrity of OXPHOS complexes. They also demonstrated a disruptive effect of MIC13 deletion on cristae morphology accompanied by reduced respiratory capacity. The same group used a similar approach to characterize MIC26 and MIC27 (Anand et al., 2020). They showed negative effects on CV stability as well as cristae morphology defects both of which were much more pronounced in the double knockout than either single knockout, suggesting overlapping roles. Assembly of other MICOS components was however unimpeded by MIC26/27 knockouts, proposing these proteins are not essential for its assembly or stability. The link of MICOS components to CV was further explored by Eydt et al. (2017), showing that MIC10 comigrates with CV dimers. Additionally, they presented evidence that MIC10 acts antagonistically to MIC27 in negatively controlling CV oligomerization, while MIC27 appears to be a positive regulator. A recent paper by Bock and co-workers reported the interaction of PGC-1- and ERR-induced regulator in muscle 1 (PERM1) with multiple components of the MICOS/MIB complex as well as vimentin and ankyrin B in skeletal muscle from mouse (Bock et al., 2021). These findings suggested a novel mechanism to help understand not only the interconnection of mitochondria and sarcolemma but also mitochondria-cytoskeleton associations as well as the organization of a functional mitochondrial network in this tissue. Taken together CP has greatly aided our understanding of MICOS/MIB complex composition, the role of individual subunits and its interaction with OXPHOS complexes.
The IMM contains other key protein complexes involved in proteolytic events, fusion/fission of mitochondrial membranes, regulation of cristae morphology and cell signaling. Some of these proteins belong to the SPFH (stomatin, prohibitin, flotillin and HflC/K) family and usually arrange as large scaffolds. To have a clearer picture, Wai and co-workers implemented CP to unveil the interaction partners of stomatin-like protein 2 (SLP2) and at least two proteases, PARL and YME1L, in immortalized embryonic fibroblasts mitochondria (Wai et al., 2016). SLP2 works as a regulator of PARL, which also modulates other proteins such as PGAM5, PINK1 and OMA1. These interactions were suggested to occur in defined sites of the IMM and related to mitochondrial proteostasis, dynamics and cell survival. Similarly, Konig and co-workers identified MAIP1 (C2Orf47) as a novel m-AAA protease-binding protein in complexome profiles (Konig et al., 2016). MAIP1 was shown essential for regulating the assembly of subunit EMRE into mitochondrial Ca2+ uniporter (MCU) complexes.
CP has also played an important role in the field of plant and parasite mitochondrial biology. Using CP, Senkler and co-workers performed a systematic characterization of mitochondrial complexes in the plant A. thaliana (Senkler et al., 2017). CP data were also useful to update the subunit composition of OXPHOS complexes and identifying respective assembly intermediates. This group then used the same approach on mitochondria from the mistletoe V. album, revealing a highly unusual OXPHOS system (Senkler et al., 2018). This species completely lacks CI, the only multicellular eukaryote to date with this distinction; instead, V. album contains alternative NAD(P)H oxidoreductases. This species also expresses an alternative oxidase and its complexes III and IV are firmly associated as supercomplexes. In comparison to A. thaliana, the abundance of complexes II and V was particularly low, suggesting a shift in stoichiometry of the OXPHOS complexes in the IMM of this plant. Rugen and co-workers took a more focused CP strategy to investigate the composition of the mitoribosome in A. thaliana (Rugen et al., 2019). Utilizing LP-BN-PAGE- and DGU-based CP setups, several non-conventional proteins were found attached to the mitoribosome, mostly from the class of pentatricopeptide repeat proteins that seem to be involved in RNA processing and protein maturation. Presence of these additional interactors results in a larger mitoribosome with unusual large and small subunits of ∼3 and ∼5.7 MDa, respectively. Additional functions are thus likely incorporated into the plant mitoribosome.
Due to their extreme divergence, apicomplexan parasites of the genera Plasmodium and Toxoplasma that cause the infectious diseases malaria and toxoplasmosis, respectively, remain poorly understood. In fact, more than one-third of their genes still lack any functional annotation (Aurrecoechea et al., 2009; Harb et al., 2020). To help narrow this gap, Evers et al. and Maclean et al. obtained evidence for highly divergent composition of the mitochondrial OXPHOS complexes in Plasmodium falciparum and Toxoplasma gondii, respectively (Evers et al., 2021; Maclean et al., 2021). More than 30 novel subunits across complexes II, III, IV and V with no recognizable orthologs outside of the myzozoan phylum could be identified by CP. These novel subunits did not only replace subunits typically observed in standard models, but also increased the size of P. falciparum OXPHOS complexes by around 50, 50, 130 and 70% as compared to complexes II, III, IV and V from mammalian mitochondria, respectively. This was consistent with the observations in T. gondii, thus making apicomplexan OXPHOS complexes the largest described to date. Furthermore, abundance of OXPHOS complexes was ∼32 fold increased in the transmissible gametocyte stages compared to the pathogenic asexual stages of P. falciparum (Evers et al., 2021). This finding offered protein-level support for the long-standing hypothesis that malaria parasites undergo a metabolic switch towards mitochondrial catabolism to facilitate their transmission back to the insect vector (MacRae et al., 2013). Despite its relatively recent introduction to the field of parasite research, CP has already provided valuable data for mapping a number of previously unknown interactors to protein complexes and biological processes. As these novel additions are unlike what is known from standard models, it opens the door for new discoveries, even in pathways as fundamental as respiration.
4 THE MITOCHONDRIAL COMPLEXOME AND HUMAN DISEASE
In the last years, several metabolic diseases have been characterized along with accompanying complexome studies of human subjects carrying mutations in subunits of the OXPHOS complexes, assembly factors or proteins required for efficient mitochondrial protein biosynthesis. Most of these studies involved patients with metabolic disorders that affect mitochondrial processes leading to heterogeneous clinical manifestations ranging from mild to severe phenotypes. These studies analyzed subcellular preparations from primary skin fibroblasts from patients and controls, or from cell lines with genetic mutations/deletions used as disease models. CP analysis revealed either changes in abundance of specific protein complexes, indicating alterations of their relative steady-state levels in comparison to the controls, or molecular mass shifts resulting from the loss of protein components or from destabilization of the complexes. Beyond the described main alteration of the complex directly involved with the respective genetic mutation, an enormous amount of information can be retrieved from the deposited complexome data of these studies that could potentially be re-analyzed and investigated, for instance, in relation to the clinical features of these patients. Such in-depth characterization of the mitochondrial proteome at the level of macromolecular complexes in disease states may conceivably help uncover molecular basis and consequences of metabolic disorders and, importantly, could serve to identify molecular targets for developing novel therapeutic strategies. In this section, we summarize studies of genetic defects causing metabolic diseases in human subjects and mutations in model organisms analyzed to date by CP (Table 1).
TABLE 1 | Complexome profiling studies in biomedical research.
[image: Table 1]4.1 Complex I Deficiency
CI deficiencies may potentially originate from genetic defects in either the seven genes encoded in the mtDNA or in the 37 subunits and the increasing number of assembly factors encoded in the nuclear DNA (Fassone and Rahman, 2012; Sánchez-Caballero et al., 2016a). Pathogenic mutations in patients have been found in the majority of CI subunits and in many assembly factors (Rodenburg, 2016), and the number of mutations identified continuously grows. Since TMEM126B was the first assembly factor of CI identified by CP, it was not unexpected that the first complexomes from patient fibroblasts with genetic alterations described in the literature belonged to subjects harboring mutations in this gene. Independently, two research groups described six (Alston et al., 2016) and three (Sánchez-Caballero et al., 2016b) subjects, respectively, presenting isolated CI deficiency with muscle weakness in most cases and with recessive mutations, evidenced by whole exome sequencing, in the gene encoding TMEM126B. Complexome profiles of three subjects revealed aberrant migration patterns of CI subunits with decreased abundance of mature CI-containing supercomplexes at ∼1.7 MDa and accumulation of assembly intermediates. In both studies, increased steady-state levels of subunits belonging to the Q-module plus assembly factors NDUFAF3 and NDUFAF4, and to the P-distal ND4 module indicated stalled assembly intermediates of these unaffected modules, suggesting that TMEM126B takes part, together with the other MCIA complex components, ACAD9, NDUFAF1 and ECSIT, in the assembly of the P-proximal ND2 module. Complementation of patient fibroblasts using lentiviral expression of wild-type TMEM126B partially restored the abundance of CI-containing supercomplexes and decreased the abundance of Q- and P-module assembly intermediates, validating its role as assembly factor. Notably, specific ubiquitination and further degradation of this assembly factor has been implicated in a regulatory mechanism to decrease CI content and consequently oxygen consumption under hypoxic conditions (Fuhrmann et al., 2018).
Complexome profiles of patient fibroblasts with mutations either in a subunit or in an assembly factor of the Q-module, NDUFA6 and NDUFAF8, respectively, proved useful to corroborate the pathogenicity of the respective mutation and for pointing out the stage in which CI assembly was stalled. Bi-allelic mutations in NDUFA6, a LYR-motif subunit important for proper functioning of ubiquinone redox chemistry (Galemou Yoga et al., 2020), were found responsible for defects in CI assembly (Alston et al., 2018). In one of the three subjects studied, it has been found a decrease not only in the subunits of the Q-module, NDUFA6, NDUFA7 and NDUFA12, but also in subunits belonging to the N-module, correlating with the more severe phenotype observed in this subject. Of note, in these three patients, assembly factor NDUFAF2, which is known to interchange for subunit NDUFA12 in a late assembly step (Pereira et al., 2013), remained to some extent bound to CI intermediates, indicating that also in the other two subjects N-module incorporation was inefficient. On the other hand, NDUFAF8 has been identified to physically interact with NDUFAF5 (Floyd et al., 2016), an assembly factor of CI required to hydroxylate an arginine residue of the Q-module subunit NDUFS7 (Rhein et al., 2016). Alston and co-workers identified three subjects presenting Leigh syndrome with bi-allelic mutations in NDUFAF8 causing isolated CI deficiency (Alston et al., 2020). Complexome profile of one of the patients revealed decrease abundance of CI-containing supercomplexes. Consistent with the role of this protein in early CI assembly, NDUFAF8-mutated patient fibroblasts showed incomplete formation of the Q-module since neither its signal nor the fraction of this module holding assembly factors NDUFAF3/4 were observed. These fractions are visible even in control cells where CI assembly process occurs normally; in particular the more prominent one including the assembly factors. In contrast, accumulation of the earliest Q-module sub-assembly formed only by subunits NDUFA5, NDUFS2 and NDUFS3 has been described. In addition, accumulation of the P-distal ND4 module has also been reported.
Extending the genotype of CI deficiency, pathogenic mutations in subunit NDUFC2 have been identified in two unrelated children presenting Leigh syndrome (Alahmad et al., 2020). CP analysis from both subjects indicated severe impairment of CI assembly since abundance of CI-containing supercomplexes decreased prominently. In addition, intermediates composed by subunits of the Q-module, the Q/P-proximal module and the P-distal ND4 module accumulated, suggesting that stalling of CI assembly in these patients occurred at the intermediate stage (Guerrero-Castillo et al., 2017a). Comparably, mutations in the gene encoding TMEM70 have been identified in patients with deficiencies in complexes I and V (Jonckheere et al., 2011). The importance of TMEM70 in CV assembly has become clear from many mutations identified in human subjects (Cízková et al., 2008; Honzík et al., 2010), but recently in-depth analyses of complexome profiles delineated the role of TMEM70 in the formation of the F1-c intermediate (Sanchez-Caballero et al., 2020). In regard to CI however, accumulations of assembly intermediates corresponding to the Q/P-proximal module as well as to the P-distal ND5 module, evidenced by complexome profiling of TMEM70 knockout HAP1 cells, indicated stalling of CI assembly at the binding of P-distal ND4 module to these intermediates (Sanchez-Caballero et al., 2020).
CI deficiency may not exclusively originate from pathogenic mutations in structural components and assembly factors, but also from mutations in genes involved in the maintenance and repair of damaged subunits. In an exhaustive study including 29 families (Stenton et al., 2021), Stenton and co-workers identified mutations in DNAJC30 as a cause of LHON syndrome. Co-migration of DNAJC30 with OXPHOS supercomplexes was identified in the control but not in the patient complexome profile. The abundance of CI assembled into supercomplexes, slightly higher in the patient samples, excluded a role of DNAJC30 in the assembly of CI. Instead, turnover of subunits of the N-module of CI that are more frequently interchanged during optimal maintenance was slowed down, implicating DNAJC30 in a repair mechanism of CI still associated into the supercomplex. Interestingly, the ATP-dependent serine protease CLPP, whose mutations in humans are known to cause Perrault syndrome (Jenkinson et al., 2013), has also been implicated in CI repair by selectively replacing subunits of the N-module that are exposed to oxidative damage (Szczepanowska et al., 2020).
4.2 Complex III Deficiency
Proper assembly of CIII is not only important for generation of proton-motive force driven by the enzymatic oxidation of ubiquinol molecules produced by multiple dehydrogenases localized in the IMM, but also, at the core of respiratory supercomplexes, for structural stabilization of complexes I and IV. This phenomenon has been observed in several CIII-deficient patients where the activity and content of CI and CIV were concomitantly decreased (recently reviewed by Vercellino and Sazanov, 2021). In addition, a SILAC-duplexed CP study of cells lacking subunit cytochrome b due to a 4-bp deletion in MT-CYB and therefore unable to form holo-complex III, was consistent with a role of CIII-containing supercomplexes in CI maturation, since a late assembly intermediate containing assembly factor NDUFAF2 accumulated in cells with mutated cytochrome b (Protasoni et al., 2020). In contrast, mutations that partially affect the enzymatic activity of CIII, but not its assembly, do not compromise the stability and activity of CI and CIV. For instance, using a mouse model of CIII deficiency by deletion of TTC19, a protein involved in the removal of inhibitory proteolytic fragments of the Rieske iron-sulfur protein from the holo-complex, Bottani and coworkers showed that while the activity of CIII decreased in the tissues tested, the content and activity of CI and CIV were hardly altered (Bottani et al., 2017).
4.3 Complex IV Deficiency
Respiratory complex IV is a terminal oxidase that transfers electrons from soluble cytochrome c to oxygen, which also generates proton-motive force. Although no complexomes from patients with mutations in subunits or assembly factors of CIV have been described so far, multiple cell lines representing disease models of its deficiency have lately been characterized by CP. A complexome study of COX4I1/2 double knockout using HEK293 cells illustrated the interdependency of OXPHOS complexes in terms of their assembly and stability (Cunatova et al., 2021). The lack of subunits COX4I1/2 completely abolished formation of CIV. This is consistent with the role of this subunit forming an early assembly intermediate with COX5. In the absence of CIV, a pronounced decrease in the abundance of the CIV-containing supercomplexes have certainly been evidenced, whereas supercomplex I-III2 (S0) and complexes II, III and V remained unaffected. Notably, even if complex V forms large macromolecular assemblies that are independent of respirasomes, its interconnection to other OXPHOS complexes became apparent by the accumulation in COX4I1/2 double knockout cells not only of the F1 segment, but also of the early FO intermediate containing subunits ATP5MF, ATP5PB, ATP5ME and ATP5MG.
Similarly, Lobo-Jarne and co-workers analyzed the effects of the lack of CIV holoenzyme on the stability of respiratory complexes and respirasomes using trans-mitochondrial cybrids of human osteosarcoma 143B cells harboring nonsense mutations in mitochondrial genes MT-CO1 and MT-CO2 that resulted in truncated versions of subunits COX1 or COX2, respectively (Lobo-Jarne et al., 2020). In contrast to control 143B cells that, besides monomeric CIV, contained larger assemblies of this complex corresponding to IV2, III2-IV and respirasome I-III2-IV (S1), in cybrids with truncated COX1 and COX2 no CIV was formed but S0 remained stable. In the absence of COX1, the only detected assembly intermediate contained subunits COX4 and COX5, whereas the lack of signals of all other unassembled CIV subunits indicated their degradation. Conversely, cells lacking COX2 displayed, in addition to the heterodimer intermediate formed by COX4 and COX5, a larger intermediate containing also subunit COX1. Importantly, these authors described the formation of a heavier S0 containing several subunits and assembly factors of CIV, which has also been corroborated by bidirectional co-IP assays. The association of this partially assembled unconventional intermediate of CIV bound to S0 exemplified how alternative biogenesis of respirasomes could occur in disease-related conditions.
4.4 Combined Oxidative Phosphorylation Complexes Deficiency
The intricate assembly process of OXPHOS complexes requires not only expression and import of functional subunits as well as ancillary proteins produced by cytosolic ribosomes, but also proper expression and insertion of the mtDNA-encoded components. Therefore, diseases featured by energy metabolism alterations may also result from mitochondrial translation deficits. In mammals, the 13 mtDNA-encoded subunits of OXPHOS complexes are synthesized by the mitochondrial translation machinery (Hällberg and Larsson, 2014). This includes the small and large subunits of the mitoribosome [mt-SSU (28S) and mt-LSU (39S), respectively], a set of tRNAs and many regulatory proteins required for the proper functioning and fine tuning of this process (Kummer and Ban, 2021). Taking into account all the factors involved in mitochondrial translation, it is thus not surprising that an increasing number of genetic mutations causing multiple OXPHOS complex deficiencies due to impaired mitochondrial protein biosynthesis have been identified (Pearce et al., 2013).
Perrault syndrome is a rare genetic mitochondrial disorder with a relatively mild phenotype characterized by sensorineural deafness and ovarian dysgenesis. Genetic mutations in several genes encoding mitochondrial and peroxisomal proteins have been identified as direct causes for this disease, including CLPP, HSD17B4, LARS2, HARS2 and TWNK. Chatzispyrou et al. identified two unrelated female patients presenting Perrault syndrome symptoms where whole exome sequencing revealed no mutations in any of the enlisted genes causing this syndrome (Chatzispyrou et al., 2017). Instead, a predicted pathogenic mutation in ERAL1, a chaperone of the 12S mitochondrial rRNA was identified. Complexome profiles of the two patients evidenced a pronounced decrease in the abundance of the mt-SSU, while the mt-LSU remained unaffected; however, very slight changes in OXPHOS complexes intensities have been detected. This correlated with the milder phenotypes of Perrault syndrome patients, contrary to the clinical features observed when the mutations occurred in structural components of the mitoribosome, where multiple OXPHOS complex deficiencies manifested (Gardeitchik et al., 2018).
A study of two subjects with mutations in MRPS2, a structural component of the mt-SSU, has linked these mutations to combined OXPHOS complex defects with sensorineural hearing loss (Gardeitchik et al., 2018). The complexome profile of one of the subjects has been analyzed in parallel with fibroblasts from a previously studied patient with mutations in MRPS22 exhibiting similar symptoms (Smits et al., 2011). Complexomes of both patients revealed a marked decrease in the mt-SSU, while the large subunit remained unaffected. Decrease of mt-SSU abundance was also reflected in the patterns of OXPHOS complexes, which, in both patients, showed largely decreased abundance, particularly for CI and CIV. The abundance of monomeric CV remained unaltered in fibroblasts with mutations in MRPS2 or MRPS22. However, accumulations of assembly intermediates of CV, corresponding to the F1 segment and to FO early subassemblies that are not detected in control cell lines also indicated mitochondrial translation impairment in these patients.
A comparable decrease in the abundance of the mt-SSU has been found in a knockout cell line of METTL15, a N4-methylcytidine methyltransferase responsible for modification of the 12S mitochondrial rRNA (Van Haute et al., 2019). The absence of METTL15 impaired the translation of OXPHOS complex subunits encoded in the mtDNA and decreased the steady-state levels subunits of complexes I, III and IV. The DGU-based complexome profiles showed an interaction of METTL15 with mitoribosome components. In contrast to the aforementioned genetic defects where only the mt-SSU was affected, deletion of METTL15 resulted in a parallel decrease of the mt-LSU as well.
Shifting the energy metabolism from oxidative to glycolytic involves remodeling of biochemical pathways and structural rearranges of protein complexes inside and outside mitochondria. In this regard, Rho 0 (ρ0) cells, devoid of mtDNA, are incapable to respire due to the lack of essential subunits of OXPHOS complexes thus depend entirely on anaerobic ATP synthesis (King and Attardi, 1989). These cells represent an optimal system to study mtDNA-related defects and OXPHOS deficiencies. Beyond the impaired assembly of OXPHOS complexes I, III, IV and V, which did retain partially assembled intermediates formed by nuclear-encoded subunits, complexomes of ρ0 cells displayed unexpected modifications in migration patterns of a wide range of membrane-embedded and water-soluble protein complexes (Guerrero-Castillo et al., 2021b). Changes in expression of, for example, mitochondrial inner membrane carrier proteins, TCA cycle enzymes, mtDNA maintenance proteins and protein translocases localized to both mitochondrial membranes were described. Moreover, the absence of the mtDNA-encoded 12S and 16S rRNAs hindered the formation of mitochondrial ribosomal subunits, from which only smaller parts, composed exclusively of proteins, were preserved. This extensive re-organization of the mitochondrial complexome greatly illustrated the adaptability of mitochondria to self-adjust and compensate the absence of aerobic energy metabolism.
4.5 Pathogenic Mutations of Mitochondrial Proteins Affecting Indirectly the Assembly or Stability of Oxidative Phosphorylation Complexes
Reorganization of the mitochondrial energy metabolism can be triggered not only by genetic defects in OXPHOS complexes, assembly factors, mitochondrial translation and/or import machineries, but also by changes in the lipid environment of the inner mitochondrial membrane. This is particularly evident in patients with Barth syndrome, an inherited disorder of cardiolipin remodeling characterized by cardiomyopathy, neutropenia, 3-methylglutaconic aciduria and growth retardation (Neustein et al., 1979; Barth et al., 1983). This syndrome is caused by mutations in TAZ (Bione et al., 1996), encoding a mitochondrial acyltransferase called tafazzin, responsible for a CoA-independent exchange of (poly)unsaturated acyl chains from phosphatidyl-choline or phosphatidyl-ethanolamine to cardiolipin (Xu et al., 2006). The polyunsaturated acyl chains shape cardiolipin into a conical form, required for stabilization of membrane curvatures that optimize bioenergetics functions and are especially abundant at the inner mitochondrial membrane of multiple tissues, including heart. Complexome profiles of four Barth syndrome patients with altered saturation patterns of cardiolipin acyl chains revealed marked destabilization of several protein complexes involved in different mitochondrial processes. Significant disruption of supercomplexes containing 2–4 copies of CIV (I-III2-IV2–4), but not supercomplexes S0 and S1, has been found as well as partial destabilization of the complexes α-ketoglutarate dehydrogenase and branched-chain α-keto acid dehydrogenase (Chatzispyrou et al., 2018). Importantly, protein complexes involved in maintenance of mitochondrial morphology (e.g., MICOS) and in protein-driven mitochondrial apoptosis were substantially increased in patient fibroblasts. Overall, more than 200 proteins displayed altered migration patterns as a consequence of the membrane curvature destabilization, indicating a widespread reorganization of the mitochondrial complexome. These changes have not been limited to components of the inner mitochondrial membrane; but unexpectedly also spread among complexes located in the other three mitochondrial compartments.
In-depth understanding of remodeling of the mitochondrial complexome might be helpful to explain the links between the biochemical and clinical features observed in patients. For example, to delineate the molecular mechanisms underlying 3-methylglutaconic aciduria or neutropenia. These two clinical signs are also present in subjects with MEGCANN (3-methylglutaconic aciduria with cataracts, neurologic involvement and neutropenia), which is caused by mutations in CLPB, an ATP-dependent refoldase (dissagregase) of the mitochondrial intermembrane space. In a recent study comparing two subjects with bi-allelic mutations in CLPB and three subjects with mono-allelic mutations, different patterns of oligomeric CLPB and HAX1, whose genetics variants have been associated to neutropenia, were interpreted as a retention of HAX1 in inefficient CLPB oligomers in the patients (Wortmann et al., 2021). Besides this effect, aberrant migration patterns of multiple mitochondrial proteins were noticed. Comprehensively re-analysing these complexome datasets together with those from Barth syndrome patients and TMEM70 knockout cells, in which accumulation of 3-methylglutaconic acid is commonly observed, could potentially shed light into the causes and consequences of this type of aciduria.
5 COMPLEXOME PROFILING: PERSPECTIVES
The implementation of CP analysis to help tackle the many open questions regarding PPIs is not limited to mitochondrial biology. CP is swiftly spreading to other scientific fields and already utilized to investigate protein complexes from other cell compartments and different species. However, there are still key limitations in the current setups, which open the door for further development and expanding its reach. In this final section we discussed not only the most recent advances in CP, but also its application to study protein complexes beyond the mitochondrion.
5.1 Improving Separation of Protein Complexes, Mass Spectrometry Quantification and Data Acquisition Time
The biochemical native separation techniques used to date for complexome analysis cover wide molecular mass ranges. Although each of these methods can easily be adapted to enhance the separation resolution of a certain mass window of interest, alternative strategies or modifications to the currently applied methods are envisioned, especially to improve separation resolution of large complexes.
Replacement of detergents by amphiphilic polymers (amphipols) could also help improve the analysis of membrane protein complexes. Amphipol-enclosed transmembrane complexes are more stable during separation than the ones solubilized with detergents (Althoff et al., 2011). Moreover, field flow fractionation (FFF) is a method to separate large (>1 nm) protein complexes. Proteins in solution are passed through a long narrow channel without a stationary phase and separated by their mobility upon a hydraulic field applied perpendicularly (Reschiglian and Moon, 2008), where small particles migrate faster than the bigger ones due to their smaller hydrodynamic sizes and higher diffusion coefficients. This technique has proven effective for analyzing ribosome profiles of the plant Nicothiana benthamiana with a similar resolution to the one of density gradients to distinguish ribosomal subunits from monosomes and free proteins (Pitkanen et al., 2014). FFF could thus represent an alternative separation technique in future CP setups.
Resolution of complexome profiles might be significantly improved by increasing the number of fractions in native-PAGE- and SEC-based CP setups. The more fractions the more MS data acquisition time is required however. Hence, a major limitation of CP is LC-MS time; especially if analysis of multiple experimental conditions is intended. Duplexing and triplexing with conventional SILAC/SILAM as well as multiplexing using isobaric labeling compounds are promising strategies for increasing the throughput of CP while reducing MS measuring times (Guerrero-Castillo et al., 2021a; Palenikova et al., 2021b). Incorporation of these strategies in CP studies also offers a higher level of proteomic quantification.
On the one hand, SILAC/SILAM-based quantifications enable more precise comparisons between samples or conditions than label-free quantification methods, and software tools have already been developed to facilitate data analysis (Palenikova et al., 2021a). SILAC is a suitable, affordable and compatible method with practically any cell culture condition. Accuracy and reproducibility are not hampered in this method since there are no precursor interferences as it occurs in isobaric tagging strategies (Chen et al., 2015). Other related variants, such as pulsed (p)SILAC and neutron-encoding (NeuCode) SILAC/SILAM, may also expand the possibilities this strategy can be used for in combination with CP. In pSILAC, the labeled essential aminoacids are added only for a brief period of time during cell growth to monitor differences in newly synthesized proteins and their half-life (Schwanhausser et al., 2009). As aforesaid, pSILAC and CP have proven useful to study the roles of mitochondrial protease ClpXP in turnover of N-module subunits of CI (Szczepanowska et al., 2020) and the chaperone DNAJC30 in the repair mechanism of impaired CI (Stenton et al., 2021). Furthermore, NeuCode SILAC/SILAM allows higher sensitivity and multiplexing with metabolic labeling using heavy stable isotopologues with additional neutrons (Hebert et al., 2013; Merrill et al., 2014; Overmyer et al., 2018). The subtle mass differences caused by neutron-binding energy variations are revealed under ultrahigh-resolution analysis that is only offered by Fourier-transform (FT)-MS or orbitrap analyzer systems (Overmyer et al., 2018). Thereby, implementation of this strategy in CP setups seems plausible.
Multiplexed CP (MCP), on the other hand, employs a set of isobaric labeling compounds, such as tandem mass tags that allows pooling a higher number of samples together after tryptic digestion. With commercially available tags, it is now possible to combine peptide solutions from up to 16 samples together before LC-MS/MS analyses. The quantitative advantage of using multiplexing isobaric compounds is that these molecules contain a reporter ion that is cleaved off during high collision dissociation together with precursor ion fragmentation. Therefore, quantifications of the reporter ions are performed at the MS2 level in the same spectrum used for peptide identification. Nevertheless, state-of-the-art equipment capable of MS3 or quantifications based on complement reporter ions are required to avoid quantification distortion due to interfering co-isolated ions (McAlister et al., 2014; Sonnett et al., 2018).
5.2 Combined Approaches for Selective Structural Analysis of Protein Complexes
Cross-linking mass spectrometry (XL-MS) has emerged as a powerful technology for interactome and structural biology studies in mitochondria (Schweppe et al., 2017; Liu et al., 2018; Ryl et al., 2020; Hevler et al., 2021b). Chemical cross-linkers react covalently with residues of proteins that are in close proximity to stabilize native PPIs for further characterization (Gomes and Gozzo, 2010; Mintseris and Gygi, 2020). After scrutiny of the identified intra- or inter-cross-linked peptides, a list of protein interactors and distance restraints is generated. This information can be used to guide computational modeling of single proteins and complex interfaces, most often in combination with data derived by classical structural methods, such as X-ray crystallography, nuclear magnetic resonance (NMR) or cryogenic electron microscopy (cryo-EM) (Herzog et al., 2012; Kornberg et al., 2015; O'Reilly and Rappsilber, 2018; Steigenberger et al., 2020).
Before structure analysis, determination of the optimal concentrations of cross-linkers and protein is strictly required to abate artifacts. To help circumvent this, a hybrid workflow termed in-gel cross-linking (IGX-MS) has recently been developed (Hevler et al., 2021a). In this method, proteins are separated by BN-PAGE and the gel spots of interest are cut and incubated with a cross-linker, digested and further analyzed by LC-MS/MS.
IGX-MS not only makes time-consuming experimental optimization steps (e.g., determining concentration of cross-linkers, optimal buffer system, etc.) nearly obsolete but also decreases the required protein amounts as well as undesired over-length cross-links. In contrast to classical in-solution XL-MS workflows, IGX-MS allows the differentiation of conformation- and interaction-specific distance restraints as it has been shown for various protein complexes, among them complexes I and V from bovine heart mitochondria. IGX-MS seems specially promising for future modeling studies that aim at characterizing co-occurring protein complexes with different stoichiometries or assembly states.
It has lately been demonstrated that CP and XL-MS are highly complementary and could provide valuable insights into the macromolecular organization of, for instance, the mitochondrial complexome. By combining CP and XL-MS data, Hevler and co-workers build a detailed atomic model of bovine CIV associated with dimeric apoptosis-inducing factor 1 (AIFM1) (Hevler et al., 2021b). CP analysis was indeed helpful to determine the stoichiometry of such a complex and validating this interaction. Combination of both approaches offers the possibility to cross-validate PPIs and to identify protein complexes that could be overlooked otherwise. Although actual scalability and throughput have not yet been addressed, combination of CP and XL-MS holds a great potential not only to better define the composition and states of protein complexes but also to help stabilize transient PPIs.
XL-MS has also been used to validate another CP-like setup that includes protein separation by SEC, quantitative MS analysis, cryo-electron microscopy (EM) and computational modeling. This structural proteomics approach allowed simultaneous description of the abundance, PPIs and structure profiling of 1/3 of the proteome of Chaetomium thermophilum (Kastritis et al., 2017). These results were integrated in a network map comprising 48 protein complexes and communities. This approach was also suitable to resolve the structure of the fatty acid synthase complex and its arrangements. Recent inclusion of image-processing workflows based on machine-learning methods opens the door to a much more robust data analysis, improved identification of PPIs, higher resolution in structure models and multi-scale molecular description of protein communities in situ (Kyrilis et al., 2021).
5.3 Investigating DNA-/RNA-Protein Complexes by Complexome Profiling
CP has not been popular for the analysis of DNA-interacting protein complexes. These have been addressed with more targeted approaches like chromatin immunoprecipitation (ChIP) (Das et al., 2004), electrophoretic mobility shift assay (EMSA) (Hellman and Fried, 2007) and a variety of Co-IP techniques (Sahr and Buchrieser, 2013), which have been extensively reviewed by Ferraz et al. (2021). Although both genomic and mitochondrial DNA molecules that interact with proteins are too large to enter standard native gels and do not exist in populations separable by size, like RNPs, CP could be useful for decomposing DNA-associated protein complexes. For example, Munawar and co-workers studied the complexome of a chromatin-enriched fraction separated by BN-PAGE after enzymatic digestion of DNA (Munawar et al., 2015). The resulting profile contained >50% of known chromatin complexes represented by at least half their subunits and contained information about assemblies for some of the complexes, such as PRC2 and NuRD. This illustrated the potential of CP for massive characterization of DNA-associated complexes. This fact is also corroborated by appearance of a variety of DNA-related complexes in existing CP datasets, such as histones, DNA repairing, replication and transcription factors.
Two research groups aiming to characterize the protein composition of chromatin complexes have made use of separation of protein complexes by size and LC-MS/MS analysis followed by correlation profiling. One utilized sucrose density gradients for separation of complexes containing chromatin-associated protein Wdr82 (Lee and Skalnik, 2013). The other used BN-PAGE to separate different populations of a chromatin remodeling complex NuRD derived from mouse embryonic stem cells. This approach led, among other things, to discovery of a new subunit of NuRD-associated protein, Wdr5 (Bode et al., 2016). Although these works were performed using affinity-purified complexes, they illustrated the potential of CP for characterization of chromatin-associated protein complexes as both allowed identification of different populations and assemblies in native state in contrast to pull-down techniques.
Conversely, CP variants to study RNA-protein complexes have been developed. Yet, these approaches have been particularly used for studying ribonucleoproteins (RNPs). Applications of RNP complexomics are generously reviewed in Gerovac et al. (2021). Complexomics studies based on protein co-migration profiles obtained from density gradients are commonly used to investigate ribosomal protein components and associated factors (Yu et al., 2005; Aviner et al., 2017; Van Haute et al., 2019; Palenikova et al., 2021a). Besides ribosomes, other RNPs are likely to have specific sedimentation patterns on density gradients due to their complex composition (Caudron-Herger et al., 2019). The simplicity and gentleness of fractionation by density gradient allows parallel identification of both proteins and RNA molecules by LC-MS/MS and RNA-seq, respectively. This setup has been established in a robust RNP complexomics method called Grad-seq that enabled global classification of stable RNA-protein complexes as well as identification of novel RNPs (Smirnov et al., 2016; Hor et al., 2020).
SEC is another method that has successfully been used for separation of RNPs from complex mixtures (Yoshikawa et al., 2018; Mallam et al., 2019). It provides fast and reproducible automated separation of particles with an impressive upper limit size of ∼30–40 MDa. SEC has been applied to specifically separate human 80S monosomes (∼4.3 MDa) and n-polysomes from HeLa cells (Yoshikawa et al., 2018). Moreover, hierarchical clustering revealed complexes involved in translation associated with ribosomal subunits, which makes this method a good alternative to the time-consuming and less specific DGU.
Classic CP has also been useful for dissecting protein composition of mitoribosomes as they enter regular BN-gels (Wessels et al., 2013; Chatzispyrou et al., 2017; Gardeitchik et al., 2018; Van Strien et al., 2019; Cunatova et al., 2021). For larger ribosomal species however, LP-native gels can be used (Strecker et al., 2010). As aforementioned, LP-BN-PAGE-based CP helped identify a RNP complex containing the mt-SSU associated with several translation and transcription factors at ∼5.7 MDa (Rugen et al., 2019). LP-gels could thus be very useful for further dissection of larger RNPs or those that are associated with many other factors as it has been commonly reported for translation and RNA-processing machineries (Acestor et al., 2009; Hocine et al., 2010; Blombach et al., 2011; Doetsch et al., 2011; Sprink et al., 2016; Duss et al., 2019; Gopalakrishna et al., 2019; Hilander et al., 2021).
A potential issue for characterization of RNA-protein complexes may result from the poor stability of RNA molecules, which are also prone to degradation by RNases. In this case, RNA-protein interactions would be lost and leading to identification of not only sub-assemblies but also artifacts. To avoid this, prior to CP, separation of these complexes should be thus performed using RNase-free materials and RNase inhibitors to keep stable both the protein and RNA interactors (López De Heredia and Jansen, 2004; Mili and Steitz, 2004; Wang et al., 2016; Aarum et al., 2020). Alternatively, to stabilize weak interactions of fragile RNA-protein complexes during separation, cross-linking strategies can be implemented. Treatment with chemicals (Rugen et al., 2019; Herrmannova et al., 2020; Patton et al., 2020), such as formaldehyde or UV irradiation (Trendel et al., 2019; Urdaneta et al., 2019; Urdaneta and Beckmann, 2020; van Esveld and Spelbrink, 2021) create short cross-links between a nucleic acid and close-contact protein interactors. In contrast, different types of enzymatic digestion of RNA can be used purposely to affect structure and stability of RNA-protein complexes to build additional levels of information for CP analysis, which can enable identification of previously unknown RNA-binding proteins (Caudron-Herger et al., 2019; Mallam et al., 2019; Gerovac et al., 2021).
5.4 Filling the Void: Complexome Profiling as a Workflow to Identify Protein-Protein Interactions and Improve Functional Annotation of Protein Complexes Across Species
Many species still lack functional annotation for a large portion of their genomes despite their significance as pathogens or drivers of major ecological processes. This is often owed to poor conservation, missing orthologues and the additional pitfall that the most unique biology that is not found in standard models, remains enigmatic. Systematic knowledge of PPIs can allow us to place these proteins into pathways, compartments and interaction networks. CP represents a clear choice to help narrow this gap and has the added benefit that no genetic intervention is required, which allows immediate assessment of species without a well-developed toolkit.
For example, Hillier et al. applied CP to study schizont stages of three different Plasmodium species. Integration with machine-learning led to identification of ∼20,000 putative PPIs arranged into ∼600 protein clusters, which were used to map the interactome (Hillier et al., 2019). Next to creating a valuable resource for Plasmodium research, the authors shed light on the interaction network of a group of parasite-specific transcription factors as well as identifying novel parasite-specific interactors. The latter could serve as targets for drug development due to their divergence from host biology. These data are sorely needed in the face of emerging drug resistance that is threatening our attempts to eradicate malaria (Haldar et al., 2018).
Prokaryotes also deviate considerably from the standard protein complexes found in eukaryotes. These organisms cover virtually every ecological niche on earth and have adapted their protein complexes accordingly. This is indeed exemplified in energy metabolic pathways, where prokaryotes utilize a wide variety of electron donors and acceptors, each requiring their own adapted set of classical and alternative respiratory complexes (Poole and Cook, 2000; Kaila and Wikstrom, 2021), most of which remain undescribed. While genomic analyses led to the hypothetical annotation of many homologous proteins involved in prokaryotic respiration, this approach is ill suited to the identification of novel components and interactors. CP complements this shortcoming and stands up as a good approach for characterizing PPIs in these organisms. This was illustrated beautifully by de Almeida and co-workers who investigated the electron transport system of the anaerobic ammonium-oxidizing bacterium Kuenenia stuttgartiensis (de Almeida et al., 2016). These bacteria oxidize ammonium with nitrite to produce N2 gas. It has been estimated that this process account for ∼50% of all N2 emitted into the atmosphere (Devol, 2015). Although this enormous ecological significance, the underlying respiratory complexes were largely theoretical (Kartal et al., 2013). By applying CP, these authors did not only confirm the presence of nearly all predicted respiratory complexes but also found evidence for novel protein complexes. One striking finding was that this bacterium appears to assemble a set of respiratory complexes that utilize Na+ besides the expected proton-pumping complexes, which suggested a role for a sodium-motive force to drive, for instance, the unfavorable reduction of ferredoxin. A set of three Rieske/cytb complexes has also been found that shed light on how these bacteria can capture energy from hydrazine oxidation, challenging a previous hypothesis suggesting a quinone-reducing enzyme (Kartal et al., 2013). Similarly, CP has been used to analyze the nitrite-dependent methanotroph Methylomirabilis lanthanidiphila (Versantvoort et al., 2019). This species may potentially contribute to reduction of methane and nitrous oxide; i.e., potent greenhouse gases, by oxidizing methane to CO2 and reducing nitrate without producing nitrous oxide. To explain this process, a metabolic model based on genomic information had previously been proposed (Ettwig et al., 2010). Versantvoort and co-workers could confirm this model by identifying all proposed underlying protein complexes. Interestingly, three protein complexes thought to be involved in nitrate reduction were also identified, suggesting metabolic capabilities which had not yet been described in Methylomirabilis species. On the other hand, application of CP to study the marine sulfate reducer Desulfobacula toluolica, also led to detection of not only the expected membrane complexes but also new assemblies, unexpected associations, multimeric states, redox complexes involved in Na+-based bioenergetics and indications of respiratory supercomplexes (Wöhlbrand et al., 2016).
To shed more light on the biogenesis of thylakoid membrane complexes, CP was used to study auxiliary factors involved in the assembly of photosystem II (PSII) from the single-cell green alga Chlamydomonas reinhardtii (Spaniol et al., 2021). Authors demonstrated that the homolog for low PSII accumulation 2 (LPA2) protein is critical for PSII assembly and further supercomplex formation. Besides, novel interactors were found and possibly involved in regulation of PSII. This study exemplifies the great potential CP has for further studying photosynthesis-related protein complexes in algae, cyanobacteria and plants.
Finally, even in microorganisms that are not currently obtainable in axenic cultures, such as the archaeon Candidatus Methanoperedens, CP has proven invaluable (Berger et al., 2021). In this study, Berger et al. confirmed the presence of several predicted membrane-bound respiratory chain complexes as well as novel associations. Taken together these results demonstrated the suitability of CP to explore species previously inaccessible to most protein research. Overall, it is clear that CP complements (meta)genomic studies perfectly, by identifying in one experiment how these gene products assemble to form protein complexes, what subset of genome is really expressed and consequently update our understanding of metabolic capabilities and how these organisms achieve them.
5.5 Exploring Effects of Pathogenic Mutations in Non-Mitochondrial Proteins by Complexome Profiling
Although to date the vast majority of CP analyses in patients have been focused on disorders affecting mitochondria, its application is broadening nonetheless. The effects of pathogenic missense mutations in structural subunits of the V-type ATPase on the stability of the holoenzyme have been characterized by this method (Van Damme et al., 2017). By whole exome sequencing, predicted pathogenic mutations have been identified in genes ATP6V1E1 and ATP6V1A, encoding subunits E and A from the V1 segment of the V-type ATPase, respectively. Primary skin fibroblasts from three patients, one with a mutation in E1 and two with mutations in subunit A were compared to controls and to an earlier described subject presenting cutis laxa with a mutation in subunit ATP6V0A2 of the VO segment. To further investigate this, enriched Golgi preparations have been analyzed by BN-PAGE-based CP. Migration patterns of healthy controls revealed three assembly intermediates of the V1 segment, the VO segment and a highly abundant, fully assembled V1VO-ATPase complex. In contrast, in patient fibroblasts with mutations in subunits of the V1 segment, only the VO intermediate and traces of the holo-complex have been detected. Comparably, the mutation in ATP6V0A2 decreased the abundance of intermediates of both domains as well as the holo-complex. The destabilization of the fully assembled V1VO-ATPase evidenced by CP contributed to detailing the molecular consequences and pathogenicity of these mutations.
In a recent CP study of peroxisome-deficient cells using peroxins deletion strains of S. cerevisiae as a model system and fibroblasts from a Zellweger syndrome patient, Nübel and co-workers linked accumulation of miss-targeted peroxisomal membrane proteins into mitochondria to metabolic and morphological abnormalities of this organelle (Nuebel et al., 2021). Complexome profiles of yeast strains lacking peroxisomes showed formation of the docking subassembly of the peroxisomal importomer complex in mitochondria, explaining also the incorporation of peroxisomal matrix proteins to this subcellular compartment. It would be interesting to also explore the complexome profiles of fibroblasts from patients with Zellweger spectrum disorder to investigate in detail the rearrangements of mitochondrial complexes caused by peroxisomes deficit in humans.
These two studies exemplified how CP offers a straightforward option to shed light on the pathophysiological roles of critical proteins located in cell compartments other than mitochondria and the specific consequences of impairments in protein complexes and PPIs resulting from genetic and/or biochemical defects. CP thus holds a great potential to help not only unveil the molecular mechanisms of diseases, but also develop novel treatments.
6 CONCLUDING REMARKS
In a very short time, CP has revolutionized the way we study mitochondrial protein complexes and significantly increased the amount of data collected from single unbiased experiments. Research findings obtained by this methodology include, for instance, identification of novel OXPHOS-related subunits and assembly factors; stepwise description of intricate assembly pathways; molecular evidence on the role of accessory subunits and existence of tissue-specific subunit isoforms of CI; better insight on the formation of respirasomes and the supramolecular organization of the MICOS/MIB complexes as well as the unique composition of OXPHOS complexes and mitoribosomes in different species. Notably, CP has also been invaluable to better understand the effects of mutations found in mitochondrial genes from patients as well as in disease models. Recent developments in duplexing and multiplexing CP experiments not only enable accurate proteomic quantifications, but also greatly increase the feasibility of including this approach in future clinical diagnosis. We have also discussed innovative strategies exemplifying how CP easily complements other state-of-the-art methods such as XL-MS, RNAseq and cryo-EM. However, there is still a lot of room for improving this method and keep expanding its reach. It is projected that CP will further evolve with the advent of the next generation of LC-MS instruments and proteomic strategies as well as upcoming complexome data analysis software. Finally, we also encourage the scientific community to apply CP for studying protein complexes from cell compartments other than the mitochondrion and share publicly the resultant complexome datasets through CEDAR.
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Mitochondria, in symbiosis with the host cell, carry out a wide variety of functions from generating energy, regulating the metabolic processes, cell death to inflammation. The most prominent function of mitochondria relies on the oxidative phosphorylation (OXPHOS) system. OXPHOS heavily influences the mitochondrial-nuclear communication through a plethora of interconnected signaling pathways. Additionally, owing to the bacterial ancestry, mitochondria also harbor a large number of Damage Associated Molecular Patterns (DAMPs). These molecules relay the information about the state of the mitochondrial health and dysfunction to the innate immune system. Consequently, depending on the intracellular or extracellular nature of detection, different inflammatory pathways are elicited. One group of DAMPs, the mitochondrial nucleic acids, hijack the antiviral DNA or RNA sensing mechanisms such as the cGAS/STING and RIG-1/MAVS pathways. A pro-inflammatory response is invoked by these signals predominantly through type I interferon (T1-IFN) cytokines. This affects a wide range of organ systems which exhibit clinical presentations of auto-immune disorders. Interestingly, tumor cells too, have devised ingenious ways to use the mitochondrial DNA mediated cGAS-STING-IRF3 response to promote neoplastic transformations and develop tumor micro-environments. Thus, mitochondrial nucleic acid-sensing pathways are fundamental in understanding the source and nature of disease initiation and development. Apart from the pathological interest, recent studies also attempt to delineate the structural considerations for the release of nucleic acids across the mitochondrial membranes. Hence, this review presents a comprehensive overview of the different aspects of mitochondrial nucleic acid-sensing. It attempts to summarize the nature of the molecular patterns involved, their release and recognition in the cytoplasm and signaling. Finally, a major emphasis is given to elaborate the resulting patho-physiologies.
Keywords: mitochondrion, disease, innate immunity, signaling, mitochondrial—nuclear exchange
INTRODUCTION
Mitochondria play an essential role in generating cellular energy and contain the oxidative phosphorylation (OXPHOS) system. Primary mitochondrial disorders are a complex group of metabolic impairments caused by flaws or deficiencies in one or more components of the OXPHOS. All these defects manifest in mitochondrial dysfunction which is sensed and communicated through a plethora of mitochondrial-nuclear signaling pathways (Mottis et al., 2019). However, in recent years, interferon-dependent innate immune responses have been shown to affect OXPHOS machinery and vice versa (Kiritsy et al., 2020; Buang et al., 2021). Defects in OXPHOS metabolism also result in the trigger of mitochondrial nucleic acid sensing pathways (Lei et al., 2021; Sprenger et al., 2021). Thus, to unravel this complex interaction, it is necessary to decipher how mitochondria communicate with the immune system.
FOREIGN NATURE OF MITOCHONDRIA
The eukaryotic way of life is principally maintained by energy-transducing organelles, the mitochondria. An endosymbiotic event around two billion years ago led to the acquisition of this organelle. (Gray et al., 1999; Osteryoung and Nunnari, 2003). According to the widely accepted theory, a host cell engulfed an α-proteobacterium via endocytosis, which led to a double-membrane-bound organelle harboring its independent genetic material. Thus the host cell acquired the ability to couple catabolism of carbon fuels to ATP synthesis through OXPHOS. In course of evolution, functional redundancy led to the loss of the original proteobacterial genetic material. The rest which was essential was transferred to the nuclear genome (nDNA) of the host cell (Gray et al., 1999). In modern-day mammals, around 1,200 mitochondrial proteins are encoded by the nDNA (Pagliarini et al., 2008; Rath et al., 2020). These proteins are translated on the cytosolic ribosomes and subsequently imported into mitochondria through a dedicated mitochondrial protein import system (Dudek et al., 2013). However, mitochondria still retains a small fraction of the original proteobacterial genome within its matrix—mitochondrial DNA (mtDNA). In vertebrates, mtDNA contains intronless, polycistronic genes that encode only 13 mitochondrial proteins, 22 transfer RNAs and two ribosomal RNAs (Shadel and Clayton, 1997).
Mitochondrial Organization and Dynamics
Like other organelles, mitochondria are maintained within the cell where they undergo biogenesis and turnover. They are also distributed among daughter cells following mitosis. Thus, the dynamic nature of mitochondria—fission, fusion and distribution—is responsible for its function and inheritance. Among the mitochondria in each cell, there are intricate networks of threads and smaller fragmented bodies depending on its health and function. Smaller mitochondrial organelles are generated when mitochondria divide, permitting efficient movement, organisation around the cell and inheritance. Mitochondrial fusion ensures that functionally and structurally homogeneous networks are formed by mixing material between organelles. Consequently, mitochondrial dynamics govern many aspects of the network, including organelle turnover, metabolism, cell stress and disease (Kraus et al., 2021).
Furthermore, mitochondrial state also contributes to continuous nucleo-mitochondrial communication, such as the retrograde signaling, anterograde signaling, integrated stress response and mito-nuclear crosstalk (Figure 1). It is the complex signaling cascade that involves nuclear genes encoding transcription factors for mitochondrial maintenance. This directly affects OXPHOS structural heterogeneity and metabolic plasticity (Ryan and Hoogenraad, 2007). Furthermore, during stress conditions such as starvation or cell growth, contact sites among organelles can spatially regulate lipid synthesis, protein turnover and molecular trafficking. Moreover, the mitochondria associated membranes (MAMs), which are contact sites between the endoplasmic reticulum (ER) and the mitochondria, are responsible for the regulation of ROS generation, calcium homeostasis and autophagy (Quirós et al., 2016). Thus, to maintain the balance between cellular and mitochondrial health, several quality control mechanisms have evolved. Notably, the most studied ones are autophagy, mitophagy, translation attenuation processes and mitochondrial unfolded protein response (mtUPR) (Lechuga-Vieco et al., 2021). In recent years, a new paradigm of mitochondrial stress signaling is being uncovered. In this review, we would like to highlight this equally important pathway of mitochondrial nucleic acid sensing induced stress signaling.
[image: Figure 1]FIGURE 1 | Pathways of nucleo-mitochondrial communication. Nucleus-to-mitochondrion signals make up anterograde signaling. Signals from the mitochondria constitute the retrograde signaling. The integrated stress response is a general cellular stress pathway which can be triggered in ER, mitochondria or cytosol. Lastly, mito-nuclear crosstalk is the ability to orchestrate bidirectional feedback responses, they usually originate in mitochondria and result in nuclear responses.
Mitochondrial Derived Damage Associated Molecular Patterns
Innate immunity is body’s first line of defense against pathogens and other invaders. It relies on sensing of two kinds of stimuli, Pathogen Associated Molecular Patterns (PAMPs) or Damage Associated Molecular Patterns (DAMPs) (Zindel and Kubes, 2019). PAMPs are foreign, pathogen-exclusive molecules meant to alert the immune system of an invader it needs to clear. DAMPs, on the other hand, are host produced molecules—usually sequestered away from the surveillance of the immune system in cellular compartments. But upon stress or cellular damage, these are released from their compartments and sensed as foreign, eliciting a similar innate immune response one would see against pathogens. The sensing of these molecules could be through intrinsic pathway or extrinsic pathway. In the intrinsic pathway they are sensed in the cytoplasm of the cells undergoing the damage, while in the extrinsic pathway the sensing occurs outside in the plasma by other cells such as the dendritic cells or monocytes (Figure 2). The chemical properties of the DAMPs decide its ability to trigger either of the pathways. Thus, it is important to look at some of the key mitochondria derived DAMPs (mtDs) and their mode of action.
[image: Figure 2]FIGURE 2 | Mitochondrial DAMPs can trigger the innate immunity through various pathways. Intra-cellular signals include the sensing of the mitochondrial nucleic acids, mtRNA or mtDNA, resulting into IRF3 or NFKB mediated T1-IFN response. Alternatively, TLR receptors on the autophagosome can sense mitochondrial nucleic acids and through TRIF/MyD88 stimulate the T1-IFN signaling. Free mtDNA can also stimulate the inflammasome for IL-1B production. DAMPs can also stimulate their respective receptors on other cells through extra-cellular signaling.
Adenosine triphosphate (ATP) is the most prominent product of mitochondria, associated as the currency of energy in the cell. It is synthesized in the matrix of the mitochondria by ATP synthase coupled to the OXPHOS. Depending upon the demand it is translocated to the cytoplasm of the cell through the adenine nucleotide translocator (Ruprecht et al., 2019). Thus, under normal heathy physiology, ATP mostly stays intracellular. ATP exit the cells upon cellular damage, exocytosis and through ATP release channels (Taruno, 2018). Extracellular ATP associated with stress or damage is mostly pro-inflammatory (Faas et al., 2017). Through the activation of P2X ligand-gated ion channels and P2Y G protein-coupled receptors, extracellular ATP is able to act on virtually all subsets of immune cells (Cekic and Linden, 2016).
Another mtDs, succinate, is generated in the in mitochondria during energy metabolism via the tricarboxylic acid cycle (TCA). It may be released to the extracellular space through plasma membrane transporters of the SLC13 family (Willmes and Birkenfeld, 2013). Here, it is sensed by G protein-coupled receptors, GPR91/SUCNR1—which are expressed across a wide variety of tissues (Gilissen et al., 2016). Succinate has dual roles during inflammatory responses. It has either a pro- or anti-inflammatory role depending on the cellular context (Grimolizzi and Arranz, 2018). Studies on uncoupling protein 1 (UCP1) using the UCP1KO mice, show that UCP1-succinate–SUCNR1 axis is crucial for liver immune cell infiltration and pathology (Mills et al., 2021). On the other hand, it has been shown to hyperpolarize macrophages towards the M2 phenotype (Trauelsen et al., 2021).
The next mtDs, cardiolipin (CL), is a phospholipid which happens to be an important component of the inner mitochondrial membrane (IMM). Upon apoptotic signals, cellular infections and inflammatory diseases, it is translocated to the outer mitochondrial membrane (OMM) (Pizzuto and Pelegrin, 2020). Mitochondrial function and the inflammatory response to translocated cardiolipin depend on its saturation and oxidation status. Similar to succinate, it can have both pro- or anti-inflammatory roles. In addition to its direct sensing by CD1d on T-cells (Dieudé et al., 2011) and NLRP3 inflammasome (Iyer et al., 2013), it can also promote inflammation by blocking IL-10 production as shown in mice infected with Klebsiella pneumoniae (Chakraborty et al., 2017).
Another archaic remnant in the mitochondria is the process of N-formylation. The mitochondria still use N-formyl-methionyl-tRNA as an initiator of protein synthesis (Ayyub and Varshney, 2019). This process is also observed in bacteria and chloroplasts. Thus, damaged and dying mitochondria secrete N-formyl peptides which are picked up as chemotactic tails by polymorphonuclear cells (Wenceslau et al., 2014). These are recognized by FPR1 receptors (He and Ye, 2017). The outcome of FPR1 receptor engagement depends on the pathogen and disease. It either acts pro- or anti-inflammatory. This contrast can be seen in two different bacterial infections. In case of Escherichia coli and Listeria monocytogenes, FPR1 causes chemotactic recruitment of neutrophils, whereas contrarily it helps in the dissemination of Yersinia pestis (Vacchelli et al., 2020).
Mitochondrial transcription factor A (TFAM) is another mtDs, which is a protein that binds nonspecifically in large number of copies to the mtDNA. It is responsible for the spatial organization and biogenesis of the same. Upon mitochondrial damage and dysfunction, extramitochondrial protein localization of TFAM increases significantly. Extracellular TFAM inevitably elicits a pro-inflammatory response (Little et al., 2014). Injection of TFAM in rat brains have shown that different cells types elicit an upregulation of inflammatory mediators such as monocyte chemotactic protein (MCP)-1, IL-1β, IL-6, tumor necrosis factor (TNF)-α (Schindler et al., 2018). It serves in promoting plasmacytoid Dendritic Cell responses to mtDNA through engagement of Toll like receptor (TLR) nine receptors (Julian et al., 2012).
The last group of mtDs, which happen to be the focus of this review, are mitochondrial nucleic acids. mtDNA, a double stranded circular molecule, is often represented as a plasmid structure. But it is always packed as densely compacted nucleoprotein structures called nucleoids. Typically, a nucleoid contains one to two mtDNA molecules in mammals (Kukat et al., 2011). Since the volume of the purified mtDNA significantly exceeds that of the mitochondria itself, a considerable compaction and organization with the help of more than 50 different proteins are required for this structure to be packed in the matrix (Bogenhagen et al., 2003). Apart from this, specific bodies called “mitochondrial RNA granules” were found in mitochondrial matrix. These are complexes of RNase P with newly synthesized mtRNA (Jourdain et al., 2016; Xavier and Martinou, 2021). Thus, a radial organization of the genetic material is hypothesized, with the nucleoid at the core, surrounded by ring of RNA granules which are further surrounded by a cloud of mRNA being translated. Since, both mitochondrial nucleic acids are well sequestered in the matrix of the mitochondria, these escape the self-nonself discrimination of both the innate and adaptive immunity arms. The detailed mechanism of release and detection of both of these moieties is discussed in the next sections. Furthermore, they are associated with several “auto-immune” diseases affecting a multitude of organ systems, thus demanding a comprehensive look as well.
MITOCHONDRIA: THE HIDDEN PLAYER IN INNATE IMMUNE RESPONSE
Innate immunity is an evolutionarily conserved host defense mechanism. Mammals possess innate immune defenses in nearly every tissue, including the skin and mucosal surfaces of the respiratory and digestive tracts. In response to tissue damage, heat shock, infections, genotoxic or carcinogenic stress, the hematopoietic myeloid and lymphoid cells can trigger and further exert innate defense mechanisms. This is primarily mediated by the release of endogenous molecules such as uric acid, ATP, pathogenic molecules (DNA, RNA, proteins), N-formyl peptides (NFPs), heparan sulfate etc. during the above-mentioned events. These molecules further activate the pattern recognition receptors (PRRs) on innate immune cells (Brennan et al., 2015) (Takeuchi and Akira, 2009). In the event of viral infections, certain products of viral infections like viral proteins and nucleic acids, which are also known as pathogen associated molecular patterns (PAMPs) are sensed by PRRs as non-self to elicit antiviral innate immune response. This is primarily directed through type I and type III interferons (IFN) (Mesev et al., 2019). The identification of Mitochondrial antiviral-signaling protein (MAVS) not only changed the conception of innate immune responses by viral infections, but also implicated a new role of mitochondria in innate immunity (Seth et al., 2005). MAVS, which is a 540-amino acid long protein, primarily localizes on the outer mitochondrial membrane (Meylan et al., 2005). Moreover, it has also been detected on mitochondrial associated endoplasmic reticulum membranes and peroxisomes (Horner et al., 2011; Bender et al., 2015). The role of MAVS as a key adaptor protein in eliciting and promoting signal transduction against RNA viruses, paved the way towards a deeper understanding of viral RNA sensing and antiviral responses. In the next sections we will discuss more in detail about the mechanisms of viral RNA and DNA sensing is association with MAVS expression and signaling function.
RNA Sensors in the Cytosol
RIG-I-like receptors (RLRs) are a family of cytosolic pattern recognition receptors that play a pivotal role in detecting and distinguishing cytosolic viral RNA from cellular RNAs and activating downstream signaling events to initiate antiviral innate immune responses. This entire pathway is impelled by the interaction of RLRs with MAVS. MAVS consist of three domains: an N-terminal caspase recruitment domain (CARD), a middle proline-rich region, and a C-terminal transmembrane (TM) domain (Figure 3). While the RLR family primarily consists of three members: Retinoic acid-inducible gene I (RIG-I), Melanoma differentiation-associated gene 5 (MDA5), and Laboratory of genetics and physiology 2 (LGP2). All the three receptors of this family have a DExD/H box RNA helicase domain with ATPase activity and a carboxy-terminal domain (CTD). Binding of RNA requires both these domains. Additionally, the CTD of RIG-I and LGP2 has been shown to act as a repressor domain, which ensures that the receptors remain inactive, until they are bound by an activating RNA. An additional pair of caspase activation and recruitment domains (CARDs) are present at the N-terminus of both RIG-I and MDA5, which mediates downstream signal transduction by interacting with the CARD domain of the mitochondrial membrane-associated protein and MAVS. On the contrary, LGP2 lacks the N-terminal CARD domain and thus is not capable of interacting with MAVS. As a result, LGP2 is believed to regulate the RIG-I and MDA5 signaling pathways rather than acting independently as a signaling receptor. It is been almost 16 years of the discovery that showed RIG-I and MDA5 induces type I interferons (T1-IFN) signaling through overexpression studies. (Yoneyama et al., 2004) Later on, RIG-I and MDA5 knockout studies in a mouse model of virus infection demonstrated that the receptors are essential for T1-IFN production and antiviral defense mechanism (Rehwinkel and Gack, 2020), (Kato et al., 2006)
[image: Figure 3]FIGURE 3 | Models of mitochondrial nucleic acids release and respective intracellular sensors and effectors. Domain abbreviations: Caspase activation and recruitment domains (CARD), C-terminal regulatory domain (CTD), Transmembrane (TM), Nucleotidyltransferase (NTase), Zinc ribbon insertion (Zn), Receptor-interacting protein (RIP) Homotypic interaction motifs (RHIM), Pyrin domain (PYD), Hematopoietic interferon-inducible nuclear protein with 200-amino-acid repeats (HIN200), Dimerization domain (DD), Cyclic dinucleotide (CDN) binding domain (CBD), C-terminal Tail (CTT).
RIG-1 Activation
In 2004, Takashi Fujita’s group discovered that RIG-1, a cytoplasmic RNA helicase is responsible for promoting T1-IFN induction upon viral infections (Yoneyama et al., 2004). Later on many research findings showed that RIG-1 is a key PRR in sensing variety of RNA viruses including flaviviruses, alphaviruses, coronaviruses, reoviruses, paramyxoviruses, Orthohantavirus orthomyxoviruses, rhabdoviruses, arenaviruses, and bunyaviruses (Kell and Gale, 2015). RIG-1 has been shown to recognize multitude of PAMPs, including short double-stranded RNA (dsRNA) “containing either a 5′ triphosphate, 5“ diphosphate or 5” monophosphate moiety (Hornung et al., 2006; Goubau et al., 2014; Spengler et al., 2015). It is now increasingly been shown that RIG-1 can also distinguish between the self-RNA from the viral RNA, based on post transcriptional modifications at 5′ triphosphate end of the RNA (Schuberth-Wagner et al., 2015; Devarkar et al., 2016).
In most cell types, RIG-I is expressed minimally. However, its abundance increases when exposed to IFN. RIG-1 contains a number of domains that regulates the sensing of PAMPs and consequently their activation (Kell and Gale, 2015). The Rig-1 protein consists of two N-terminal CARDs, followed by two tandem helicase domains (Hel1, Hel2) separated by an insertion domain (Hel2i). This is followed by a CTD, which is also referred as repressor domain (RD). In non-infected cells RIG-1 remains in its inactive form where the RD covers the RNA binding and helicase domains. RD also inhibits self-association of RIG-1, inhibiting its interaction with MAVS. In this close fit conformation, the CARDs are folded on top of each other in such a way that it keeps the protein in an auto-inhibited state (Saito et al., 2007; Kowalinski et al., 2011). The moment RIG-1 recognizes PAMP RNA, it hydrolyzes ATP and undergoes a conformational change which opens the RNA binding domain for closer interaction with PAMP RNA. The RD interacts with viral RNA and the helicase domains, resulting in the release of the CARDs for MAVS interaction and further signaling. Following the conformational change, both the RD and CARDs undergo posttranslational modifications. The RD is modified through E3 ubiquitin ligase RIPLET, which promotes ubiquitination at N-terminal sites by the TRIM25 protein (Gack et al., 2007; Oshiumi et al., 2010). This allows the CARD–CARD tetramer formation in the presence of ubiquitin. This tetramer of RIG-1 CARDs facilitates the interaction with MAVS and triggers MAVS mediated downstream signaling pathway.
MDA5 Activation
MDA5 was the first RLR gene that was fully cloned and characterized back in 2002, where the helicase core and CARD domains were found to be responsive to dsRNA (Kang et al., 2002). MDA5 also shows viral sensing for flaviviruses, alphaviruses, coronaviruses, reoviruses, and paramyxoviruses. But the detection of picornaviruses and caliciviruses is predominantly mediated through MDA5 (Kato et al., 2006) However, activation of MDA5 requires higher-order RNA web structures generated during viral infections rather than simply long molecules of dsRNA (Pichlmair et al., 2009). MDA5 thus is also a double-stranded RNA-dependent ATPase, consisting of both CARDs and an almost identical set of RNA helicase and RNA binding motifs. In addition, the CTD has a different function in MDA5 compared to RIG-1. Unlike RIG-1, the CTD of MDA5 has no RNA affinity and instead it is required for cooperative filament assembly (Peisley et al., 2011). However, similar to RIG-1, RNA binding with MDA5 results in the CARDs to interact with MAVS, leading to the transcription of the genes encoding IFNs (Wu et al., 2013). MDA5 senses longer dsRNA species and secondary structures which are usually viral replication intermediates and shows no requirement for terminal di-or triphosphates. For MDA5 activation and filament formation the ATP hydrolysis activity of the helicase domains is required (Motz et al., 2013). Further, these filaments expose the CARDs for interaction with the CARD motif of MAVS. Post translational modifications like protein phosphatase-1 (PP1) dephosphorylation of MDA5 CARDs have also been shown to regulate MDA5 activation (Wies et al., 2013). However, unlike RIG-I, not much is known about other post translational modifications such as ubiquitination that may regulate MDA5 activation. Overall, the underlaying mechanism and the biology about how the regulation and activation of MDA5 takes place has not been investigated at great depths.
LGP2 Activation
Similar to RIG-1 and MDA-5, LGP2 have also been identified as DExD/H box RNA helicases that function in the antiviral immune response (Rothenfusser et al., 2005). Although LGP2 is less well characterized than the other two. LGP2 lacks the CARD domain and acts as a negative regulator of RIG-1 and MDA5 mediated signaling while sometimes also acts as an enhancer of MDA5-directed signaling (Bruns et al., 2014) (Yoneyama et al., 2005) (Venkataraman et al., 2007). Structurally LGP2 consists of the similar helicase and RD domains like RIG-1 and MDA5 but lacks the N-terminal CARD domains, required for interaction with MAVS. Thus, its effect on downstream antiviral signaling is often due to interaction with dsRNA viral ligand or the other RLRs (RIG-I and MDA5). Uninfected cells express low levels of LGP2 but it accumulates as a result of viral infections (Komuro and Horvath, 2006). LGP2 can recognize various RNAs, irrespective of length or 5′ phosphate ends (Pippig et al., 2009). Although it seems that LGP2 serve multiple, diverse functions in response to different viruses, but there have been conflicting reports regarding LGP2’s function in the immune response depending on the experimental approach taken (Zhu et al., 2014). Therefore, further research is needed to understand the role and function of LGP2 in the regulation of RNA virus sensing and downstream signaling events.
DNA Sensors in the Cytosol
In 2006, two parallel reports demonstrated that mammalian cells produce IFNs upon detection of cytosolic double-stranded DNA (dsDNA). This spurred the idea that cytosolic DNA sensing is a major mechanism by which the innate immune system detects pathogens (Ishii et al., 2006) (Stetson and Medzhitov, 2006). Afterwards several DNA sensors were identified, but only few have been proven to have a clear and definitive mechanism to induce IFN response to cytosolic DNA release. However, the presence of DNA in the cytosol is not only an indicator of pathogen infection, but it can also render to cellular damage and the cell’s nuclear integrity. As far as pathogenic infections are concerned, with regards to DNA sensing, the cellular defense mechanism is triggered not only for DNA viruses, but also for bacterial and eukaryotic pathogens. While sensors and pathways related to detection of RNA viruses are well defined, most of the sensors of viral DNA have only been recently identified. Furthermore, the signaling pathways that lead to IFN production in response to viral DNA PAMPs are less well defined than pathways activated by viral RNA PAMPs. However, many discoveries in the past decade, have revealed key factors in the DNA-sensing through IFN-stimulatory DNA (ISD) pathway (Stetson and Medzhitov, 2006) (Yanai et al., 2018). The most well studied and relevant receptors in triggering the IFN pathways are the cGAS/STING, DAI and ALR pathway, which will be described in the next sections (Briard et al., 2020).
cGAS/Sting Pathway Activation
Amongst all the cytosolic DNA sensors, cGAS signaling is probably the most explored pathway. The pathway is triggered during infection with cytosolic bacterial pathogens and some DNA viruses resulting into transcriptional induction of T1-IFNs and the nuclear factor-κB (NF-κB) dependent expression of proinflammatory cytokines. The most common DNA viruses that cGAS senses are herpesviruses, human papillomavirus, adenovirus, and hepatitis B virus, as well as retroviruses such as human immunodeficiency virus-1 (HIV-1), simian immunodeficiency virus and murine leukemia virus (Ma and Damania, 2016). Although cGAS is known to play a role in the innate immune response to a number of positive-sense RNA viruses, the mechanism of RNA sensing and signaling remains largely unexplored (Schoggins et al., 2014).
Structurally cGAS is composed of N-terminal unstructured region and is also less conserved across species, followed by nucleotidyl transferase domain and a C terminal Mab21 domain (Sun et al., 2013). The DNA-sensing mechanism in this system mainly comprise of cGAS which is basically a DNA-sensing nucleotidyl transferase enzyme, its second-messenger product that is cyclic GMP–AMP (cGAMP) and the cGAMP sensor STING (also known as MITA13, ERIS14 or MPYS15,16). At resting state cGAS exists in a bilobal conformation, with a zinc thumb positioned between the lobes. The activation happens by direct DNA binding, which triggers conformational changes to induce the enzymatic activity (Civril et al., 2013) (Kranzusch et al., 2013; Li et al., 2013). Normally any DNA, foreign or self, can cause cGAS activation, but the length of the DNA is crucial for the trigger. Shorter DNA of approx. 20 bp can bind to cGAS, but longer dsDNAs of more than 45 bp can form more stable ladder-like networks of cGAS dimers, which consequently leads to stronger enzymatic activity (Li et al., 2013) (Zhang J.-Z et al., 2014) After the DNA binding, the catalytic pocket of cGAS is accessible for synthesis of cGAMP by converting GTP and ATP into cGAMP. This synthesis generates 2′3′-cGAMP, which is an endogenous cGAMP, containing two unique phosphodiester bonds (Sun et al., 2013; Schoggins et al., 2014) (Zhang X et al., 2013). 2′3′-cGAMP binds STING, which is an endoplasmic reticulum (ER)-localized adaptor. STING can also directly bind to cyclic dinucleotides produced by bacteria, including cyclic diGMP, cyclic diAMP and bacterial cGAMP, all of which have conventional (3′5′) phosphodiester linkages.
Although cGAS can directly bind to the DNA moieties, the production of cGAMP is essential for STING activation to induce T1-IFN. STING activation by cGAMP creates conformational change leading to STING dimerization and is then it is subjected to K63-linked ubiquitination by TRIM56, TRIM32 and MUL1 (Oshiumi et al., 2010; Tsuchida et al., 2010; Zhang et al., 2012; Ni et al., 2017) Further regulation of cGAS activity is governed by post translational modifications. Most post translational modification sites are found on the nucleotidyl transferase domain and on C-terminal domain of cGAS. The most predominant post-translational modifications of cGAS are phosphorylation, ubiquitination, acetylation, glutamylation, and sumoylation that are reported to profoundly affect its function (Wu and Li, 2020).
DAI Activation
DNA-dependent activator of IFN-regulatory factors (DAI) (also known as ZBP1 or DLM-1) is a cytosolic sensor molecule for dsDNA and is implicated in antiviral responses to some DNA viruses. It was the first cytosolic DNA sensor of antiviral innate immunity to be discovered by Taniguchi group in 2007 (Takaoka et al., 2007). Similar to cGAS pathway the dsDNA-stimulated DAI also activates IRF3 and NF-kB leading to the production of type-I interferons and inflammatory cytokines (Takaoka et al., 2007). Predominantly DAI can sense viruses including herpes simplex virus-1 (HSV-1), human cytomegalovirus (HCMV), mouse cytomegalovirus (MCMV) and Human immunodeficiency virus (HIV) (DeFilippis et al., 2010; Hayashi et al., 2010; Upton et al., 2019). Apart from recognizing DNA viruses, DAI is able to sense self-DNAs in the cytosol, which plays a crucial role in the development of autoimmune diseases like Systemic lupus erythematosus (SLE) (Zhang W et al., 2013). Increased DAI expression has been shown in SLE patients, where activation of DAI mediated by calcium signaling results in pathological macrophage activation in SLE disease (Zhang W et al., 2013). Another recent study shows that DAI also is involved in caspase independent cell death called necroptosis. This is induced by E3-Zα-domain-deleted vaccinia virus (VACVE3LΔ83N) (Koehler et al., 2017). Some reports also suggests that DAI plays a critical role in the activation of the NLRP3 inflammasome in Influenza A virus (IAV) infected bone marrow-derived macrophages (Kuriakose et al., 2016). In the same line of investigation a recent study shows that DAI is capable of sensing Z-form RNAs produced during IAV infection, culminating into necroptosis (Zhang et al., 2020).
The overall mechanism by which DAI senses cytosolic DNA is scarcely known. Some studies have shown that DAI binds to DNA in a length-dependent manner, but is independent of sequence specificity. The DNA serves as a scaffold to mediate the formation of a tandem array of DAI molecules, which then recruit and activate downstream signaling molecules, such as TBK1 and IRF3 (Wang et al., 2008). Extensive research is needed to gain a better understanding of the underlaying mechanisms through which DAI senses DNA. There are no clear reports which demonstrates whether or not DAI signals through STING pathway (Radoshevich and Dussurget, 2016)-(Xu et al., 2015)Future studies to understand its role, mechanistic action and contribution in manifestation of innate immune response in variable infections needs to be thoroughly investigated.
AIM2-like Receptors (ALRs) Activation
The ALRs also participate in the detection of intracellular DNA and acts as sensors of the ISD pathway. They are known to activate inflammasomes in response to infections due to pathogens (Hornung et al., 2009). Since 2009 at least 10 or more proteins have been proposed as cytosolic DNA sensors. To name a few AIM2, IFI16, LRRFIP1, DHX9, DHX36, DDX41, Ku70, DNA-PK, MRE11, cGAS, STING and Rad50. However, it is only AIM2 and IFI16 that have been shown to detect viral dsDNA in the cytoplasm by direct binding via the AIM2 HIN200 domain. This further mediates inflammasome and transcription factor activation (Dempsey and Bowie, 2015) (Johnson et al., 2013) (Rathinam et al., 2010). During inflammasome activation, ASC (apoptosis-associated speck-like protein containing a CARD) brings caspase-1 to the inflammasome complex by CARD-CARD interactions. Activated caspase-1 then leads to the induction of a cell death pathway that is stimulated by a range of microbial infections called pyroptosis. This is mediated via the proteolytic cleavage of the N-terminal domain of gasdermin D that generates pores on the host cell membrane from which the proteolytically cleaved form of proinflammatory cytokines IL-1β and IL-18 are released (Sharma et al., 2019). Other than activating inflammasomes, IFI16 is also involved in activating the ISD pathway by sensing non-self DNA in both the nucleus and cytosol (Kerur et al., 2011). IFI16 has also been reported in regulating cellular transcription and act as a DNA virus restriction factor. IFI16 knockdown disrupts the latency of Kaposi’s sarcoma associated herpesvirus (KSHV) and induced lytic transcripts (Roy et al., 2016). Mechanistically, IFI16’s is reported to have an interaction with H3K9MTases leading to epigenetic silencing of foreign DNA (Roy et al., 2019). While these studies implicate IFI16 as an important sensor of both cytosolic and nuclear foreign DNA, several other reports suggest contradictorily. For example, in one study it was shown that ALRs are not required for the T1-IFN response to transfected DNA, DNA virus infection, or lentivirus infection. Moreover, IFI16 in primary human fibroblasts was shown to be dispensable for the ISD response to transfected DNA and HCMV infection (Gray et al., 2016). However, cGAS knockout cells did not generate an effective T1-IFN response. On the other hand, this study demonstrated the importance of cGAS as the primary DNA sensor in the ISD pathway. In conclusion, DNA sensing pathways like DAI ALRs like IFI16 may have a very specific cell type specific role or probably a redundant function in triggering ISD pathway. Therefore, the uncertainty that still thrives in this field of DNA sensors, needs to be studied at large to have deeper and clear understanding.
The Release of mtDNA
Although a lot is known about the role of mitochondrial nucleic acids in eliciting a pro-inflammatory response, the detailed mechanism of the actual release of the nucleic acids is highly elusive. A wide range of pathologies and infections are known to initiate the release of predominantly oxidized mtDNA into the cytoplasm triggering the recognition by sensors such as cGAS (West et al., 2015). TLR4 activation in experimental Autoimmune Myocarditis leads to significant amounts of circulating mtDNA in mice (Wu et al., 2017). They demonstrate a clear need for the circulating DNA to be oxidized. They also show that TLR4 activation induces ROS stress which may promote cardiomyocytes mtDNA damage and increase circulating mtDNA levels. Melatonin, which is synthesized by neuronal mitochondria and acts as an endogenous free radical scavenger, decreases with age and neurodegeneration. Studies with melatonin-deficient aralkylamine N-acetyltransferase (AANAT) knockout mice place ROS damage induced mitochondrial dysfunction as an initiating event for mtDNA release (Jauhari et al., 2020). Furthermore, infections with RNA viruses such as the dengue virus or bacterial pathogens such as Mycobacterium tuberculosis have been shown to increase mitochondrial stress and causes the release of mtDNA (Wiens and Ernst, 2016; Sun et al., 2017). It has been shown that various pathogens can induce limited mitochondrial membrane permeabilization called minority MOMP (Brokatzky et al., 2019). Under sub lethal stress conditions, minority MOMP triggers genomic DNA instability and engagement of mitochondrial apoptotic signaling.
Another interesting mechanism of mitochondrial nucleic acid release is found in breast cancer cells (Rabas et al., 2021). PINK1 association to mitochondria in metastatic cancer cells, promotes mitophagy and generation of extracellular vesicles in these “donor” cells. Thus, invasive characteristics are transferred to the “recipient” tumor cells. The key cargo in the vesicles is the mtDNA which activates TLR9 “recipient” tumor cells leading to increased endosomal trafficking which finally potentiates carcinoma progression. On the other hand, cancer cells also use similar mtDNA laden extracellular vesicles to target and induce the production of IFN and IL-6 from macrophages, which attenuates T-cell immunity in the tumor micro environment, thus promoting tumorigenesis (Cheng et al., 2020). They found oxidized mtDNA to be released into the cytosol when Lon is overexpressed. However, the mechanism of the DNA release and packaging into extracellular vehicles is still not clear.
A clear mechanism of mtDNA release is observed during programmed cell death. Studies have shown that under conditions of BAX and BAK mediated outer membrane permeabilization, the caspase inhibition can cause the pores to increase considerably in size (McArthur et al., 2018; Riley et al., 2018). This allows inner membrane herniation and extrusion of mtDNA and dsRNA. It is still not clear if the herniated inner membrane forms a vesicle around the mitochondrial nucleic acids and continues to exist as vesicles in the cytoplasm. The other possibility is that such herniated structures are unstable and lead to release of the mitochondrial nucleic acids directly in the cytoplasm. Additionally, studies have also shown depletion of mitochondrial helicase SUV3 and polynucleotide phosphorylase (PNPase) leading to dsRNA release from mitochondria through BAX/BAK mediated outer membrane permeabilization (Dhir et al., 2018). One recent study further supported the mitochondrial herniation model. Here, mitochondrial TALENs were used to induce mtDNA breaks. This resulted in BAX/BAK mediated mtRNA release and activation of RIG-1/MAVS sensors (Tigano et al., 2021). Thus, it is very clear that apoptotic caspase activation must be shut down for hijacking the pore forming machinery to initiate mitochondrial nucleic acid mediated inflammation.
Another plausible mechanism is the engagement of the membrane permeability transition pore mPTP (Ricchelli et al., 2011). In many non-apoptotic models, the mPTP has been shown to be instrumental in release of mtDNA fragments (Kim et al., 2019). The study used cells lacking the mitochondrial endonuclease G to show release of 100–200 bp fragments. Another recent study has established the release through mPTP in YME1L deficient cells (Sprenger et al., 2021). All the studies which rely on this model show that VDAC oligomerization inhibitor, VBIT4 specifically blocks any mitochondrial nucleic acid release in these conditions (Yu et al., 2020; Torres-Odio et al., 2021). It is still not clear how a pore predicted to pass molecules smaller than 1.5 kDa is able to transport the entire mtDNA nucleoid. It could be possible that chronic opening of the pore causes swelling of the mitochondria and thus leads to a bigger pore size allowing efflux of nucleic acids.
Thus, in conclusion, more studies in different cell types and model organisms are necessary to establish the model and mechanics of mitochondrial nucleic acid release.
Signaling Pathways Triggered by Mitochondrial Nucleic Acid Sensing
mtDNA and mtRNA are dependent on different receptors and adaptors, but there is considerable overlap between the downstream signaling afterwards. This is evident from the fact that the final IFN response was attenuated only in double deletion of MAVS and STING both and not in situations where the individual gene were deleted (Brunette et al., 2012). Thus, sensing either of the nucleic acids leads to similar gene expression outcomes.
Following recognition of the mtRNAs, the PRRs activate the downstream signaling of the antiviral innate immunity pathway. The key player immediately downstream of PRRs is the mitochondrial antiviral signaling protein (MAVS). Upon activation, MAVS undergoes aggregation to form multimeric filaments (Hou et al., 2011). This filamentous form of MAVS is a platform on which other proteins can dock. At this point the signaling pathways splits into two molecular cascades. The first cascade relies on proteins Tank binding kinase-1 (TBK1) and IκB kinase epsilon (IKK ɛ). Both being serine/threonine kinases, phosphorylates the transcription factors IRF3 and IRF7 to trigger their dimerization and nuclear translocation (Hiscott, 2007). Once inside the nucleus, IRF3 and IRF7—which have great structural homology to each other—mediate the expression of type I and type III IFNs (Jefferies, 2019). The canonical interferon response element sequence (IRES) in the promoter of IFN-β and IFN-α is the binding site for IRF3 after its association with the co-activator CREB-binding protein (Jing et al., 2020). Similarly, route of homodimerization is adopted by IRF7 for its function as a transcription factor (Honda et al., 2005). Going back to the second cascade of MAVS signaling, the IKKα/β/γ complex is employed for NF-κB dependent upregulation of proinflammatory genes (Fang et al., 2017). Autocrine and paracrine responses, through the IFN-a/b receptor, is the ultimate result of T1-IFN production. This leads to the transcription of hundreds of IFN-stimulated genes (ISGs) through the activated JAK/STAT signaling pathway (Nan et al., 2017).
Recognition of the mtDNAs is signaled through cGAS-STING pathway. As discussed in the aforementioned section of cGAS activation, STING upon activation is then able to bind TBK1. Together they translocate to perinuclear endosomes via the Golgi (Zevini et al., 2017). Here in association with TBK1, STING interacts with and activates IRF3, thus leading to T1-IFN (Tanaka and Chen, 2012). STING is also able to cause NF-κB phosphorylation, nuclear translocation, and target gene expression (Abe and Barber, 2014). Thus, eliciting a similar response to that of mtRNA recognition.
PATHO-PHYSIOLOGY OF NUCLEIC ACID SENSING
mtDNA in (Auto) Immune-Diseases
The aforementioned signaling pathways represent a link between mtDAMPs and innate immune response leading to pathophysiology of autoimmune diseases. The common effect triggered by the PRRs is the release of a type 1 interferons (Hu et al., 2019), which has been reported over the years with increasing frequency in the context of various autoimmune diseases. Therefore, it is necessary to discuss the influence of mtDNA in the pathophysiology of Autoimmune diseases.
Most of the described phenotypes in such cases are related to one of the following events: 1. an excess release of mtDNA due to mitochondrial damages, 2. defective cytosolic nucleic acid degradation methods, 3. defective elimination of damaged mitochondria, 4. mutations in regulatory or stimulating molecules that contribute directly in the induction of interferons, especially by leukocytes. Thus, in the next sections we examine each disease individually and try to pin point which of the above mentioned events contribute to the pathology respectively.
Role of mtDNA Sensing in Systemic Lupus Erythematosus (SLE)
Kim et al. were first to show a direct connection between the recognition of cytosolic mtDNA, released by the engagement of the membrane permeability transition pore, and Lupus-like disease phenotype manifested by the production of Antinuclear Antibodies (Kim et al., 2019). The cGAS/STING pathway highlighted in this study appears to be associated with SLE and lupus-like interferon-associated diseases.
Another illustrative example of the pathogenesis of SLE by dysregulated DNA sensing mechanisms is that of Aicardi-Goutières syndrome (AGS). AGS is a hereditary systemic inflammatory disease which is characterized by overexpression of IFN1 (Crow and Manel, 2015). Here mutations, that are also often found in SLE, particularly affect various DNA sensing molecules. The excessive degradation of nucleic acids can lead to the expression of a lupus phenotype (Crow et al., 2006; Lee-Kirsch et al., 2007; Namjou et al., 2011). The phenotype seems to be closely related to the induction of interferons through the cGAS-STING pathway, as the deletion of involved factors led to a recovery of the phenotype (Stetson et al., 2008; Yan et al., 2010; Gall et al., 2012; Ablasser et al., 2014; Ahn et al., 2014). Similarly, an increase in STING activity also led to lupus-like symptoms and interferon induction (Jeremiah et al., 2014; Liu et al., 2014).
Proinflammatory Potential of Extracellular mtDNA in NETosis
Cell-free mtDNA released in the plasma plays a critical role in a recently addressed aspect of SLE—the formation of Neutrophil Extracellular Traps. This process is the ability of Neutrophils to release nucleic acids—also mtDNA—together with antimicrobial enzymes, as a first line defense mechanism against bacterial infection (Brinkmann et al., 2004; Wang et al., 2015). Physiologically, the factor TFAM gets activated by PKA and associates with pro-inflammatory oxidized mtDNA. This triggers its lysosomal degradation. However, dysfunction in the degradation of oxidized mtDNA, causes induction of type 1 interferons in leukocytes (Caielli et al., 2016). In SLE patients, PKA was found to be less active. This leads to NETs containing higher amounts of oxidized mtDNA (Lood et al., 2016). However, release and reaction to mtDNA is not only limited to Neutrophils. It was shown, that also Eosinophils and lymphocytes might trigger type 1 interferon response by releasing mtDNA in to the plasma (Yousefi et al., 2008; Ingelsson et al., 2018). The activation of leukocytes seems to be mediated mainly by TLRs. Interestingly, the NET formation seems to be also stimulated by cell-free mtDNA via TLR9 (Zhang et al., 2010), observed during primary graft dysfunction after lung transplantation. The authors hypothesized, that ischemic conditions might trigger the release of mtDNA which in turn led to the activation of neutrophils, causing increased NET formation resulting in lung injury (Mallavia et al., 2019).
All in all, the elevated concentrations of mtDNA in Plasma SLE patients, led to mtDNA being used as a possible new biomarker for SLE. This new biomarker not only correlates with the severity of the disease, but also with the development of a Lupus Nephritis (Truszewska et al., 2020).
MtDNA in Other Autoimmune Diseases
In addition to SLE, other autoimmune disorders are also highly related to an overactive IFN 1 response often in correlation with release and sensing of mtDNA. A group of diseases were termed type 1 interferonopathies, due to their origin of dysregulation of the type 1 interferon pathway. These include ISG15-and DNAse2 deficiency or AGS (described above), just to name a few. In conclusion this emphasizes the importance of mtDNA sensing as a possible trigger for an interferon induction in Autoimmune diseases.
Rheumatoid Arthritis
The pro-inflammatory potential of oxidized mtDNA in Rheumatologic diseases can be seen from the study where intra-articulary injection of oxidized mtDNA in mice caused progression of arthritis by stimulation of macrophages and induction of NF-ΚB (Collins et al., 2004) Moreover, circulating mtDNA was found in plasma and synovial fluid of RA patients ((Hajizadeh et al., 2003). Additionally, when there is dysfunction of DNAse I in apoptotic cells, there is insufficient degradation of extranuclear DNA. This leads to T1-IFN inflammation and arthritis in mice (Rodero et al., 2017). Thus, elimination of such apoptotic cells by macrophages might trigger a dysregulated systemic immune response through stimulation of cGAS, AIM2 and TLRs (Ahn et al., 2012; Baum et al., 2014; Jakobs et al., 2015).
Li N et al. (2019) demonstrated an important mechanism in the contribution of mtDNA in pro-inflammatory mediated CD4+ T cells RA (Li Y. et al., 2019). It was shown, that defect of the mtDNA repair nuclease MRE11A, which seems to be associated in the progression of RA in humans (Li et al., 2016), caused not only leakage of mtDNA into the cytosol, but also its recognition by AIM3 and NLRP3. This leads to the stimulation of inflammasome, caspase1 and pyroptotic cell death. The phenotype was confirmed in vivo, showing aggressive tissue inflammation, caspase one activation and mtDNA accumulation in synovial tissue (Li Y. et al., 2019). Strikingly, not only does the interferon response appear to be conditioned by mitochondrial dysfunction, but T1-IFN itself also seems to worsen mitochondrial function. This self-reinforcing feedback occurs via suppression of NRF2 by interferon signaling, resulting in increased oxidative stress and enhanced proinflammatory cytokine responses (Lei et al., 2021).
Because increased levels of cell-free mtDNA are also associated with several other inflammatory diseases—e.g., granulomatosis with polyangiitis (Hashimoto et al., 2021), further intensive research on the pro-inflammatory role of mtDNA should be conducted.
mtDNA in Other Chronic Diseases
Apart from systemic inflammatory diseases, mitochondrial nucleic acid sensing seem to play a central role in the pathophysiology of the many organ specific inflammatory conditions. In the following sections we will focus on these pathologies. We would also like to distinguish them from the effects of circulating mtDNA, which may result from acute tissue damages in these organs.
mtDNA in Neuroinflammatory Diseases
Parkinson’s Disease
The influence of mitochondrial DNA on neuroinflammatory diseases has been most clearly demonstrated in Parkinson’s disease (PD), a disease in which motor activity dysfunction results from the degeneration of dopaminergic neurons in the substantia nigra. Characteristically for pathology of PD, the so-called Lewy (protein) bodies are deposited in the affected brain areas and secretion of various cytokines indicate an inflammatory component of the disease (Mogi et al., 1994; Dobbs et al., 1999).
Early on, a link was recognized between defective mitophagy, the mechanism to eliminate malfunctioning mitochondria, and the pathogenesis of Parkinson’s disease and neuroinflammation. Mutations in Parkin/PINK1, two key players in mitophagy, coordinating the lysosomal degradation by ubiquitination of the mitochondrial outer membrane proteins, were associated with a PD phenotype in several cell models (Abbas et al., 1999; Lücking et al., 2000; Valente et al., 2004; Lazarou et al., 2015; Wauer et al., 2015; Gladkova et al., 2018). However, the correlation between dysfunction of autophagy and development of PD was shown mainly in vitro and not in vivo experiments (Goldberg et al., 2003; Perez and Palmiter, 2005; Kitada et al., 2009). Thus, it looks like just the mutations are not sufficient to elicit the complete pathology of the disease. Recent studies shed new light on this aspect. In addition to the mutation in Parkin/PINK1, a second proinflammatory stimulus seems to be required to induce the onset of the disease in vivo. Sliter et al. showed that Parkin/PINK1 deficient mice at rest had no pathological differences in characteristic inflammatory cytokine levels (IL6, IFN b and circulating mtDNA). In contrast, by either exercise of the Parkin/PINK1 deficient mice or mice gathering further mtDNA mutations, the inflammatory stimulus was measured. Interestingly, this inflammatory response seemed to be strongly dependent on STING pathway and thus interferons (Sliter et al., 2018). This was based on the observations that, deletion of STING or receptor blockade of Interferon-alpha/beta receptor (IFNAR), respectively, completely prevented the release of cytokines. Recently, new evidence for the involvement of mitochondrial DNA in this pathophysiology has been revealed. The absence of PINK1, but also other autophagy molecules GBA and ATP13A2, led to accumulation of mtDNA in the cytosol and consequently to IFN1 induction in cultured neuroblastoma cells. This phenotype was completely prevented by overexpression of DNAse II, but also by depletion of IFI16, an mtDNA sensor molecule. Strikingly, DNAse II overexpression also improved symptoms in the zebrafish animal model of PD. A subsequent post-mortem analysis of PD patients showed an increase in cytosolic mtDNA and IFI16 levels in the medulla oblongata. It was striking that IFI16 was particularly associated with the Lewy bodies specific for the disease (Matsui et al., 2021).
Similar to other diseases, in PD circulating mtDNA was described, too. It seems to decrease due to affective treatment and thus can be discussed as a possible biomarker (Lowes et al., 2020).
Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease effecting the motor neurons. The disease pathology which is also connected to TLR signaling, interleukin release and activation of the inflammasome. A pathological marker for ALS is the accumulation of TDP-43 in the cytosol. This had been associated with interferon and NF-ΚB inflammatory signaling. Recently, it was shown, that mitochondrial DNA was released through mPTPs into the cytosol after TDP-43 treatment (Yu et al., 2020). This resulted in induction of interferons through NF-ΚB signaling. However, this could be prevented by deletion of cGAS/STING in cells and mice models. Furthermore, higher amounts of signaling intermediates of this pathway found in ALS patients spinal cord samples indicated, that mtDNA derived signaling might play a significant role in pathogenesis of ALS. Involvement of the cGAS-STING pathway and its activation by released mtDNA in neuroinflammation seems likely, which could be triggered by the absence of the antioxidant melatonin in a mouse line and was found in association with Huntington’s disease (Jauhari et al., 2021).
Visual System
Mitochondrial dysfunction is often connected to pathologies associated with eye-related inherited disorders (Yu-Wai-Man and Newman, 2017). Recently, evidence for mtDNA induced inflammation in the visual system was shown in the experiments where cultivated retinal microvascular endothelial cells released mtDNA in response to oxidative stress (Guo et al., 2020). Also, in rat models, intravitreal injection of LPS and light injury in the retina triggered the release of mtDNA in retinal tissue (Guo et al., 2021). In both studies, the released mtDNA triggered the cGAS/STING pathway resulting in an T1-IFN upregulation. This, supports the need to investigate the significance of mitochondrial nucleic acid sensing in retinal neurodegeneration.
The central importance of mitochondrial DNA-triggered inflammation was also shown in studies of neuromyelitis optica - an autoimmune disease characterized by aquaporin four autoantibody-mediated damage to astrocytes. As a consequence, there are not only visual disturbances but also sensorimotor deficits. Shimizu et al. showed that astrocytes, upon treatment by the autoantibodies, released proinflammatory cytokines (CCL2) and mtDNA. The activation of TLR9, on the one hand increased the recruitment of monocytes, on the other hand mtDNA through feedback loop stimulated the further production of CCL2 (Shimizu et al., 2020). This indicates a central role of mtDNA in the pathophysiology in neuromyelitis optica.
Finally, mitochondrial autophagy regulators like Parkin/PINK1 seem to be crucial for retinal degeneration diseases, as they were reported to protect retinal photoreceptors from oxidative stress (Zhou B et al., 2021).
Role of mtDNA in Liver Disorders
The two important examples of a diseases strongly related to mitochondrial dysfunction are non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). Both these conditions are precursor of hepatocellular carcinoma (HCC). HCC represents a central problem in industrialized countries with increasing numbers of cases. Although mitochondria also appear to be involved in dysregulated lipid metabolism in NAFLD (Longo et al., 2021), here we focus predominantly on pathologies triggered by mitochondrial nucleic acids.
The difference between NAFLD and NASH is mainly the inflammatory and fibrotic component of the later disease. Kupffer cells and macrophages are the main causative agent of fibrosis (Hirsova and Gores, 2015; Hirsova et al., 2017; Yuan et al., 2017). cGAS-STING signaling in Kupffer cells and macrophages might contribute in the development of NASH and fibrosis. It was found to be activated in hepatic tissue samples from NAFLD patients as well (Luo et al., 2018). Nonspecific induction of STING in macrophages and STING-IRF3 signaling, caused hepatic inflammation, steatosis and fibrosis. On the other hand, STING depletion ameliorated these consequences (Iracheta-Vellve et al., 2016; Luo et al., 2018; Qiao et al., 2018).
Strikingly, Yu et al. showed that mtDNA released by hepatocytes caused the secretion of TNF-a and IL-6 by Kupffer cells, which was attenuated by STING deletion. In addition, deletion of STING prevented the progression of hepatic steatosis (Yu et al., 2018). Furthermore, mtDNA can also directly activate hepatic stellate cells and push them to the progression of fibrosis (An et al., 2020). Also, in pathophysiology of NAFLD, the potential induction of TLR9 signaling by mtDNA seems to play a role, since Garcia-Martinez et al. were the first to show a direct link between the release of oxidized mitochondrial DNA from hepatocytes and its recognition by TLR9 in humans and in mouse model (Garcia-Martinez et al., 2016). This is supported by the observation that TLR9 deficient mice did not develop NASH on a provocative diet (Miura et al., 2010).
Thus, it becomes tempting to speculate, that the damaged hepatocytes are the drivers of mtDNA release, triggering the Kupffer cells and hepatic macrophages to induce pro-inflammatory and pro-fibrotic pathways.
Role of mtDNA in Pulmonary Diseases
The cell-free mtDNA concentrations changes with different pathologies associated with lungs. In case of acute lung injury the amounts go up, correlating to the extent of damage, whereas in lung carcinoma the amounts go down (Chen et al., 2018; Mao et al., 2021). This already indicates a possible involvement of mtDNA release and sensing in different pathologies of the pulmonary system.
Several independent studies indicate different paths leading to the same root cause. An analysis of samples from lung fibrosis patients showed higher levels of mtDNA mutations and dysfunction of the respiratory chain, indicating an involvement in fibrotic pathways (Jaeger et al., 2019). However, the authors did not address the contribution of mtDNA sensing pathways in these samples. This correlation was investigated in other studies, showing an induction of inflammatory pathways due to cell free mtDNA or cytosolic mtDNA. The triggering the of TLR9/NF-ΚB expression and the activation of the inflammasome pathway was observed in both, cultivated macrophages and lung tissue samples in mice (Zhang X et al., 2014; Wu et al., 2019). Injection of mtDNA caused the secretion of proinflammatory cytokines (IL-1b, IL18, TNFα) as well as the activation of Caspase -1. Both are associated with fibrotic and acute pulmonary injuries (Jäger et al., 2021).
While searching for possible triggers for mtDNA release, it was discovered that H2O2 released by Streptococcus pneumoniae caused severe mitochondrial- and histopathological damage. This, subsequently led to the release of mtDNA into the cytoplasm of human alveola cells. Further, an T1-IFN response was triggered, in which STING was found to be involved (Gao et al., 2019). Furthermore, ZBP1 is proposed to be involved as a mtDNA sensor and mediator of an interferon response (Szczesny et al., 2018). Sustained low level oxidative stress caused damage in the mtDNA of cultured pulmonary epithelia cells, but not the nuclear DNA. As a consequence, mtDNA was released into the cytosol and ZBP1 initiated T1-IFN response via TBK1. Interestingly, it was also shown that mtDNA was released extracellularly by exosomes, which also elicited an inflammatory response in healthy neighboring cells, suggesting an autocrine as well as a paracrine potential of mtDNA in lung pathologies.
Role of mtDNA in Kidney Diseases
Several kidney-related diseases including in diabetes, tubulo-nephritis show elevated mtDNA levels not only in the plasma, but also in the urine. Thus, it is important to discuss the role of the kidney in the involvement of elimination of potentially proinflammatory cell free mtDNA and look closely at the effect of mtDNA on the kidney itself (Whitaker et al., 2015; Wei et al., 2018; Chang et al., 2019).
As in other organ systems, TLR9, as well as cGas-STING signaling triggered by released mtDNA, seem to mediate inflammatory responses in acute kidney injury (Tsuji et al., 2016; Maekawa et al., 2019). STING mediated sensing of mtDNA might also be involved in kidney fibrosis, especially by triggering NF-ΚB, shown in renal cells of TFAM knockout mice. Since suppressing STING pathway ameliorated kidney fibrosis in mouse models of chronic kidney disease, it should be discussed as a possible target in fibrosis treatment strategies (Chung et al., 2019). Furthermore, activation of NLRP3 Inflammasome, which was reported in association with mitochondrial dysfunction was linked to renal tubular injury and tubulointerstitial fibrosis (Gong et al., 2016; Guo et al., 2017).
Role of mtDNA in Cardiovascular Diseases
The inflammatory potential of mtDNA is connected to different cardiac phenotypes, as extracellular mtDNA, which was found in higher concentrations in association with various cardiac pathologies. It was shown to activate NF-ΚB via TLR9 signalling in cardiomyocytes, even inducing its cell death (Bliksøen et al., 2016; Wu et al., 2017). One of the reasons for elevated circulating mtDNA levels can be cardiomyocyte necrosis. For example, in acute myocardial infarction (AMI) (Qin et al., 2017; Nakayama and Otsu, 2018), or ROS-dependent sepsis induced mitochondrial damages (Yao et al., 2015) cardiomyocyte necrosis led to mtDNA release. mtDNA sensing through both, TLR9 and the cGAS-STING pathway must be highlighted as a potential driver of essential pathogenecity in pressure overload-induced heart failure (Hu et al., 2020). In response to pressure overload, the cGAS deficient mice showed not only lower inflammatory cardiac reactions, but more importantly also preserved LV contractile function. In these models, pathological remodeling—including cardiac hypertrophy, fibrosis, and apoptosis—was also very low (Hu et al., 2020).
STING signaling especially in infiltrating macrophages, triggered by mtDNA, might also be involved in inflammation after MI. This provokes IFN stimulation, cardiac expression of inflammatory cytokines and increase of cardiac inflammatory cell infiltration. After MI, the inhibition of IFNAR and IRF3 in mice attenuated ventricular dilation, improved left ventricular dysfunction and survival (King et al., 2017) Supporting its role in pathophysiological involvement in cardiac diseases, Li et al. reported that knockout of STING in mice treated with LPS (mimicking sepsis-induced cardiomyopathy) improved survival rate and cardiac function. Serum and myocardial cytokine levels were decreased and the knockout prevented the apoptosis, as well as NLRP3 mediated pyroptosis of cardiomyocytes (Li N. et al., 2019). Atherosclerosis is one of the major risk factors for MI. It was observed that, mtDNA damage in macrophages and smooth muscle cells (Yu et al., 2013), T1-IFN signaling (Goossens et al., 2010) and inflammasome activation seem to promote atherosclerosis (Duewell et al., 2010). Furthermore, STING-IRF3 pathway triggered endothelial inflammation via ICAM-1 in response to the release of mitochondrial DNA provoked by free fatty acids. This not only supported the importance of STING in several inflammatory pathways, but might also display an important connection between cardiovascular pathologies and metabolic syndromes (Mao et al., 2017).
Rising Knowledge of mtRNA in Pathophysiology
Although the role of mtDNA has been reported more extensively and further findings in this area appear to be of paramount importance, there is increasing evidence for a similar influence of mtRNA. mtRNA was identified as the main potential trigger of the innate T1-IFN immune response (Dhir et al., 2018). Physiologically, cytosolic dsRNA is contained in viruses as well as in mitochondria. But it is also formed to some extent in the cytosol in healthy individuals. It is degraded by a complex of SUV3 and PnPase, which is therefore called the degradosome (Szczesny et al., 2009, 2011; Borowski et al., 2012; Kim et al., 2018; Kotrys and Szczesny, 2019). This process is fundamental not only for defense against viral infections, but also to prevent excessive accumulation of mitochondrial dsRNA in the cytosol. Therefore, dysfunction of the complex also leads to an increased concentration of dsRNA in the cytosol of the affected cell (Pajak et al., 2019). Dhir et al. showed for the first time that, dysfunction of the degradosome and thus increased cytosolic mtRNA can trigger an interferon response via recognition by PRRs (Dhir et al., 2018). The most important receptors for recognition of foreign RNA, as described few sections before, are MDA5, RIG1, TLR3 and PKR (Chattopadhyay and Sen, 2014; Wu et al., 2014; Kim et al., 2018; Linder and Hornung, 2018). However, this mechanism seems to be far more complex, as Brachène et al. pointed out in their work on pancreatic beta cells, investigating the origin of an T1-IFN response observed in pancreatic islet cells in diabetes type 1 (Foulis et al., 1987; Brachène et al., 2021). Apparently, the accumulation of mtRNA in the cytosol is highly dependent on the proliferation state of the cell. Moreover, the induction of an T1-IFN response triggered by cytosolic mtRNA is by no means a general, ubiquitous mechanism of the innate immune system, but is conditioned by cell type (Brachène et al., 2021).
Since it appears that mitochondrial dsRNA (mtdsRNA), like mtDNA, can elicit an interferon response, it is not surprising that increasing evidence also points to a link between (autoimmune) diseases and mtdsRNA—although this is much less understood than for mtDNA. The effects of excessive cytosolic mtRNA can be seen in the study of Zhou et al., who discovered induction of NF-ΚB pathway by MDA5 upon detection of higher cytosolic concentrations of mtRNA (Zhou X et al., 2021). Excessive release of mtRNA was triggered by oxidative stress, provoked by common mtDNA deletions in collagen producing keratocytes. As a consequence, key signalling pathways such as the induction of IL8, key mediator of neutrophil immigration, and profibrotic molecules also appeared to be affected. Although this is a very specific example in keratocytes, it seems tempting to speculate that similar mechanisms could be at work in other organ systems, triggering local proinflammatory and fibrotic remodelling processes.
In addition, dsRNA as such might show proinflammatory effects in Myasthenia gravis (MG). MG is an autoimmune disease which is defined by the development of auto-antibodies against the AChReceptor, thus effecting the motoric nerve system (Cufi et al., 2012). An injection of dsRNA mimicking polyinosinic–polycytidylic acid [poly (I:C)] caused an activation of TLR3, PKR and induction of IFN beta in healthy mice. The analysis of human MG thymus cells further supported the hypothesis of dsRNA’s role in the MG. Most interestingly, the injection of poly (I:C) also provoked a production of auto-antibodies also in wild type mice. This connection was likely strictly related to the interferon pathway, as the antibodies did not develop in T1-IFN Receptor deficient mice. However, this study did only show the pathophysiological potential of dsRNA in general, and not the mitochondrial dsRNA specifically. Apparently, the magnitude of the immune response as well as the organ manifestations depends on the circulating amount of dsRNA (McGarry et al., 2021).
MtdsRNA was found in higher concentration in circulating extracellular vesicles in Alzheimer’s disease. These could be secreted by astrocytes, microglia and neurons under cellular stress (Kim et al., 2020). This might be an indication for considering circulating mtRNA as a potential biomarker for several diseases. However, the role of circulating mtdsRNA remains unclear and it is not investigated, whether it contributes to a systemic inflammatory response or if it is just a consequence of a damaged organ system. A look at the pathophysiology of autoimmune diseases suggests that mtdsRNA may also be involved in the progression of systemic immune responses.
Dermatomyositis is a disease that particularly attacks the striated muscle and skin. Besides intramuscular inflammation, hallmarks in diagnostics of this disease are the induction of interferon inducible genes—such as MHC1, ISG15, and RIG1—n muscle biopsies. There seems to be a strong link between hypoxic conditions and the expression of especially RIG1 in dermatomyositis. Thus, making it a potential inducer of the dysregulated immune response (Luna et al., 2017). Interestingly, mitochondrial transcription seems to be decreased under conditions of hypoxia and thus the amount of mtdsRNA is also reduced (Arnaiz et al., 2021). This represents a direct regulatory mechanism of the immune response triggered by RIG1 induction. Furthermore, dsRNA receptors were found in high expression in skin samples and keratinocytes from psoriasis patients (Rácz et al., 2011). Anti-MDA5 antibodies are found in association with idiopathic inflammatory myopathies, often indicating a lethal prognosis (Li et al., 2014). 40–50% of SLE patients are characterized by dsRNA antibodies (Schur et al., 1971; Davis et al., 1975). Although the development of auto-antibodies is a concept that is not understood in depth and require further investigation, specific auto-antibodies are crucial in diagnostics and prognosis of the diseases.
Finally, it was recently suggested, that mtRNA release might be linked to mtDNA integrity, as mtDNA double strand breaks triggered the release of mtRNA which caused activation of RIG1-MAVS dependent signaling (Tigano et al., 2021). Thus, in conclusion, the field of mtRNA sensing is a very promising for understanding the disease pathology, development of biomarkers and possible therapeutics.
DISCUSSION AND PERSPECTIVES
The field of mitochondrial nucleic acid-sensing has, in the recent years, made rapid progress owing to attention it drew from cell biologists, immunologists and clinicians alike. Since, the phenomenon directly connects all these branches of biology, the study requires a comprehensive understanding of all its aspects—including the nature of the molecular patterns, release and recognition in the cytoplasm, signaling and resulting patho-physiologies. Due to the bacterial ancestry of the mitochondrial genome, the molecular sensors of innate immunity can be easily repurposed to detect its extra-mitochondrial presence. Additionally, since an elaborate mechanism of anti-viral immunity exists to deal with viral pathogens, the molecular sensors involved can be also repurposed to detect mitochondrial nucleic acids outside their regular confines. However, it the response that mitochondrial nucleic acids garner from the over activation of antiviral immunity, which leads to a systemic patho-physiology (Figure 4). Additionally, a lot of critical shortcomings need to be addressed particularly in the areas of mitochondrial nucleic acids release and the etiology of pathologies. Let us look at them one by one.
[image: Figure 4]FIGURE 4 | Comparison of anti-viral and mitochondrial nucleic acid responses. Both lead to a prolonged T1-IFN inflammatory response. However, in case of mitochondrial nucleic acid sensing pathways, the overactivation of inflammation leads to systemic/organ-specific auto-immune diseases or even fibrosis in various organs.
The major models of release from the mitochondrial matrix involve either 1. herniation of the inner membrane through BAX/BAK mediated outer membrane pore (McArthur et al., 2018) or 2. mPTP mediated channel pore formation (Kim et al., 2019). Both models require thorough mechanistic examination. Herniation would not lead to a vesicle like structure to protrude out form the outer membrane. The issue of how this vesicle gets permeabilized to release the mitochondrial nucleic acids into the cytoplasm has never been addressed. The molecular pathway of apoptotic caspase inactivation for BAX/BAK to generate the pore also needs to worked out. On the other hand, what causes the growth in pore size of the mPTP so as to allow the passage of the bulky nucleoid needs to be investigated. Furthermore, what is the effect of such a huge pore on the mitochondrial structural integrity needs to be explored.
With more and more reports of increased occurrence of mitochondrial DNA in connection with multiple different diseases, it seems increasingly important to shed light on this aspect. The central question is whether mitochondrial DNA is a concomitant of the disease itself or is just a side effect. Also, it is import to determine if mtDNA sensing may have an additional secondary influence on the course of the disease, or whether it is a primary patho-mechanistic determinant of the progression of the disease itself. mtDNA copy numbers do influence the mitochondrial health and any dysfunctions in the maintenance process are associated with neuroinflammatory diseases. A concept was proposed in the study by Dölle et al. that, dysregulation of mtDNA homeostasis might be a key process in the pathogenesis of neuronal loss in Parkinson’s disease (Dölle et al., 2016). Physiologically, the amount of mtDNA in substantia nigra dopaminergic neurons increases with age, such that the wild-type mtDNA population is maintained in good numbers despite increasing deletions. This upregulation seems absent in PD patients, resulting in a depletion of the wild-type mtDNA population. In contrast, neuronal mtDNA point mutation load was not increased in PD, wich might be the trigger for its release and signaling. In a different context, the involvement of mtDNA signaling in pathogenesis of Alzheimer’s disease (AD) is also currently under discussion, as several reports of mitochondrial dysfunction and also the dysfunction of Pink1/Parkin, excessive ROS production are reported in association with AD (Witte et al., 2009; Ye et al., 2015). However, a direct contribution of mtDNA in pathogenesis of AD was not proven yet, the inflammatory component, showing induction of the inflammasome, cytokines and NF-ΚB might hint a correlation of mtDNA accumulation in AD (Heneka et al., 2013; Ahmed et al., 2017; Hu et al., 2021).
Apart from the biogenesis and maintenance of mitochondrial nucleic acids, mitochondrial quality control might also play a role in various diseases. In pulmonary disorders, PINK1 was reported to attenuate mtDNA release in alveolar epithelial cells (Bueno et al., 2019). Both, ER stress and PINK1 deficiency in AECII led to oxidation and damage of mtDNA and subsequent extracellular release, which was recognized by TLR9 after endocytosis. Besides the inflammatory response, mtDNA triggered secretion of the profibrotic factor TGF-β. In addition, mtDNA oxidation and damage were found in IPF human lungs and circulating mtDNA plasma- and bronchoalveolar lavage levels were significantly elevated in patients with idiopathic pulmonary fibrosis (IPF). Strikingly, the induction of inflammation and autophagy seems to be cross-talking via STING, as activation of STING interfered with lysosomal acidification, hence disturbing autophagy in mtDNA mediated sepsis-induced acute lung injury. As a consequence, the induction of autophagy or STING deficiency alleviated lung injury (Liu et al., 2021). The proper functioning of the mitophagy also seems to be of great importance for the preservation of renal function. On the one hand, mitophagy seems to be essential in ischemic renal situations (Tang et al., 2018; Livingston et al., 2019), on the other hand, it also appears to be indispensable in the prevention of inflammatory and fibrotic processes (Szeto et al., 2016; Bhatia and Choi, 2019). Further, the role of mitophagy and its function to remove mitochondrial material has to be discussed, since inhibition of mitophagy molecules caused TLR9-mediated inflammatory responses in cardiomyocytes, myocarditis and dilated cardiomyopathy (Oka et al., 2012). Mitophagy-mediated mtDNA release aggravates stretching-induced inflammation and lung epithelial cell injury via the TLR9/MyD88/NF-κB pathway (Jing R et al., 2020). Thus, the molecular connections with autophagy/mitophagy and mitochondrial nucleic acid sensing pathways need to be examined in detail.
Lastly, the nature of the trigger and site of nucleic acid sensing also varies a lot for different diseases. Thus, we briefly touch upon the distinction of intracellular and extracellular DNA sensing. Usually there are two possible situations which lead to the occurrence of circulating mtDNA. The first situation may be a severe (acute) destruction of tissue. The other would be, mitochondria-related dysfunctions and resulting (chronic) pathologies of the organ system. However, the distinction between the two can be often murky as cell free mtDNA from acute damage in tissue might also contribute to additional inflammatory reactions in the tissue itself. Clinically, this might present as if the organ system failed and thus skew the interpretation towards the second hypothesis. Thus, while looking at the etiology of such pathologies one needs to carefully dissect the origin of the insult or signal. Similarly, although sensing of mitochondrial DNA/RNA is a widely established trigger for an enhanced (interferon) immune response, there appear to be fundamental differences in different cell/organ types that are studied. This is underscored by Brachene et al., who showed that triggering an interferon response by increased mtRNA is, by no means, a universal process (Brachène et al., 2021). Rather, it seems to depend not only on specific organ systems but also on the proliferative status of the cells. Also, the nucleic acid sensing pathways could aggravate the triggers for other unassociated disorders. Using the example of the influence of mitochondrial dysfunction in the pathogenesis of Parkinson’s disease, it can be deduced that dysfunction in the mitochondrial system alone is not sufficient to trigger the disease. Much more, the chronic proinflammatory stress could be compensated in case of an intact regulatory system, which, however, could be omitted in case of another mutation affecting this very compensatory mechanism. Thus, similar to tumorigenesis, a “second hit” hypothesis is being attempted: In addition to an underlying dysfunction in the mitochondrial system itself, it could be a second malfunction in the inflammatory pathway regulating mechanisms that ultimately triggers the onset of mitochondrial genome-driven disease.
However, there are a few studies which clearly contradict the role of mitochondrial nucleic acid sensing pathways in diseases. Studies in the autoimmune disease rheumatoid arthritis, show T cells in RA patients when treated with mtDNA actually have lower IFNB and IFIT1 transcripts (Li Y. et al., 2019). In other studies of chronic heart failure, although those patients show significantly higher levels of mtDNA than age- and sex-matched healthy controls, there is no association between the severity of heart failure and the levels of serum mtDNA (Dhondup et al., 2016). Additionally, one study even found TLR9 is not strongly involved in mtDNA-induced inflammation caused by cardiac ischemic injury (Omiya et al., 2016). Based on experiments using TLR9 null mice, they showed no differences in the number of infiltrating inflammatory cells and the levels of inflammatory cytokine mRNA in infarct hearts between TLR9-deficient and wild-type mice. Thus TLR9, in opposition to its role in invoking inflammation, actually promoted proliferation and differentiation of cardiac fibroblasts for cardiac remodeling. Thus, it is very clear that a thorough examination of mitochondrial nucleic acid sensing pathways is necessary. But overwhelming evidence do point in a direction of benefits of the pathway in diagnostics and treatments.
To conclude, the new insights into the key players of the patho-mechanisms of autoimmune diseases also bring forward new therapeutic options for discussion. Currently, the blocking of cGAS-STING pathways but also TLR are intensively discussed as potential therapeutic targets for the treatment of autoimmune diseases, for example SLE (Decout et al., 2021; Fillatreau et al., 2021). Apart from autoimmune diseases, circulating mtDNA can affect organ systems as well. Mechanically-induced cartilage injury also leads to leak of mtDNA into the synovial fluid through cell death/rupture (Seewald et al., 2020). Again, treatments with mitoprotective SS31 peptide, which interacts specifically with CL to affect membrane curvature and prevent peroxidative damage, significantly lower circulating mtDNA bringing it to similar levels to that of the controls. This clearly indicates a great potential for developing or re-tasking drugs for treating these systemic inflammatory diseases associated with mitochondrial energetics and metabolism. Additionally, new biomarkers of the mitochondrial nucleic acid sensing pathways could accelerate timely detection and life-saving therapeutic interventions (Borsche et al., 2020; Ward et al., 2021). Hence, it is necessary to have a comprehensive overview of the mitochondrial nucleic acid sensing pathways in order to study diseases of the OXPHOS dysfunction.
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Inorganic polyphosphate (polyP) is an ancient, ubiquitous, and well-conserved polymer which is present in all the studied organisms. It is formed by individual subunits of orthophosphate which are linked by structurally similar bonds and isoenergetic to those found in ATP. While the metabolism and the physiological roles of polyP have already been described in some organisms, including bacteria and yeast, the exact role of this polymer in mammalian physiology still remains poorly understood. In these organisms, polyP shows a co-localization with mitochondria, and its role as a key regulator of the stress responses, including the maintenance of appropriate bioenergetics, has already been demonstrated by our group and others. Here, using Wild-type (Wt) and MitoPPX (cells enzymatically depleted of mitochondrial polyP) SH-SY5Y cells, we have conducted a comprehensive study of the status of cellular physiology, using proteomics and metabolomics approaches. Our results suggest a clear dysregulation of mitochondrial physiology, especially of bioenergetics, in MitoPPX cells when compared with Wt cells. Moreover, the effects induced by the enzymatic depletion of polyP are similar to those present in the mitochondrial dysfunction that is observed in neurodegenerative disorders and in neuronal aging. Based on our findings, the metabolism of mitochondrial polyP could be a valid and innovative pharmacological target in these conditions.
Keywords: mitochondria, bioenergetics, mitochondrial metabolism, OXPHOS, inorganic polyphosphate, metabolomics, proteomics, SH-SY5Y cells
1 INTRODUCTION
Inorganic polyphosphate (polyP) is an evolutionary conserved polymer, which is wide spread across all studied organisms, from bacteria to mammals (Kornberg et al., 1999; Kulakovskaya et al., 2010). It is composed of multiple monomers of orthophosphate linked by high-energy phosphoanhydride bonds, similar to those present in ATP (Kornberg et al., 1999). The concentration and length of polyP has shown to be variable in different subcellular locations and organisms (Kumble and Kornberg, 1995). In mammalian cells, polyP is usually formed by a couple of hundred monomers of orthophosphate, and it is found within the micromolar range (Kumble and Kornberg, 1995). The metabolism of polyP in these cells still remains poorly understood, even though a study showing the effects of the mitochondrial F0F1-ATP synthase in the synthesis and degradation of the polymer in the presence of mitochondrial respiration substrates and phosphates has been recently published (Bayev et al., 2020). However, additional pathways independent of the ATP synthase are probably also involved in the metabolism of polyP in mammalian cells (Borden et al., 2021; McIntyre and Solesio, 2021; Patro et al., 2021). In bacteria and yeast, the metabolism of the polymer is well-described. For example, it is known that polyP is converted into inorganic phosphate by the exopolyphosphatase (PPX) enzyme (Kornberg et al., 1999; Kulakovskaya et al., 2010).
PolyP has been proposed as a key molecule in the cellular stress response in a wide range of organisms, including mammals (Judge and Leeuwenburgh, 2007; Paradies et al., 2010; Armstrong et al., 2018). Accordingly, polyP has an important regulatory role in many cellular processes that are commonly dysregulated in neurodegenerative disorders, such as generation of reactive oxygen species (ROS), inflammation, apoptosis, energy metabolism, calcium signaling, and protein homeostasis (Muller et al., 2009; Kim et al., 2011; Morrissey et al., 2012; Solesio et al., 2016a; Amodeo et al., 2017; Angelova et al., 2018; Yoo et al., 2018; Maiolino et al., 2019; Solesio et al., 2020). In mammalian cells, polyP has been found in the cytoplasm, the nucleus, associated with membrane proteins (Kumble and Kornberg, 1995), in the extracellular space (Suess et al., 2017), and in different organelles such as acidocalcisomes and mitochondria, where the levels of the polymer correlate with those of ATP (Abramov et al., 2007; Solesio et al., 2016a). In fact, polyP synthesis is dependent on the metabolic status of the cell (Pavlov et al., 2005; Pavlov et al., 2010). Moreover, we have already demonstrated the role of polyP in the regulation of the intra-mitochondrial levels of free calcium, which are closely related to mitochondrial metabolism and ATP generation (Solesio et al., 2016b; Solesio et al., 2020). Indeed, intra-mitochondrial calcium signaling activates mitochondrial dehydrogenases, which leads to the increased levels of NADH and ATP (McCormack et al., 1990), present in stress response and in aging (Baltanas et al., 2013; Picard et al., 2018).
Mitochondrial function, including oxidative phosphorylation (OXPHOS) regulation, is especially relevant to high-energy cells, such as neurons (Zheng et al., 2016). Changes in energy metabolism can compromise brain function and be components in the etiopathology of multiple diseases, including neurodegenerative disorders, such as Parkinson’s (PD) and Alzheimer’s disease (AD) (Lin and Beal, 2006; Schon and Przedborski, 2011; Koopman et al., 2013). Moreover, increased ROS production, a well-known consequence of dysfunctional mitochondrial bioenergetics, is also a common aspect of neurodegeneration (Kudryavtseva et al., 2016; Singh et al., 2019). Furthermore, our research group has recently investigated the impact of mitochondrial polyP in the regulation of mammalian OXPHOS. By using HEK293 cells that are enzymatically depleted of mitochondrial polyP (MitoPPX), we demonstrated a significant shift from OXPHOS to glycolysis, globally affecting mitochondrial physiology (Solesio et al., 2021). MitoPPX cells are created by the stable transfection of Wt cells with a plasmid containing the sequence for the mitochondrial expression of the exopolyphosphatase enzyme (PPX), which is the enzyme in charge of the degradation of polyP in yeast. The homolog of the PPX enzyme in mammalian cells still remains unknown. Previous studies have shown that the effects induced by transfection with MitoPPX are due to the elimination of polyP and not to the transfection procedure or other effects of PPX on mammalian cellular physiology (Abramov et al., 2007; Seidlmayer et al., 2012; Seidlmayer et al., 2015).
Here, we conducted a comprehensive proteomics and metabolomics study of the role of mitochondrial polyP in SH-SY5Y cells, a cellular model widely used for experimental research in the field of neurodegeneration (Xicoy et al., 2017). Our goal is to better understand the contribution of mitochondrial polyP to the molecular mechanisms that regulate cellular bioenergetics. To achieve this, we used Wild-type (Wt) and MitoPPX SH-SY5Y cells. Proteomics and metabolomics approaches were conducted to identify phenotypic differences between the cell lines, particularly focused on mitochondrial metabolism and bioenergetics. Our data suggested that the enzymatic depletion of mitochondrial polyP has a deleterious impact on various metabolic pathways, including mitochondrial bioenergetics, where several subunits of the Electron Transfer Chain (ETC) as well as metabolites, are altered. These integrated proteomics and metabolomics profiles could bring new insights into the specific role(s) of mitochondrial polyP in mammalian cells, as well as contribute to finding new therapeutic approaches using mitochondrial polyP as a valid target against dysfunctional organelle in human pathologies.
2 MATERIALS AND METHODS
2.1 Reagents
Dulbecco’s Modified Eagle medium (DMEM):F12; 4′,6-diamino-2-phenylindole (DAPI); penicillin-streptomycin; G418; lipofectamine; trypsin; alkaline phosphatase; Pierce BCA protein assay kit; Pierce ECL western blotting substrate; phosphoric acid; heat-inactivated fetal bovine serum (FBS); acetonitrile (ACN); methanol; ammonium acetate; Pierce Halt protease and phosphatase Inhibitor Cocktails; and acetic acid Optima LC-MS grade were purchased from Thermo Fisher Scientific (Waltham, MA, US). Phosphate-Buffered Saline (PBS); β-mercaptoethanol; tris(hydroxymethyl)-1,3-propanediol hydrochloride (TRIS-HCl); glycerol; Bovine Serum Albumin (BSA); phenylmethylsulfonyl fluoride (PMSF); Tween-20; triethylammonium bicarbonate buffer (TEAB); dimethyl sulfoxide (DMSO); iodoacetamide (IAA); yeast enolase protein; and potassium chloride were obtained from Sigma-Aldrich (San Louis, Missouri, US). All the materials and reagents used in the Western Blotting experiments, including secondary antibodies, polyvinylidene (PVDF) membranes, fat-free milk, protein ladders, and polyacrylamide-precast gels were obtained from BioRad (Hercules, California, US). Primary antibodies anti-OXPHOS, anti-PPX and anti-β-actin were obtained from Abcam (Cambridge, United Kingdom), and anti-eGFP from Cell Signaling (Danvers, MA, US). Deionized water was obtained using an 18 MΩ Milli-Q from EMD Millipore Corporation (Billerica, Massachusetts, US).
2.2 Cell Growing and Maintenance
Wt SH-SY5Y cells were obtained from the American Type Culture Collection (Manassas, Virginia, US), and grown following the instructions of the provider, as previously done (Solesio et al., 2012; Solesio et al., 2013; Fossati et al., 2016; Angiulli et al., 2018; Solesio et al., 2018). Specifically, we used DMEM:F12 media, supplemented with 20 units/mL penicillin-streptomycin and 10% (v/v) heat-inactivated fetal bovine serum (FBS). Cells were grown in a humidified cell culture incubator, under a 5% CO2 atmosphere at 37°C until around 80% optimal confluence was reached, as previously reported (Solesio et al., 2012; Solesio et al., 2013). MitoPPX cells were generated adapting the protocol from (Solesio et al., 2020) to SH-SY5Y neuroblastoma cells. 50,0000 cells were plated in 6-well plate. 24 h later, the cells were transiently transfected using lipofectamine and a DNA construct containing the sequence for the mammalian expression of a mitochondrial targeting sequence (MTS), green fluorescent (eGFP) protein, and PPX (Solesio et al., 2020). After 24 h, 0.5 mg/mL of geneticin (the selection antibody) were added to the cells for 2 weeks. Subsequently, individual clones were selected, transferred into a 96-well plate and amplified. MitoPPX cells were grown and maintained in the presence of geneticin to assure the expression of the construct.
2.3 PPX Enzymatic Assay
The binding between polyP-DAPI shifts the wavelength of emission of DAPI up to 550 nm (Aschar-Sobbi et al., 2008). Therefore, this is a widely used method to assay the presence of polyP in various organisms, including mammalian cells (Abramov et al., 2007; Aschar-Sobbi et al., 2008). Using this principle, the enzymatic activity of MitoPPX cells was assayed following the protocol previously published in (Solesio et al., 2021).
2.4 Protein Extraction and Quantification
Cells were plated and grown to 90% confluency. Afterwards, cells were scrapped on ice-cold PBS 1x, and centrifuged at 1,000 rpm for 5 min at 4°C. Pellets were re-suspended in lysis buffer (300 mM NaCl, 50 mM Tris-HCl pH 7.5, 1% TritonX-100) and shaken for 15 min at 4°C. Cell suspensions were centrifuged at 13,000 rpm for 5 min at 4°C, and supernatants were directly frozen at–80°C. Protein content was measured through the bicinchoninic acid colorimetric (BCA) assay following manufacturer’s instructions. Aliquots of the samples were prepared and stored at -80°C for further Western Blotting validation.
2.5 Western Blotting
Western Blotting analyses were conducted as previously published (Baltanas et al., 2013; Liu et al., 2019; Castro et al., 2020; Khong et al., 2020). 20 µg of protein per sample was separated using 12% Mini-Protean TGX Precast Gel, and transferred into PVDF membranes. Non-specific protein binding was blocked using 5% fat-free milk and 0.1% Tween-20 in PBS 1x for 1 h. Membranes were then hybridized with the specific primary antibodies overnight at 4°C (PPX 45 kDa; eGFP 25 kDa; CV-ATP5A 54 kDa; CIII-UQCRC2 48 kDa; CII-SDHB 29 kDa; CIV-COXII 22 kDa; CI-NDUFB8 18 kDa; all of them at 1:1,000 dilution). The levels of protein expression were normalized using β-actin content (47 kDa; 1:1000). The signal was detected using Piece ECL Substrate kit following manufacturer’s instructions and the Gel Doc XR Image System from BioRad (Hercules, California, US). Finally, the intensity of the signal was quantified by densitometry analysis using ImageJ software from NIH (Bethesda, Maryland, US).
2.6 Proteomics Assay
Wt and MitoPPX cells were scraped, washed with cold PBS, and immediately preserved at–80°C (five replicates, collected on two independent days). Cells were shipped overnight on dry ice for further protein profiling at the Department of Genome Science of University of Washington (Seattle, Washington, United States).
2.6.1 Protein Lysis and Digestion
Cell pellets were resuspended in 100 μL of 5% SDS, 50 mM Triethylammonium bicarbonate (TEAB), 2 mM MgCl2, and 1x Pierce Halt protease and phosphatase inhibitor cocktail, vortexed and briefly probe sonicated. Protein concentration was measured with a BCA assay. Homogenate of 50 ug was added to a process control of 800 ng of yeast enolase protein, which was then reduced with 20 mM DTT, and alklyated with 40 mM of IAA. Lysates were then prepared for S-trap column (Protifi, Long Island, New York, US), binding by the addition of 1.2% phosphoric acid and 350 μL of binding buffer (90% methanol, 100 mM TEAB). The acidified lysate was bound to the column incrementally, followed by three wash steps with binding buffer to remove SDS, three wash steps with 50:50 methanol:chloroform to remove lipids, and a final wash step with binding buffer. Trypsin (1:10) in 50 mM TEAB was then added to the S-trap column for digestion at 47°C for 1 h. Hydrophilic peptides were then eluted with 50 mM TEAB and hydrophobic peptides were eluted with a solution of 50% acetonitrile in 0.2% formic acid. The elute was pooled, speed vacuumed and resuspended in 0.1% formic acid. A heavy labeled Peptide Retention Time Calibrant (PRTC) mixture (Pierce, Waltham, Massachusetts, US) was added to each sample.
2.6.2 Proteomic Profiling by LC-MS
One μg of each sample with 150 femtomole of PRTC were loaded onto a 30 cm fused silica picofrit (New Objective, Littleton, Massachusetts, US) 75 μm column and 3.5 cm 150 μm fused silica Kasil1 (PQ Corporation, Malvern, Pennsylvania, US) frit trap loaded with 3 μm Reprosil-Pur C18 (Dr. Maisch, Ammerbuch, Entringen, Germany) reverse-phase resin analyzed with a Thermo Easy nano-LC 1200. The PRTC mixture was used to assess quality of the columns before and during analysis. Four of these quality control runs were analyzed prior to any sample analysis and then after every six to eight sample runs, another quality control run was analyzed.
Buffer A was 0.1% formic acid in water and Buffer B was 0.1% formic acid in 80% acetonitrile. The 40-min QC gradient consists of a 0–16% B in 5 min, 16–35% B in 20 min, 35–75% B in 1 min, 75–100% B in 5 min, followed by a wash of 9 min and a 30 min column equilibration. The 110 min sample LC gradient consists of a 2–7% for 1 min, 7–14% B in 35 min, 14–40% B in 55 min, 40–60% B in 5 min, 60–98% B in 5 min, followed by a 9-min wash and a 30-min column equilibration. Peptides were eluted from the column with a 50°C heated source (CorSolutions, Ithaca, New York, US) and electrosprayed into a Thermo Orbitrap Fusion Lumos Mass Spectrometer with the application of a distal 3 kV spray voltage. For the quality control analysis, a cycle of one 120,000 resolution full-scan mass spectrum (350–2000 m/z) followed by data-independent MS/MS spectra on the loop count of 76 data-independent MS/MS spectra using an inclusion list at 15,000 resolution, AGC target of 4e5, 20 s maximum injection time, 33% normalized collision energy with a 8 m/z isolation window. For the sample digestion, first a chromatogram library of six independent injections is analyzed from a pool of all samples within a batch. For each injection, a cycle of one 120,000 resolution full-scan mass spectrum with a mass range of 100 m/z (400–500 m/z, 500–600 m/z … 900–1,000 m/z) followed by data-independent MS/MS spectra on the loop count of 26 at 30,000 resolution, AGC target of 4e5, 60 s maximum injection time, 33% normalized collision energy with a 4 m/z overlapping isolation window. The chromatogram library data generated from a pooled samples was used to detect proteins from individual quantitative sample runs. These individual runs consist of a cycle of one 120,000 resolution full-scan mass spectrum with a mass range of 350–2000 m/z, AGC target of 4e5, 100 m maximum injection time followed by data-independent MS/MS spectra on the loop count of 76 at 15,000 resolution, AGC target of 4e5, 20 s maximum injection time, 33% normalized collision energy with an overlapping 8 m/z isolation window. Application of the mass spectrometer and LC solvent gradients are controlled by the ThermoFisher XCalibur data system (Waltham, Massachusetts, US).
2.6.3 Proteomics Data Analysis
Thermo RAW files were converted into mzML format using Proteowizard (version 3.0.20064; Palo Alto, CA, US) using vendor peak picking and demultiplexing (Amodei et al., 2019). Chromatogram libraries were created by analyzing the six narrow window gas phase fractionated runs on the pool sample using default settings (10 ppm tolerances, trypsin digestion, HCD b- and y-ions) of EncyclopeDIA (version 0.9.5) using a Prosit predicted spectra library (Gessulat et al., 2019) based on Uniprot human canonical FASTA background (april 2019) as described previously (Pino et al., 2020). Prosit library was created using the settings one missed cleavage, 33% Normalized Collison Energy (NCE), charge states of 2 and 3, m/z range of 396.4–1,002.7, and a default charge state of 3. The resulting chromatogram library empirically corrected the on-column chromatographic retention times and the product ion intensities and only included peptides detected in the pooled sample (Pino et al., 2020).
The individual quantitative analyses were analyzed using EncyclopeDIA with the Chromatogram library generated from the narrow window gas phase fractionated data. EncyclopeDIA was set to require a minimum of three quantitative ions and filtering peptides at a 1% False Discovery Rate (FDR) using Percolator 3.01 (Kall et al., 2008). The output of the EncyclopeDIA Quant Report was imported into Skyline (version 20.1.9.234; Fairfield, Ohio, US) with the human uniprot FASTA as the background proteome to map peptides to proteins. We used a library of predicted spectra and retention times. In Skyline, data was normalized to the total ion current (TIC) and unique peptides were summed to protein TAF (total area fragment) quantities. If a peptide mapped to more than one protein, Skyline selected the first protein on the list. A csv file of unique protein TAFs for each replicate was exported. The Skyline documents and raw files for DIA library generation and DIA sample analyses are available at Panorama Public (ProteomeXchange ID: PXD028185; access URL: https://panoramaweb.org/MitoPPX.url)
2.7 Metabolomics Assay
2.7.1 Sample Preparation
Cells were prepared as for the proteomics assay (five replicates, collected on two independent days), and shipped over night on dry ice for metabolite profiling at the University of Washington’s Northwest Metabolomics Research Center (Seattle, Washington, US).
Aqueous metabolites were extracted using a protein precipitation method (Mathon et al., 2019). Cell samples were first homogenized in 200 µL purified deionized water at 4°C, and then 800 µL of methanol containing 13C6-glucose and 13C2-glutamate (reference internal standards used to monitor sample preparation) were added. Afterwards samples were vortexed, stored for 30 min at–20°C, sonicated in an ice bath for 10 min, centrifuged for 15 min at 14,000 rpm and 4°C, and then 600 µL of supernatant was collected from each sample. Lastly, recovered supernatants were dried on an Eppendorf Vacufuge (Brinkmann Instruments, Westbury, NY, US) and reconstituted in 1 ml of LC-matching solvent containing 13C2-tyrosine and 13C3-lactate (reference internal standards used to monitor instrument performance). Protein pellets that were left over from the sample preparation were used for BCA protein assay.
2.7.2 Metabolite Profiling by LC-MS
Targeted LC-MS metabolite analysis was performed on a duplex-LC-MS system composed of two Shimadzu Nexera XR LC-20AD pumps, CTC Analytics PAL HTC-xt temperature-controlled auto-sampler (Shimadzu, Kyoto, Japan) and AB Sciex 6,500 + Triple Quadrupole MS equipped with ESI ionization source (AB Sciex, Framingham, MA, US) (Meador et al., 2020). UPLC pumps were connected to the auto-sampler in parallel to allow two independent chromatography separations: while one column performed separation and MS data acquisition in ESI + ionization mode, the other column was equilibrated for sample injection, chromatographic separation and MS data acquisition in ESI- mode. Samples were injected on two identical Waters XBridge BEH Amide XP analytical columns (-2.5 µm, 130 Å, 2.1 × 150 mm) (Waters Corporation, Milford, MA, US). Each chromatography separation was 18 min (total analysis time per sample was 36 min). MS data acquisition was performed in multiple-reaction-monitoring (MRM) mode. LC-MS system was controlled using AB Sciex Analyst 1.6.3 software (AB Sciex, Framingham, MA, US).
2.7.3 Metabolomics Data Analysis
Measured MS peaks were integrated using AB Sciex MultiQuant 3.0.3 software. The LC-MS assay targeted 363 metabolites (plus four spiked reference internal standards). In addition to the study samples, two sets of quality control (QC) samples were used to monitor the assay performance as well as data reproducibility. One QC [QC(I)] was a pooled human serum sample used to monitor system performance over extended time and the other QC [QC(S)] was a pooled study sample, which was used to monitor data reproducibility. Each QC sample was injected per every 10-study samples. The data were well reproducible with a median CV of 5.86%.
2.8 Statistical Analysis
For the proteomics data, we used TIC-normalized protein TAF quantities for the downstream analysis. Data were run in two batches. There were 5,847 proteins detected in run batch1 and 5,600 proteins detected in run batch2. We included 4,232 proteins with <20% missingness in both batches for the imputation. We used a quantile regression approach for the imputation of left-censored missing data (QRILC), which has been suggested as the favored imputation method for left-censored Missing Not At Random (MNAR) data (Wei et al., 2018). This was implemented in the R imputeLCMD package. We fitted a linear model to the protein level data to detect the genotype group differences while adjusting for run batch and sample collection day in the model using the Bioconductor limma package (Ritchie et al., 2015). The limma package uses empirical Bayes moderated statistics, which improves power by ‘borrowing strength’ between proteins in order to moderate the residual variance (Smyth, 2004).
For the targeted metabolomics assay, we performed a median normalization where we adjusted the data, so all samples have the same median value of the metabolite abundance post log2 transformation. Only metabolites with <20% missingness and a coefficient of variation (CV) < 20% in the pooled sample QC data were included in further analyses. Out of the possible 363 metabolites that the assay could detect, 151 metabolites passed these filtering criteria, which were included in the imputation step. We used the same imputation method as described above for the proteomics data. We fit a linear model to the imputed data to detect the genotype group differences while adjusting for collection day and protein amount in the model using the Bioconductor limma package.
For the unsupervised learning, the batch effects (run batch and sample collection day) and covariates (protein amount) were removed using the limma removeBatchEffect function prior to the PCA (principal component analysis) and clustering analysis. We used MetaboAnalyst (v 5.0) to perform univariate methods (t-test), multivariate analysis (PCA) and hierarchical clustering (Euclidean distance and Ward’s linkage) (Pang et al., 2021). Statistical analysis and graphical representation of the data were conducted using GraphPad (San Diego, California, US), and Origins Lab (Northampton, Massachusetts, US) software.
2.9 Pathway Analysis
Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City, California, US), was used to analyze the proteomics and metabolomics data for canonical pathways, upstream regulators, and disease and function analysis using the list of differentially expressed proteins (log2FC cutoff of 1.5 and FDR<0.001) and metabolites (FDR<0.05). Protein and metabolite symbols were used as identifiers. All molecules were overlaid onto a global molecular network contained in the Ingenuity Knowledge base. Networks of network-eligible molecules were algorithmically generated based on their connectivity. The functional analyses identified the canonical pathways, upstream regulators and biological functions and diseases that were most significant to the data set. A right-tailed Fisher’s exact test was used to calculate the raw p-values. The z-score was used to predict the activation or inhibition state of the molecules in our datasets. Canonical pathways, upstream regulators and biological functions and diseases which were likely activated (based on the pattern of differentially abundant proteins or metabolites) were presented in orange (positive z-score), those that were likely inhibited were presented in blue (negative z-score), and those with a z-score which is zero (or close to zero) or ineligible for prediction were presented in white or grey, respectively (NaN z-score).
3 RESULTS
3.1 SH-SY5Y Cells Overexpressing the PPX Enzyme in Mitochondria Showed Decreased Levels of polyP and Affected ETC
SH-SY5Y MitoPPX cells successfully expressed eGFP and the PPX enzyme, while these proteins were not observed in the Wt samples (Figure 1A). In addition, the activity of the PPX enzyme was assayed through the measurement of the cellular levels of exogenous polyP, using DAPI fluorescence as previously described (Aschar-Sobbi et al., 2008; Solesio and Pavlov, 2016). A significant decrease of cellular polyP was observed in MitoPPX cells after 12 h of incubation with exogenous polyP, when compared with Wt (Figure 1B). This indicated the functional activity of the overexpressed PPX enzyme in MitoPPX cells.
[image: Figure 1]FIGURE 1 | SH-SY5Y neuroblastoma cells overexpressing exopolyphosphatase (PPX) enzyme. (A) Western Blotting confirming the expression of PPX (70 kDa together with eGFP protein) in the MitoPPX cells. PPX antibody was used to conduct this experiment. However, the molecular weight shown is the combined molecular weight of PPX and GFP, as the GFP protein is expressed jointly with PPX. (B) Enzymatic assay demonstrating the activity of the PPX enzyme in our MitoPPX SH-SY5Y samples. After 12 h of treatment with exogenous polyP, the levels of the polymer were decreased in MitoPPX cells, compared to Wt (p < .001). These decreased levels were comparable to the levels seen in the positive control, which was conducted with alkaline phosphatase (AP), an enzyme known to degrade polyP (Lorenz and Schroder, 2001). Results are expressed as mean ± SEM of three experiments. t-test was used to seek for statistical analysis between groups. (C) Western Blotting that shows the expression of different subunits of the ETC complexes in SH-SY5Y Wt and MitoPPX samples that were shipped for metabolomics and proteomics assays (n = 1).
The expression of some subunits of the ETC complexes was assayed using Western Blotting in our Wt and MitoPPX SH-SY5Y cells. Decreased protein expression of NDUFB8-complex I and COXII- complex IV subunits were observed in MitoPPX cells, compared to Wt. These results will be confirmed by our data obtained from the proteomics and metabolomics assays, and they show the important role of polyP in the regulation of the function of the ETC (Figure 1C. Different exposure times of the membrane are included in Supplementary Figure S1).
3.2 Pathway Analysis of Proteomics and Metabolomics Data Show Significant Changes in MitoPPX SH-SY5Y Cells, Compared With Wt Cells, Including Differences in Bioenergetics
The global effects of the enzymatic depletion of mitochondrial polyP were investigated through the IPA software. We focused our studies especially on the pathways that relate to mitochondrial metabolism. Each dataset was analyzed separately and later integrated via meta-analysis. A complete summary of each IPA analysis (Proteomics, Metabolomics and Meta-analysis) can be accessed in the Supplementary Material S1.
3.2 1 Differential Protein Expression
Proteomics analysis led to the annotation of 4,232 proteins with less than 20% missingness in all samples. Out of 4,214 mapped proteins in IPA, we identified 405 differentially expressed proteins in MitoPPX cells compared to Wt (log2FC < 1.5 and FDR<0.001), of which 386 were upregulated, whereas 19 were downregulated. The top 25 most significantly expressed proteins with a t-test p-value<0.05 were depicted in a heat map (Figure 2A). PCA demonstrated a clear discrimination between the two groups (in red MitoPPX cells and in green Wt cells; Figure 2B).
[image: Figure 2]FIGURE 2 | Heat maps and principal component analysis (PCA) showed that SH-SY5Y Wt and MitoPPX have different proteomics and metabolomics profiles. Heat maps identified the top 25 most significantly expressed proteins (t-test p-value<.05) (A) and metabolites (t-test p-value<.05) (C) detected in MitoPPX cells with respect to Wt cells, some of them related to the status of mitochondrial physiology. Red colors depict proteins or metabolites that were upregulated in the MitoPPX cells and blue colors depict those downregulated in the same samples. PCA identified clear separation between groups for both proteomics (B) and metabolomics (D) datasets. Shaded areas depict regions with at least 95% confidence.
3.2.2 Differential Metabolite Abundance
Out of 363 metabolites, the metabolomics profiling in IPA resulted in the detection of 151 metabolites with less than 20% missingness in all samples, and 80 abundant metabolites were significantly different in MitoPPX compared to Wt (FDR<0.05), of which 52 were upregulated and 36 were downregulated. The top 25 most significant metabolites (t-test p-value<0.05) were shown in a heat map (Figure 2C). PCA showed two clear populations (in red MitoPPX cells and in green Wt cells; Figure 2D).
3.2.3 Identification of Canonical Pathways
The most significant dysregulated pathways in the proteomics analysis included assembly of RNA polymerase II complex (raw p-value<.001), androgen signaling (raw p-value<.001), DNA double-strand break repair by non-homologous end joining (raw p-value<.01), telomere extension by telomerase (raw p-value < .01), glucocorticoid receptor signaling (raw p-value<.01), and amyloid processing (raw p-value<.05) (Figure 3A). In the metabolomics analysis, the most significant dysregulated pathways comprised tRNA changing, l-carnitine biosynthesis, purine nucleotides degradation II–aerobic, super pathway of citrulline metabolism, and super pathway of methionine degradation (all of them raw p-value<0.001) (Figure 3B).
[image: Figure 3]FIGURE 3 | Canonical pathways identified using IPA analysis, based on proteins (A) and metabolites (B) that were identified using label-free quantification proteomics (log2FC≥1.5 and FDR<0.05) and metabolomics (FDR<0.05). The bars represent the significance of the canonical pathway as calculated by a right-sided Fisher’s exact test (threshold is showing raw p-value<.05 for proteomics and raw p-value<.001 for metabolomics). Therefore, the tallest bars represent the canonical pathways that are the least likely to have been identified due to molecules being in the canonical pathway by random chance. Canonical pathways which are likely activated (based on the pattern of differentially abundant proteins or metabolites) are presented in orange (positive z-score) and pathways that are likely inhibited are presented in blue (negative z-score).
Both proteomics and metabolomics analyses showed the differential expression of the OXPHOS pathway in MitoPPX cells, compared to Wt samples (raw p-value<.05 and <.001, respectively). Proteomics data indicated that the variation in OXPHOS occurred at different subunits of the ETC complexes (Table 1 and Figure 4A) which was accompanied by alterations in the abundance of ATP, ADP, NADH and NAD + metabolites, all of them directly involved in OXPHOS (Table 2; Figure 4B). These results were supported by IPA prediction of decreased OXPHOS activity in the MitoPPX cells, when compared to Wt, proposed in both proteomics (negative z-score = -1.34; Figure 3A) and metabolomics datasets (negative z-score = -1). The dysregulation of the tricarboxylic acid (TCA) cycle observed in the metabolomics data (Figure 3B), with increased succinate and decreased oxoglutarate, also suggested a global effect of polyP depletion on mitochondrial function and energetic metabolism (Figure 4C).
TABLE 1 | List of the five altered proteins of the OXPHOS pathway in MitoPPX cells compared to Wt, identified by IPA software. ETC components showed significant differences in their expression levels (log2FC < 0 means decreased expression and log2FC > 0 means increased expression) in MitoPPX cells, compared to Wt. Alterations in these proteins allowed the IPA software to predict a decrease in the OXPHOS system. The ‘Expected’ column indicates the state that protein is predicted to have if the pathway were activated. FDR: False Discovery Rate.
[image: Table 1][image: Figure 4]FIGURE 4 | SH-SY5Y MitoPPX cells showed alterations in OXPHOS and in TCA. (A) Proteomics data showed decreased and increased protein expression of distinct subunits of the ETC complexes in MitoPPX cells compared to Wt. (B) Metabolomics data showed increased presence of different metabolites involved in mitochondrial metabolism in MitoPPX cells compared to Wt. (C) Metabolomics data showed alterations in the levels of succinate and 2-oxoglutarate metabolites in MitoPPX cells as well as in the levels of ATP and NADH metabolites lead to a dysfunction of TCA. Ten biological samples (five replicates, collected on two independent days) were used for each experiment. All results were expressed as mean ± SD and a right-tailed Fisher’s exact test was used to calculate the raw p-values.
TABLE 2 | List of the four altered metabolites involved in the OXPHOS pathway in MitoPPX cells compared to Wt, identified by IPA software. Metabolites which were significantly different (log2FC < 0 means decreased expression and log2FC > 0 means increased expression) in MitoPPX cells compared to Wt. Alterations in these metabolites allowed the IPA software to predict a decrease in the OXPHOS system. The ‘Expected’ column indicates the state that protein is predicted to be in if the pathway were activated. FDR: False Discovery Rate.
[image: Table 2]3.2.4 Analysis of Upstream Regulators
We performed upstream regulator analysis (URA) in IPA software to explore the potential upstream regulators of the protein and metabolite regulatory networks affected by changes in gene expression.
From 308 predicted upstream regulators of different molecule types identified in the proteomics analysis, only 11 were further considered based on FDR<0.05 (Table 3 and Supplementary Material S1). The transcriptional regulator KDM5A (lysine-specific demethylase 5A), a histone demethylase, was increased in MitoPPX cells within our data set, compared to Wt (log2FC = 0.203) and appears as one of the predicted upstream regulators (negative z-score = -0.632, FDR<0.05) of ten proteins, three of them being dysregulated subunits of the ETC complexes in MitoPPX cells: COX7A2-complex IV, NDUFA4-complex I, and SDHC-complex I (Figure 5A). In addition, KDM5A was a predicted upstream regulator of two other mitochondrial proteins: Txn2, a mitochondrial-specific thioredoxin, and Misato 1 (Msto 1), which is a cytosolic protein, involved in the regulation of mitochondrial distribution, morphology, fusion, and network formation (Kimura and Okano, 2007; Gal et al., 2017; Nasca et al., 2017) (Figure 5A).
TABLE 3 | Analysis of upstream regulators generated from protein changes between MitoPPX and Wt cells identified using IPA software. The 11 predicted upstream regulators with an FDR set at 0.05 are listed below. The activation z-score can be used to infer likely activation states of the upstream regulators based on the direction of protein abundance change in the dataset, i.e. a negative activation z score indicates that the upstream regulator is downregulated in MitoPPX cells compared to Wt. NP indicates no prediction of activation status was generated by the IPA software.
[image: Table 3][image: Figure 5]FIGURE 5 | Upstream analysis using proteomics and metabolomics datasets showed potential up-regulators mediating the effects of the enzymatic depletion of mitochondrial polyP in SH-SY5Y MitoPPX cells. (A) The proteomics analysis showed that KDM5A (lysine-specific demethylase 5A) is one of the first 10 upstream regulators, which is predicted to regulate different mitochondrial proteins such as COX7A2 subunit of complex IV and NDUFA4 subunit of complex I. (B) The metabolomics analysis identified creatine, SIX1 (homeobox protein SIX1) and HDAC 11 (histone deacetylate 11) as upstream molecules predicted to regulate different mitochondrial metabolites such as ATP, AMP, phosphocreatine, succinic acid and 2-oxoglutaric acid. This figure was prepared using IPA predictions from the same samples used for the metabolomics and proteomics assays (five replicates, collected on two independent days).
The metabolomics analysis resulted in 1,013 upstream regulators, with 69 FDR<0.001 (Supplementary Material S1). Creatine, an endogenous compound in neuronal cells which is also involved in bioenergetics, was decreased in MitoPPX cells within our data set, compared to Wt (log2FC = -0.019). This metabolite was predicted to be an upstream regulator of seven metabolites (positive z-score = 2.383), including phosphocreatine, AMP and ATP (Figure 5B). In addition, SIX1 (Homeobox protein SIX1) and HDAC 11 (histone deacetylate 11) were predicted as upstream regulators (positive z-score = 2.714 and 2.200, respectively). SIX1 is a transcription factor predicted to lead to decreased levels of 2-oxoglutaric acid and the increase of AMP and ATP (Figure 5B). Also, HDAC11 is predicted to lead to increased succinate levels (Figure 5B).
3.2.5 Analysis of Diseases and Functions
We also applied the ‘disease and function analysis’ from IPA to examine the biological context of proteomics and metabolomics alterations in MitoPPX and Wt cells (Supplementary Material S1). In our proteomics analysis, the top five significant diseases or functions were cancer (raw p value range: 4.8E-29 - 5.46E-03), organismal injury and abnormalities (raw p value range: 4.8E-29 - 5.46E-03), endocrine system disorders (raw p value range: 2.98E-20 - 4.12E-03) gastrointestinal disease (raw p value range: 2.17E-13 - 4.78E-03); and DNA replication, recombination, and repair (raw p value range: 1.1E-07 - 2.56E-03). Cancer was one of the top results. In fact, the role of polyP in carcinogenesis has already been demonstrated (Wang et al., 2003; Tsutsumi et al., 2017; Arelaki et al., 2018; Kulakovskaya et al., 2018). Neurological disease is within the top ten affected ‘disease and functions’, showing 283 proteins involved. In our metabolomics analysis, the top five significant ‘disease or functions’ are cellular growth and proliferation (raw p-value range: 5.27E-23 - 2.74E-03), organismal development (raw p-value range: 5.27E-23 - 2.74E-03), inflammatory disease (raw p-value range: 1.02E-15 - 2.74E-03), inflammatory response (raw p-value range: 1.02E-15 - 2.74E-03), organismal injury and abnormalities (raw p-value range: 1.02E-15 - 2.74E-03). Within all the detected ‘disease and function’, ten of them were related to mitochondria and affected in neurodegeneration. The most significant included dysfunction of mitochondria, permeabilization of mitochondria, and respiration of mitochondria (all of them FDR<0.001; Figure 6).
[image: Figure 6]FIGURE 6 | Alterations in several metabolites identified impacts on different mitochondrial pathways in SH-SY5Y MitoPPX cells. Respiration of mitochondria, dysfunction of mitochondria and permeabilization of mitochondria (all of them FDR<0.001) were the top three significantly affected mitochondrial-related pathways shown by ‘disease and function’ analysis in IPA software from the metabolomics data.
3.3 Meta-Analysis Corroborates Proteomics and Metabolomics Findings
Next, we combined the proteins and metabolites differentially expressed together into an IPA analysis. The meta-analysis of both proteomics and metabolomics assays suggested altered canonical pathways associated with abundant metabolites and proteins in MitoPPX cells (Supplementary Material S1). The most significant pathways found included asparagine biosynthesis I, l-carnitine biosynthesis, tRNA charging, lipoate biosynthesis and incorporation II, and purine ribonucleosides degradation to ribose-1-phosphate (all of them raw p-value<.001). The meta-analysis further supported the decreased OXPHOS pathway in MitoPPX cells (negative z-score = -1.76, Figure 7), observed in both the proteomics and metabolomics study, as well as the change in TCA (positive z-score = 2.00, Figure 7) observed in the metabolomics analysis. In addition, the meta-analysis revealed the presence of mitochondrial dysfunction in MitoPPX cells, when compared with Wt samples (grey z-score = NaN, Table 4). Using the ‘Molecule Activity Predictor’ (MAP) option in IPA software, we predicted up- and downstream properties/activities of molecules participating in mitochondrial function (Figure 8). These included an increase in the glutathione levels (GSH), probably to counteract the potential increased oxidative stress in MitoPPX cells, as well as an increase of TRX2, which is a mitochondrial protein important for the control of mitochondrial ROS homeostasis, leading to an increase of NADP + levels (Figure 8).
[image: Figure 7]FIGURE 7 | Canonical pathways identified using IPA analysis, based on the meta-analysis. The bars represent the significance of the canonical pathway as calculated by a right-sided Fisher’s exact test. Therefore, the tallest bars represent the canonical pathways that are the least likely to have been identified due to molecules being in the canonical pathway by random chance. Canonical pathways which are likely activated (based on the pattern of differentially abundant proteins or metabolites) are presented in orange (positive z-score) and pathways that are likely inhibited are presented in blue (negative z-score).
TABLE 4 | List of the proteins and metabolites found altered in the mitochondrial dysfunction pathway in MitoPPX cells compared to Wt (meta-analysis conducted by IPA software). Table shows increase (log2FC > 0) or decrease (log2FC < 0) of different proteins and metabolites involved in the canonical pathway of mitochondrial dysfunction in the meta-analysis. FDR: False Discovery Rate.
[image: Table 4][image: Figure 8]FIGURE 8 | Mitochondrial dysfunction is predicted in SH-SY5Y MitoPPX cells (meta-analysis). Predicted up- and downstream pathways of molecules participating in mitochondrial function were performed using the ‘MAP’ option in IPA software. The decrease of some of the subunits of ETC complex I and IV together with an increase of some of the subunits of ETC complex II lead to an unbalanced functioning of OXPHOS. The prediction states an increase in the glutathione (GSH) and NADP + levels (due to increase in GSSG and TRX2, respectively), probably as an attempt to counteract the potential oxidative stress consequence of a potential mitochondrial dysfunction.
Moreover, we identified 57 different upstream regulators with FDR set at 0.05 (Supplementary Material S1). The analysis distinguished 40 regulators as genes, RNAs or proteins, such as the previously mentioned SIX1 (activation z-score = 2.714, FDR<0.001) and HDAC11 (positive z-score = 2.200, FDR<0.01). Additionally, IPA predicted another upstream regulated protein, UCP1 (uncoupling protein one; positive z-score = 2.027, FDR<0.01).
Finally, the meta-analysis showed top five most significant dysregulated pathways as cancer (raw p value range: 1.66E-18–2.95E-03), organismal injury and abnormalities (raw p value range: 1.66E-18–2.95E-03), cellular growth and proliferation (raw p value range: 8.04E-13–2.44E-03), organismal development (raw p value range: 8.04E-13–2.68E-03), and endocrine system disorders (raw p value range: 2.77E-11–2.68E-03). In line with metabolomics data, we identified several significantly affected mitochondrial-related pathways, such as dysfunction of mitochondria, release of mitochondrial DNA, respiration of mitochondria, and activation of mitochondria (all of them FDR<0.05; Supplementary Material S1).
4 DISCUSSION
A wide range of mitochondrial alterations have been described in the etiopathology of various human diseases. These alterations include but are not limited to dysregulation of the ETC complexes, which will ultimately affect OXPHOS functionality, increasing ROS levels and unbalancing the cellular antioxidant system (Guzun et al., 2011; Gonzalez-Casacuberta et al., 2018; Gonzalez-Casacuberta et al., 2019). However, the exact molecular basis of the mechanism(s) underlying mitochondrial dysfunction still remain mostly unknown.
PolyP has been described as a key molecule in the cellular stress response, including the regulation of several mitochondrial functions, such as energy metabolism (including calcium homeostasis), and protein homeostasis (Gray et al., 2014; Dahl et al., 2015; Gray and Jakob, 2015; Solesio et al., 2016a; Cremers et al., 2016; Lempart and Jakob, 2019; Xie and Jakob, 2019; Solesio et al., 2020; Solesio et al., 2021). However, the exact molecular mechanism explaining the effects of polyP in the regulation of mitochondrial function are still unclear, especially under stress conditions, such as in human disease.
To our knowledge, this is the first time that a comprehensive study of the effects of polyP on the proteome and the metabolome of mammalian cells has been conducted. Specifically, in the present study, a large number of protein expression and metabolite abundance alterations were described in SH-SY5Y cells that were enzymatically depleted of mitochondrial polyP (MitoPPX). These findings highlighted the importance of polyP in maintaining the proper cellular function, either through direct or indirect regulation of all proteins and metabolites that are differentially expressed in MitoPPX cells.
The number of differentially expressed mitochondrial proteins and the different abundance of mitochondrial metabolites observed in MitoPPX cells showed the clear impact that enzymatical depletion of mitochondrial polyP has in the metabolism of the organelle. Two of the main dysregulated mitochondrial metabolic pathways identified by IPA software were OXPHOS and TCA. In our case, when we used IPA, the background was set for all proteins identified in the samples and not for the entire protein coding transcriptome (default in IPA). Specifically, ETC complex I, complex II, and complex IV showed differential protein expression of some of their subunits, leading to a potential alteration of their activity. Moreover, altered levels of succinate and oxoglutarate evidenced the dysregulation of the TCA. Indeed, the observed increased succinate ETC complex II subunits could indicate a blockage of this complex. In addition, further evidence that demonstrated that mitochondrial metabolism was affected, were increased levels of ATP, ADP, NAD, and NADH in MitoPPX cells. These findings reinforced the importance of polyP in the maintenance of mitochondrial and cellular function. One plausible mechanism explaining this differential pattern of protein and metabolites presence in MitoPPX cells could be the reduced chaperoning effects due to the lack of polyP in our model (Gray et al., 2014; Gray and Jakob, 2015; Lempart and Jakob, 2019). It is well known that the chaperoning ability of the cells is critical in the activation of the stress response. Indeed, the lack of mitochondrial polyP could promote the activation of the cellular stress response in MitoPPX cells. This explanation is supported by our proteomic analysis data, showing increased expression of some antioxidant enzymes (including several peroxiredoxins, thioredoxins, SOD1 and catalase), as well as of proteins involved in the regulation of the cellular stress response (including KEAP, Kelch-like ECH-associated protein 1). This entire cellular stress environment could further deleteriously affect mitochondrial metabolism.
The observed effects of polyP could also be at least partially mediated by the direct interaction between the polymer and the altered proteins within the OXPHOS and TCA which were identified in our analysis. In contrast to the mentioned increased expression of several antioxidant enzymes, mitochondrial SOD2 expression was decreased in MitoPPX cells, which hints at this enzyme as a potential target of polyP. Mitochondrial SOD2 is a superoxide dismutase enzyme dependent on manganese, which is known to form complexes with polyP (Gray and Jakob, 2015). This property suggests a role for polyP in the detoxification process mediated by SOD2. Although we did not show direct evidence of increased ROS levels in these MitoPPX cells, the regulatory effects of the polymer on ROS have already been demonstrated in other organisms (Gray and Jakob, 2015). As previously mentioned, our data showed that ETC complexes I and IV were affected in MitoPPX cells. Some authors have evidenced an overall alteration of oxygen consumption as a consequence of these deficiencies in the ETC, which was also demonstrated by previous work, which was conducted in HEK293 cells (Solesio et al., 2021).
Thanks to our analysis, we were able to identify several upstream regulators of these changes in IPA analysis. For example, KDM5A was identified to regulate mitochondrial proteins, confirming that the lack of polyP could be involved in the decrease of KDM5A leading to the decrease of ETC subunits (COX7A2-complex IV and NDUFA4-complex I), and the increase of catalase and TXN2 (both participating in the antioxidant defense). KDM5A is a well-known regulator of the expression of mitochondrial proteins, especially of those involved in mitochondrial respiration (Varaljai et al., 2015). Furthermore, SIX1, a transcriptional factor described to regulate mitochondrial apoptosis (Du et al., 2017), was predicted to lead to decreased levels of 2-oxoglutaric acid and increased ATP levels. These alterations could be the potential cause underlying the TCA abnormalities observed in MitoPPX cells. Finally, creatine was identified to upregulate ATP and phosphocreatine among others. Creatine is an endogenous chemical converted into phosphocreatine, which is used to produce new ATP under certain circumstances (i.e. during high-intensity exercise) (Guzun et al., 2011). Moreover, the protective role of creatine in maintaining mitochondrial physiology is also known (Barbieri et al., 2016), and it has been demonstrated that the dietary supplementation with this molecule could improve cellular bioenergetics and mitochondrial function, therefore decreasing neuronal cell death in neurodegeneration (Adhihetty and Beal, 2008; Smith et al., 2014). In addition, IPA predicted three upregulated proteins, SIX1, UCP1, and HDAC 11, all of them involved in the upstream regulation of mitochondrial proteins and metabolites, as well as mitochondrial bioenergetics (Fedorenko et al., 2012; Kazak et al., 2015; Chowdhury et al., 2017; Yang et al., 2017; Bhaskara, 2018; Hurtado et al., 2021). In general, the ‘upstream regulators’ analysis hinted at a cellular compensatory response in MitoPPX cells, in which increased presence of proteins involved in cell stress response, including ATP generation, was present, when compared with the Wt samples.
This study has some limitations. We recognize that the use of geneticin exclusively in the MitoPPX cells could exert some effects on the physiology of the SH-SY5Y cells. Additionally, transfection with the MitoPPX contrast could change the amount and/or type of proteins in mitochondria. Moreover, our data was not sufficient to clarify the exact molecular mechanisms by which mitochondrial polyP was involved in the regulation of bioenergetics within the organelle and therefore, in the regulation of mitochondrial physiology. Indeed, the present proteomics ad metabolomics approaches were not focused on the investigation of these mechanisms but to obtain a snapshot of mitochondrial metabolism. Further research is needed to better understand the role of polyP within mitochondria, especially in the context of neurodegeneration. However, this proteomics and metabolomics analysis bring new insights towards elucidating the role of polyP in the regulation of mitochondrial physiology in mammalian cells. Moreover, targeting the metabolism of polyP could provide us with novel therapeutic approaches for diseases where mitochondrial dysfunction has been broadly described as an early and triggering event, such as in neurodegenerative disorders.
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Mitochondria are complex organelles containing 13 proteins encoded by mitochondrial DNA and over 1,000 proteins encoded on nuclear DNA. Many mitochondrial proteins are associated with the inner or outer mitochondrial membranes, either peripherally or as integral membrane proteins, while others reside in either of the two soluble mitochondrial compartments, the mitochondrial matrix and the intermembrane space. The biogenesis of the five complexes of the oxidative phosphorylation system are exemplars of this complexity. These large multi-subunit complexes are comprised of more than 80 proteins with both membrane integral and peripheral associations and require soluble, membrane integral and peripherally associated assembly factor proteins for their biogenesis. Mutations causing human mitochondrial disease can lead to defective complex assembly due to the loss or altered function of the affected protein and subsequent destabilization of its interactors. Here we couple sodium carbonate extraction with quantitative mass spectrometry (SCE-MS) to track changes in the membrane association of the mitochondrial proteome across multiple human knockout cell lines. In addition to identifying the membrane association status of over 840 human mitochondrial proteins, we show how SCE-MS can be used to understand the impacts of defective complex assembly on protein solubility, giving insights into how specific subunits and sub-complexes become destabilized.
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1 INTRODUCTION
Mitochondria are double membrane-bound eukaryotic organelles that perform critical cellular functions including producing the bulk of cellular energy, acting as hubs for synthesis of various biomolecules, and driving the apoptotic response. Mitochondria produce the majority of the cell’s ATP through oxidative phosphorylation (OXPHOS), which involves five multi-protein complexes (complexes I-IV and the F1-F0 ATP Synthase, or complex V) found within the inner mitochondrial membrane (IMM) (Hatefi, 1985; Rich and Maréchal, 2010; Hock et al., 2020). Mitochondria evolved from endosymbiotic prokaryotes, and therefore have their own genome, known as mitochondrial DNA (mtDNA), and their own ribosomes, known as mitoribosomes. Most protein coding genes in mtDNA were lost or transferred to the nucleus early in eukaryotic evolution, and numerous machineries have evolved to import and process these >1,000 proteins (Adams and Palmer, 2003; Roger et al., 2017; Rath et al., 2021). Following synthesis in the cytosol, nuclear encoded proteins are imported into the mitochondria through translocases of the inner and outer membranes, TIM and TOM respectively (Jackson et al., 2018; Pfanner et al., 2019). In humans, 13 proteins are encoded by mtDNA, all hydrophobic transmembrane subunits of the OXPHOS complexes that are translated on mitoribosomes and co-translationally inserted into the IMM (Ott and Herrmann, 2010; Thompson et al., 2018).
Complexes I-IV act as an electron transport chain with electrons from metabolic sources such as the tricarboxylic acid (TCA) cycle passing from complex to complex in a series of redox reactions. The energy from this process is used to pump protons from the mitochondrial matrix to the intermembrane space (IMS), creating a proton gradient used by complex V to synthesize ATP (Jonckheere et al., 2012). Mitochondrial respiratory complexes I, III and IV are found together in higher-order complexes, so called supercomplexes (SCs), that have well defined stoichiometry (Schagger and Pfeiffer, 2000; Letts et al., 2016; Wu et al., 2016; Guo et al., 2017). These include complex I and III (I/III2), complex III and IV (III2/IV), and complex I, III and IV (I/III2/IV), the latter referred to as the respirasome and considered the dominant form.
Complex III (CIII) or the cytochrome bc1 complex is at the center of the OXPHOS system, using electrons received from complexes I, II and other sources via ubiquinone to reduce cytochrome c, while also pumping protons into the IMS (Crofts et al., 2008; Fernandez-Vizarra and Zeviani, 2015). Mammalian CIII forms an obligate homodimer, with each subunit composed of 9 nuclear encoded proteins and one mtDNA-encoded protein, cytochrome b (MT-CYB) (Schagger et al., 1986). Complex III biogenesis begins with the synthesis of mtDNA-encoded MT-CYB on mitoribosomes and its co-translational insertion into the IMM. Two small membrane bound subunits UQCRB and UQCRQ then associate with MT-CYB (Hildenbeutel et al., 2014), while in parallel to this, peripherally associated subunits UQCRC1 and UQCRC2 form a tetramer of two UQCRC1-UQCRC2 dimers which is thought to coalesce on the nascent MT-CYB assembly along with additional membrane bound subunits CYC1, UQCR10 and UQCRH to yield a dimeric intermediate of CIII called pre-CIII2 (Stephan and Ott, 2020). Finally, UQCR11 and catalytic subunit UQCRFS1 and incorporated to form the mature, active complex (Smith et al., 2012; Fernandez-Vizarra and Zeviani, 2018; Ndi et al., 2018). Although complexes I and IV are structurally independent from CIII, complete complex III assembly is critical for their biogenesis (Acin-Perez et al., 2004; Protasoni et al., 2020). Although the molecular details of this necessity are not yet fully understood, loss of CIII leads to inhibition of the final step of Complex I assembly; addition of the catalytic NADH dehydrogenase module (N-module) (Protasoni et al., 2020). Mutations in MT-CYB and 5 of the 9 nuclear encoded subunits in Complex III, along with mutations in many Complex I and IV subunits and assembly factors required for the biogenesis of OXPHOS complexes, impact complex and result in mitochondrial disease, a debilitating metabolic disorder affecting at least 1 in 5,000 live births (Fernandez-Vizarra and Zeviani, 2015; Gorman et al., 2016; Hock et al., 2020). For the majority of mitochondrial diseases there are no effective treatments, thus a nuanced understanding the molecular impact of dysfunctional assembly will be critical to the future development of therapeutics (Gorman et al., 2016).
Sodium carbonate extraction is a ∼30 year old experimental technique used to determine whether a specific protein is an integral membrane protein, peripherally associated with the membrane, or a soluble protein. In the original method, cellular isolates containing membranes are solubilized in 0.1 M sodium carbonate, pH 11.5 (Fujiki et al., 1982a; Fujiki et al., 1982b). The alkaline carbonate solution disrupts protein-protein interactions without disrupting the membrane. Ultracentrifugation is then used to generate a pellet fraction, containing integral membrane proteins, and a supernatant fraction containing soluble and membrane-associated proteins. These fractions can then be analyzed by immunoblotting with specific antibodies.
The mitochondrial inner membrane is one of the most densely packed eukaryotic membranes with a high protein: lipid ratio. As a result of this, the transmembrane domains (TMDs) of mitochondrial membrane proteins are less hydrophobic compared to ER membrane proteins (von Heijne, 1986). This, along with the unique lipid content of mitochondrial membranes may explain the observation that mitochondrial proteins with single, moderately hydrophobic TMDs are susceptible to carbonate extraction at pH 11.0 (Kim et al., 2015). Thus, sodium carbonate extraction alone may yield false negatives as to the presence of TMDs in mitochondrial proteins, and that proteins may be present in both the pellet and supernatant fractions in different proportions, depending on their level of membrane integration (Fujiki et al., 1982a). One approach to overcome this is the use of multiple carbonate solutions with increasingly lower pH, as at lower pH peripheral membrane proteins are partially retained in the pellet fraction (Lytovchenko et al., 2014).
Here we describe a technique combining sodium carbonate extraction with quantitative mass spectrometry (SCE-MS) applicable to routine use in molecular investigations. We used SCE-MS to generate membrane association profiles for over 840 mitochondrial proteins in human embryonic kidney (HEK293T) cells, grouping them into 6 distinct clusters based on their resistance to sodium carbonate extraction across multiple pH conditions. By coupling SCE-MS with stable isotope labelling of amino acids in cell culture (SILAC), we were able to track changes in the membrane integration of mitochondrial proteins in gene-edited knockout cell-lines lacking different CIII subunits. We find that loss of single pass membrane-spanning subunit UQCR10 leads to defective complex assembly. SCE-MS revealed that while the majority of CIII subunits remained membrane associated, peripherally associated core-module subunits UQCRC1 and UQCRC2 became more soluble, consistent with the destabilization and detachment of the core-module from the membrane bound CIII intermediate. Additionally, we found that arrest of CIII assembly, either through loss of UQCR10 or UQCRC1, leads to partial loss of the Complex I N-module as has been previously shown in CIII deficient cells (Protasoni et al., 2020). Using SCE-MS we found that while a population of N-module remained associated with Complex I, N-module subunits had increased solubility relative to other CI subunits, suggesting the modules attachment to the complex becomes unstable in the presence of a structural CIII defect. Thus, we see SCE-MS as a novel and unbiased means to assess the destabilization of protein complexes; a concept often cited to describe the impact of an assembly defect, but generally without a clear molecular definition.
2 MATERIALS AND METHODS
2.1 Tissue Culture and Generation of Knockout Cell Lines
HEK293T cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM High Glucose), supplemented with 10% (v/v) fetal calf serum (FCS; CellSera, Rutherford, NSW, Australia), penicillin/streptomycin (Thermo Fisher Scientific, Scoresby, VIC, Australia) and 50 μg ml−1 uridine (Sigma-Aldrich, North Ryde, NSW, Australia) at 37°C under an atmosphere of 5% CO2. Guide (g)RNA sequences for CRISPR-Cas9 gene editing were designed using the CHOPCHOP software (Labun et al., 2019) and corresponding oligonucleotides were cloned into pSPCas9(BB)-2A-GFP (PX458) plasmid (a gift from F. Zhang;RRID:Addgene_48138) as previously described. The gRNA sequences used were 5′-CGA​CTG​CAG​CTG​GAA​GAT​GG for UQCRC1KO and 5′-TGG​ACT​GTG​AAG​AAA​CAT​GG for UQCR10KO. HEK293T cells were transfected with constructs using Lipofectamine LTX (Thermo Fisher Scientific) according to manufacturer’s instructions. Single GFP-positive cells were sorted into 96 well plates and expanded for screening. To verify mutations caused by CRISPR/Cas9, genomic DNA of positive clones was extracted using Quick-DNA kit (Zymo Research, Irvine, CA) according to manufacturer’s specifications. Screening primers designed by the CHOPCHOP software were used to amplify target regions that were cloned into the pGEM4Z plasmid (Yanisch-Perron et al., 1985) for M13 primed Sanger sequencing as described previously (Stroud et al., 2016). (Stroud et al., 2016). UQCRC1KO clone 1 contained the following mutations c.[1-6T_11del]; [1-3A_4del] while clone 2 contained c.[1-126T_69+66delins]; [3G_4del] c.[1-126T_69+65delins]. UQCR10KO clone 1 contained the following mutations c.[1-217G_30del] while UQCR10KO clone 2 contained c.[1-27G_8del]; [1-11T_14del]; [1-28G_128delins]. All mutations disrupted the start codon and as such no protein product is predicted.
2.2 SDS-PAGE, BN-PAGE and Western Blotting
SDS-PAGE was performed using samples solubilized in LDS sample buffer (Thermo Fisher Scientific) with the 100 mM DTT and separated on Invitrogen Bolt Bis-Tris 4–12% protein gels according to manufacturer’s conditions. BN-PAGE was performed using mitochondrial proteins solubilized in 1% (w/v) digitonin buffer as previously described (Wittig et al., 2006; Lazarou et al., 2007). Mitochondria were isolated as previously described (Johnston et al., 2002) with protein concentration determined using the Pierce Protein Assay Kit (Thermo Fisher Scientific). Detergent solubilized complexes were separated on Invitrogen NativePAGE Bis-Tris gels (3–12%) according to manufacturer’s instructions. Western blotting of SDS-PAGE gels was undertaken using the Invitrogen iBlot2 Dry Blotting System using PVDF based stacks as per manufacturer’s instructions. Western transfer of BN-PAGE gels onto PVDF (Merck, Bayswater, VIC, Australia) was performed using the Invitrogen Mini Blot Module transfer system as per manufactures recommendations. Immunoblots were developed using horseradish peroxidase-conjugated mouse and rabbit secondary antibodies (Cell Signaling Technology, Danvers, MA) and ECL chemiluminescent substrates (Bio-Rad, Gladesville, NSW, Australia) and visualized using a ChemiDoc XRS+ gel documentation system (Bio-Rad). Commercial antibodies were acquired for COXI (Abcam Cat# ab14705, RRID:AB_2084810), COXII (Thermo Fisher Scientific Cat# A-6404, RRID:AB_221584), COX4 (Abcam Cat# ab110261, RRID:AB_10862101), CYC1 (Sigma-Aldrich Cat# HPA001247, RRID:AB_1078602), CYCS (BD Biosciences Cat# 556433, RRID:AB_396417), NDUFV1 (Proteintech Cat# 11238-1-AP, RRID:AB_2149040), SDHA (Abcam Cat# ab14715, RRID:AB_301433), TIMM50 (Proteintech Cat# 22229-1-AP, RRID:AB_2879039), UQCRC1 (Abcam Cat# ab110252, RRID:AB_10863633), UQCRFS1 (Abcam Cat# ab14746, RRID:AB_301445), UQCRH (Abcam Cat# ab134949, RRID:AB_2800504), and UQCRQ (Abcam Cat# ab110255, RRID:AB_10865309). The generation of polyclonal antibodies for MT-HSP70 (Stroud et al., 2013), VDAC2 (Ma et al., 2014), NDUFAF1 (Dunning et al., 2007) and NDUFA9 (Lazarou et al., 2007) has been previously described. In-gel activity assay was performed as previously described (Zerbetto et al., 1997).
2.3 Sodium Carbonate Extraction for SDS-PAGE and BN-PAGE
Mitochondria were isolated from HEK293T cells were pelleted at 12,000 x g for 5 min at 4°C before being resuspended in 100 mM Na2CO3, pH 9.5 or 11.5 and incubated on ice for 30 min. Half the volume of each sample was reserved for a “Total” fraction. The remainder was centrifuged at 125,000 x g for 30 min at 4°C to generate “Pellet” and “Supernatant” fractions. The pellet fraction was solubilized for SDS-PAGE as described above. Total and supernatant fractions were made up to a final concentration of 15% trichloroacetic acid (TCA) and incubated on ice for 30 min before centrifugation at 20,000 x g for 10 min at 4°C. The supernatant was discarded, and the protein precipitates were washed with ice cold acetone before further centrifugation at 20,000 x g for 10 min at 4°C. The supernatant was discarded, and the protein pellets allowed to air dry before being solubilized for SDS-PAGE as above. For BN-PAGE analysis of pellet fractions, pellets were resuspended in 1% (w/v) digitonin buffer as previously described (Wittig et al., 2006; Lazarou et al., 2007) and subjected to shaking at 1500 rpm for 90 min at 4°C. Samples were centrifuged at 20,000 x g for 10 min at 4°C and BN-PAGE analysis and Western blotting were carried out as described above.
2.4 Sodium Carbonate Extraction for Mass Spectrometry
HEK293T, UQCRC1KO, and UQCR10KO cells were cultured in DMEM for SILAC (Thermo Scientific, 88364), supplemented with 10% (v/v) dialyzed FCS (Thermo Scientific, 30067334), penicillin/streptomycin (Thermo Fisher Scientific, Scoresby, VIC, Australia), 50 μg ml−1 uridine (Sigma-Aldrich, North Ryde, NSW, Australia), 600 mg L−1 L-proline and, either regular “light” or “heavy” (13C615N2 lysine and 13C615N4-arginine) arginine and lysine (Silantes, 201604102 and 211604102) at the concentrations of 42 mg L−1 L-arginine and 146 mg L−1 L-lysine at 37°C and 5% CO2 for at least 5 passages. Cells were collected, washed in PBS and counted. Samples were prepared in triplicate with a label switch. Equal numbers of HEK293T cells (2 independent samples grown in heavy DMEM and one grown in light DMEM) and knockout cells (1 sample grown in heavy DMEM and 2 independent samples grown in light DMEM) were mixed in heavy/light HEK293T/knockout pairs and used for isolation of mitochondria as previously described (Stroud et al., 2016). SILAC-labelled mitochondria were pelleted at 12,000 x g for 5 min at 4°C before being resuspended in 100 mM Na2CO3, pH 9.5 or 11.5 and incubated on ice for 30 min. One fifth of the volume of each sample was aliquoted as the “Total” fraction. The remainder was centrifuged at 125,000 x g for 30 min at 4°C to generate “Pellet” and “Supernatant” fractions. Peptides were prepared using the S-Trap system (Hailemariam et al., 2018) as per manufacturer’s instructions. The total fraction was solubilized using 1X S-Trap solubilization buffer while pellet and supernatant fractions were prepared using 3X S-Trap solubilization buffer. The total fraction samples were processed using Micro S-Trap columns, while the pellet and supernatant fractions were processed using Mini S-Trap columns. Proteins were digested with trypsin (Thermo Fisher Scientific) at a 1:25 trypsin:protein ratio overnight at 37°C. Peptides were eluted from S-Trap columns according to manufacturer’s instructions, prior to drying in a CentriVap Benchtop Vacuum Concentrator (Labconco, Kansas City, MO) and reconstitution in 0.1% TFA and 2% ACN for analysis by Liquid chromatography (LC) - MS/MS on an Orbitrap Exploris 480 (Thermo Fisher Scientific) coupled with an Ultimate 3000 HPLC (Thermo Fisher Scientific) and NanoESI interface. The LC system was equipped with an Acclaim Pepmap nano-trap column (Dinoex-C18, 100 Å, 75 µm × 2 cm) and an Acclaim Pepmap RSLC analytical column (Dinoex-C18, 100 Å, 75 µm × 50 cm). The tryptic peptides were injected to the enrichment column at an isocratic flow of 5 µl/min of 2% v/v CH3CN containing 0.1% v/v formic acid for 5 min applied before the enrichment column was switched in-line with the analytical column. The eluents were 5% DMSO in 0.1% v/v formic acid (solvent A) and 5% DMSO in 100% v/v CH3CN and 0.1% v/v formic acid (solvent B). The flow gradient was 1) 0–6 min at 3% B, 2) 6–95 min, 3-22% B 3) 95–105 min 22–40% B 4) 105–110 min, 40–80% B 5) 110–115 min, 80–80% B 6) 115–117 min, 80–3% and equilibrated at 3% B for 10 min before the next sample injection. The mass spectrometer was operated in the data-dependent acquisition mode, whereby full MS1 spectra were acquired in a positive mode at 1,20,000 resolution. The “top speed” acquisition mode with 3 s cycle time on the most intense precursor ion was used, whereby ions with charge states of 2–7 were selected. MS/MS analyses were performed by 1.6 m/z isolation with the quadrupole, fragmented by HCD with collision energy of 30%. MS2 resolution was at 15,000. Dynamic exclusion was activated for 30 s. AGC target was set to standard with auto maximum injection mode. Dynamic exclusion was activated for 30 s. Raw files were processed using the MaxQuant software package (Version 1.6.17.0, RRID:SCR_014485) (Tyanova et al., 2016a), and searched against the UniProt human database, including unreviewed proteins, (193557 entries, March 2021). For this search, Arg10 and Lys8 were set as the heavy labels and Trypsin/P cleavage specificity (cleaves after lysine or arginine, even when proline is present) was used with a maximum of 2 missed cleavages. Oxidation of methionine and N-terminal acetylation were specified as variable modifications. Carbamidomethylation of cysteine was set as a fixed modification. The settings “LFQ,” “re-quant” and “Match between runs” were enabled with otherwise default settings.
2.5 Steady State Proteomics
SILAC labeled isolated mitochondria were prepared as described above, and peptides were prepared using Mini S-Trap columns (Hailemariam et al., 2018) as described above for analysis by LC-MS/MS on an Orbitrap Eclipse. The LC was carried out as described above. The mass spectrometer was operated in the data-dependent acquisition mode, whereby full MS1 spectra were acquired in a positive mode at 120,000 resolution. The “top speed” acquisition mode with 3 s cycle time on the most intense precursor ion was used, whereby ions with charge states of 2–7 were selected. MS/MS analyses were performed by 1.6 m/z isolation with the quadrupole, fragmented by HCD with normalized collision energy of 30%. MS2 resolution was at 15,000. Dynamic exclusion was activated for 30 s. AGC target was set to standard with auto maximum injection mode. Raw files were processed as described above, however without the “LFQ” option enabled.
2.6 Complexome Mass Spectrometry
SILAC labelled heavy UQCRC1KO/light HEK293T isolated mitochondria were prepared as described above and analyzed via BN-PAGE as described above. Detergent solubilized complexes were separated on a 4–16% acrylamide gel, run overnight. The blue native gel containing separated SILAC-labelled mitochondria was transferred into fixing solution (50% v/v methanol, 10% v/v acetic acid, 10 mM ammonium acetate) and incubated for 30 min, followed by a 30-minute incubation in Coomassie solution (0.025% (w/v) Coomassie, 10% v/v acetic acid). The gel was destained in 10% acetic acid for several hours until background was clear, then washed in water at least three times. The lane containing the SILAC-labelled mitochondria was excised and cut into 60 even slices. Each slice was further diced into smaller pieces and placed into individual wells of an Acroprep™ 30-40 μm PP/PE filtered microtiter plate containing 50 mM ammonium bicarbonate (ABC) for in-gel tryptic digest as previously described (Giese et al., 2021). Briefly, the ABC was removed by centrifugation before destaining. All centrifugation steps were performed at 1,500 x g. The destain and wash process was repeated 2–3 times as required. Gel peices were incubated for 60 min with gentle shaking in destain solution (60% methanol v/v, 50 mM ABC). Gel pieces were washed in 50% v/v acetonitrile (ACN), 50 mM ABC and incubated in 10 mM dithiothreitol, 50 mM ABC for 60 min at 56°C without shaking. Gel pieces were then incubated in 40 mM chloroacetamide, 50 mM ABC for 45 min before being washed twice with 50% v/v ACN, 50 mM ABC. Gel pieces were then allowed to air dry for 40–45 min without agitation, before digestion solution (10 ng/μl trypsin (Thermo Fisher Scientific), 10% v/v ACN, 0.01% (w/v) ProteaseMAX surfactant (Promega), 1 mM CaCl2, 50 mM ABC) was added, and topped up with 50 mM ABC, for overnight incubation at 37°C in a pre-humidified incubator. Digested peptides were eluted the next day into a fresh microtiter plate by centrifugation before adding additional elution buffer (30% [v/v] ACN, 3% [v/v] formic acid (FA)) to gel pieces before gentle shaking for a further 20 min. The second elution was collected by centrifugation and both elutions were pooled. Peptide solutions were dried using a CentriVap concentrator (Labconco) then reconstituted in 2% [v/v] ACN, 0.1% [v/v] TFA. Samples were desalted on stagetips containing 2x 14G plugs of 3M™ Empore™ SDB-XC extraction Disks (Sigma-Aldrich), which were pre-activated with 100% ACN and equilibrated with 2% [v/v] ACN, 0.1% [v/v] TFA before loading. Stagetips were washed with 2% [v/v] ACN, 0.1% [v/v] TFA and samples were eluted with 80% [v/v] ACN, 0.1% [v/v] TFA. All centrifugation steps were performed at 3,000 x g. Elutions were dried and reconstituted in 2% [v/v], 0.1% TFA [v/v] for LC-MS/MS analysis. The LC system was equipped with an Acclaim Pepmap nano-trap column (Dinoex-C18, 100 Å, 75 µm × 2 cm) and an Acclaim Pepmap RSLC analytical column (Dinoex-C18, 100 Å, 75 µm × 50 cm). The tryptic peptides were injected to the enrichment column at an isocratic flow of 5 µl/min of 2% v/v CH3CN containing 0.05% [v/v] TFA for 6 min applied before the enrichment column was switched in-line with the analytical column. The eluents were 5% DMSO in 0.1% [v/v] formic acid (solvent A) and 5% DMSO in 100% [v/v] CH3CN and 0.1% [v/v] formic acid (solvent B). The flow gradient was 1) 0-6min at 2% B, 2) 6–25 min, 2–23% B 3) 25–35 min 23–40% B 4) 35–40 min, 40–80% B 5) 40–42 min, 80–80% B 6) 42–42.1 min, 80–2% and equilibrated at 2% B for 10 min before the next sample injection. The QExactive plus mass spectrometer was operated in the data-dependent mode, whereby full MS1 spectra were acquired in positive mode, 70 000 resolution, AGC target of 3e6 and maximum IT time of 50 ms. Fifteen of the most intense peptide ions with charge states ≥2 and intensity threshold of 4e4 were isolated for MSMS. The isolation window was set at 1.2m/z and precursors fragmented using normalized collision energy of 30, 17 500 resolution, AGC target of 5e4 and maximum IT time of 50 ms. Dynamic exclusion was set to be 30sec. Raw files were processed using the MaxQuant platform (version 1.6.17.0) against the UniProt human canonical and isoforms database (42,360 entries, August 2020) using settings for the standard identification of light and heavy (Arg-10 and Lys-8) SILAC-labelled peptides. Oxidation of methionine and N-terminal acetylation were specified as variable modifications, and carbamidomethylation of cysteine was set as a fixed modification. Trypsin/P cleavage specificity was used with a maximum of 2 missed cleavages, and a search tolerance of 4.5 ppm was used for MS1 and 20 ppm for MS2 matching. False discovery rates (FDR) were determined through the target-decoy approach set to 1% for both peptides and proteins. The calculation of intensity-based absolute quantification (iBAQ) intensities was enabled with the Log fit function disabled.
2.7 Proteomics Data Analysis
The ProteinGroups.txt files generated by the SCE-MS search was imported into Perseus (version 1.6.15.0, RRID:SCR_015753) (Tyanova et al., 2016b). Normalized H/L Ratios and individual LFQ Heavy (H) and Light (L) intensities were Log2-transformed and grouped by cell line and fraction. Proteins were filtered for mitochondrial localization based on the MitoCarta3.0 dataset (Rath et al., 2021) added through matching by Uniprot ID. For comparing “Total” fractions and “Pellet” and “Supernatant” fractions prior to normalization, for each fraction, proteins were filtered for H/L ratio quantitation in at least two samples and a one-sample two-sided t-test was conducted with results expressed as a volcano plot. For normalized comparisons, Log2-transfrormed ratios of each replicate of the “Total” fraction was subtracted from the corresponding “Pellet” or “Supernatant” fraction. Proteins without quantified ratios in both “Total” and either “Pellet” or “Supernatant” fractions were excluded from comparisons. A one-sample two-sided t-test was conducted, and results expressed as a volcano plot. For comparisons between “Supernatant” and “Pellet” fractions in the same cell line, proteins were filtered for those quantified in at least two third of samples for at least two of pH 9.5 “Pellet”, pH 9.5 “Supernatant”, pH 11.5 “Pellet” or pH 11.5 “Supernatant”. The number of transmembrane domains for each protein were added using the Uniprot database (The Uniprot Consortium, 2021). Missing values were imputed based on the normal distribution with a width of 0.3 and a down-shift of 1.8, and a two-sample t-test was performed between “Pellet” and “Supernatant” groups with the results displayed as a volcano plot. For cluster analysis, each fraction was averaged and Z-scored. Hierarchical clustering was then performed with default settings. Clusters were defined in HEK293T samples using the define row cluster tool. Samples were then un-Z-scored and principal component analysis plots generated. For transmembrane domain prediction, the FASTA sequences of proteins in cluster 1 were analyzed using HMMTOP (Bioinformatics Toolkit, RRID:SCR_010277) (Tusnády and Simon, 2001), TMHMM (RRID:SCR_014935) (Krogh et al., 2001), TMPred (Hofmann, 1993) and Phobius (RRID:SCR_015643) (Käll et al., 2004).
For the steady-state experiment, the ProteinGroups.txt file was imported into Perseus. Normalized H/L ratios were Log2-transformed and grouped by cell line. Proteins were filtered for mitochondrial localization based on Mitocarta3.0 and ratios were normalized by subtracting the median of each column. A one-sample two-sided t-test was conducted, and result expressed as a volcano plot and topographical heatmap as previously described (Stroud et al., 2016) with -2 and 2 as minimum and maximum values respectively.
For complexome analysis, heavy and light iBAQ intensities were imported into Perseus (version 1.6.15.0), filtered and annotated for mitochondrial proteins listed in MitoCarta 3.0 (Rath et al., 2021), then imported into NOVA (version 0.8.0.0) for complexome analysis and visualisation. Mass scale calibration was performed by exponential interpolation in NOVA by inputting apparent protein masses selected from Supplementary Table S5 from (Maclean et al., 2021). Selected proteins of interest underwent hierarchical clustering using default settings, with optimised leaf ordering, average linkage, and a Person Correlation Distance function, without normalisation. Exported heatmaps with iBAQ values were normalised in Excel, by row average for heatmap generation, and by maximum intensity for profile plot generation. Figures were generated in GraphPad Prism 9 (RRID:SCR_002798).
2.8 Oxygen Consumption Measurements
Mitochondrial oxygen consumption rates were measured in live cells using a Seahorse Bioscience XFe-96 Analyzer (Agilent Mulgrave, VIC, Australia). Briefly, 25,000 cells were plated per well in culture plates treated with 50 μg/ml poly-d-lysine (Sigma-Aldrich). For each assay cycle, there were 3 measurements of 2 min followed by mixing, 2 min wait, and 3 min measure. The following inhibitor concentrations were used: 1 μm oligomycin, 1 μm carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), 0.5 μm rotenone and 0.5 μm antimycin A. Data were normalized using the Pierce Protein Assay Kit (Thermo Fisher Scientific) and analyzed using Wave (version 2.6.0, Agilent, RRID:SCR_014526) and Prism (version 8.0.2, GraphPad, RRID:SCR_005375) software packages.
3 RESULTS
To assess the membrane association of the mitochondrial proteome in an unbiased manner, we adapted a sodium carbonate extraction protocol for use with quantitative proteomics workflows (Figure 1A). This included the use of stable isotope labelling using amino acids in cell culture (SILAC) to allow the impact of perturbations (such as CRISPR/Cas9 knockout of a protein of interest) to be quantitatively assessed, as discussed in subsequent results sections. In order to validate our protocol, we first analyzed sodium carbonate extraction data for only control HEK293T mitochondria, separated from the dataset in silico and treated in a similar way as would be done in a label free quantification (LFQ; see Materials and Methods for more detail). SDS-PAGE and immunoblotting using antibodies against mitochondrial proteins with varied localizations and membrane integration was also performed to establish baseline profiles for proteins with known behavior (Figure 1B). At pH 11.5, outer membrane channel VDAC2 and peripheral IMM electron carrier cytochrome c (CYCS) are found exclusively in the pellet and supernatant fractions respectively as expected (Ma et al., 2014;Letts et al., 2016). Complex I N-module/matrix arm subunit NDUFV1 and assembly factor NDUFAF1, both peripherally associated with the membrane (Stroud et al., 2016), along with import translocase components TIMM50 and mt-HSP70 are found in both fractions at pH 11.5. At pH 9.5, a reduction in carbonate extraction is observed for each protein, with only cytochrome c and mt-HSP70 found in equal proportions in both the pellet and supernatant fractions, possibly due to their localization in both soluble and peripherally membrane associated pools (Kang et al., 2018;Timón-Gómez et al., 2018). Using SCE-MS we were able to quantify the relative abundance of 844 mitochondrial proteins (Rath et al., 2021) from control HEK293T cells at both pH 9.5 and 11.5 (Figure 1C; Supplementary Table S1). This represents 74% of the known mitochondrial proteome. Under both extraction conditions the majority of proteins with transmembrane domains annotated in UniProt (The Uniprot Consortium, 2021) were detected at greater abundance in the pellet fraction. Proteins without annotated TMDs were found most enriched in the supernatant extracted at pH 11.5, but were more evenly distributed between supernatant and pellet fractions following extraction at the lower pH, as expected.
[image: Figure 1]FIGURE 1 | Sodium carbonate extraction MS to assess membrane association on a mitochondrial proteome wide scale. (A) Protocol for SILAC coupled sodium carbonate extraction experiment. SILAC heavy and light labeled WT and KO cells are mixed and mitochondria isolated from the resultant pool of cells. Pooled mitochondria are then used directly for quantitative mass spectrometry or for sodium carbonate extraction (Na2CO3) MS. Total, Pellet and Supernatant (S/N) fractions generated by carbonate extraction and analyzed by LC-MS. (B) Mitochondria isolated from the HEK293T cell line were subjected to sodium carbonate extraction and total (T), pellet (P) and supernatant (S/N) fractions were analyzed by SDS-PAGE and immunoblotting (IB) with indicated antibodies. (C) Volcano plots depicting relative abundance of mitochondrial proteins in the pellet and supernatant fractions after sodium carbonate extraction at pH 9.5 and 11.5.
In order to classify the mitochondrial proteome based on extraction properties, we performed hierarchical clustering on our SCE-MS data (Figure 2A; Supplementary Table S2) and used this to define six distinct clusters that could be readily visualized using principal component analysis (PCA; Figure 2B; Supplementary Table S2). Cluster 1 contains 276 proteins that are resistant to membrane extraction at both pH 9.5 and 11.5. This includes hydrophobic proteins such as mitochondrial transporter family SLC25A members and all detected mtDNA encoded proteins. Cluster 2 contains 44 proteins that are resistant to extraction at pH 9.5 but are partially susceptible to extraction at pH 11.5. Cluster 3 contains 20 proteins that are resistant to extraction at pH 9.5 but very susceptible at pH 11.5. Cluster 4 contains 128 proteins that are moderately resistant to extraction at pH 9.5 but highly susceptible at pH 11.5, including 21 subunits of the small subunits of the mitoribosome, 16 of the large subunit and 6 out of the 9 detected subunits of the N-module of complex I. Cluster 5 contains 278 proteins that are partially resistant to extraction at pH 9.5 but very susceptible at pH 11.5. Cluster 6 contains 88 proteins that are susceptible to extraction at both pH 9.5 and 11.5. A total of 10 proteins quantified in this analysis did not segregate into a cluster.
[image: Figure 2]FIGURE 2 | Classification of protein clusters. (A) HEK293T mitochondrial proteome SCE-MS data was Z-scored and hierarchical clustering was performed. Results are expressed in a heatmap and the profiles of each cluster are shown. The x-axis on the profiles indicates relative abundance, where higher is equal to more abundant. Coloring reflects distance to the mean of the profile, where red is closest, green is most distant. (B) Principal component analysis of HEK293T supernatant and pellet fractions at pH 9.5 and 11.5, colored according to the clusters identified in (A). (C) as for B but with coloring according to the number of transmembrane domains. (D) Breakdown of Cluster 1 showing number of proteins with TMDs annotated in Uniprot and predicted by at least two single TM prediction algorithms (TMPred, HMMTOP, TMHMM or Phobius).
To further validate our dataset, we cross-referenced the number of predicted TMDs present in proteins found within each cluster. Predictions were drawn from UniProt (The Uniprot Consortium, 2021), which annotates TMDs automatically based on the TMD being identified by both TMHMM (Krogh et al., 2001) and Phobius (Käll et al., 2004) algorithms with substantial overlap. Nearly every protein with two or more annotated TMDs was found in cluster 1 (Figure 2C), along with the majority of single TMD proteins. The remaining proteins with single TMDs are distributed across the other clusters, with a bias toward clusters 2 and 4. Of the 276 proteins in cluster 1, 73 had no TMD annotated in Uniprot (Figure 2D). Using a number of additional bioinformatics tools for predicting TMDs, including TMPred (Hofmann, 1993) and HMMTOP (Bioinformatics Toolkit, RRID:SCR_010277) (Tusnády and Simon, 2001), as well as TMHMM (RRID:SCR_014935) (Krogh et al., 2001) and Phobius (RRID:SCR_015643) (Käll et al., 2004) without the overlap constraint used by UniProt, we identified an additional 30 proteins that had TMDs identified by at least two algorithms. A number of these proteins have been experimentally determined to be genuine membrane proteins, including complex I subunit NDUFB2 through high resolution structural studies (Zhu et al., 2016) recently identified complex III assembly factor OCIAD1 through classical carbonate extraction studies (Le Vasseur et al., 2021) and pro-survival protein FUNDC2 through mutation and localization analysis (Ma et al., 2019).
Next, we wanted to demonstrate the usefulness of SCE-MS in identifying changes in membrane integration following a perturbation. We used the CRISPR/Cas9 system to generate knockout cell lines where the expression of complex III subunits UQCRC1 and UQCR10 was disrupted. Two individual clones for each knockout were validated by sequencing of targeted alleles (see Materials and Methods). To determine changes in OXPHOS complex assembly, we analyzed mitochondria from two clones of each knockout using Blue Native (BN) PAGE and immunoblotting (Figure 3A). Mitochondria from both knockouts retained a ∼150 kDa subassembly containing CYC1 that was more abundant in the UQCRC1KO than UQCR10KO (Figure 3A, compare lanes 2–5 with 1; subassembly indicated by Ŧ). Cells lacking UQCR10 retained a CIII2-like assembly containing CYC1 and UQCRC1 (compare lanes 4–5 with 1). No signal for complex III subunit UQCRFS1 was observed in either UQCRC1KO or UQCR10KO clones (compare lanes 7–10 with 6), indicating that UQCRFS1 is not assembled into CIII in either knockout cell line in agreement with existing assembly models that describe incorporation of that subunit to be a late stage assembly event (Fernandez-Vizarra and Zeviani, 2018), and despite UQCRFS1 levels being only slightly reduced in UQCR10KO (see Figure 3D and Figure 4A; UQCRFS1 is decreased by a fold-change of ∼2 in UQCRC1KO ). Interestingly, the CIII2-like complex in UQCR10KO appeared to migrate slightly faster than wildtype CIII2 (Figure 3A), leading us to speculate that it could represent the pre-CIII2 intermediate (Fernandez-Vizarra and Zeviani, 2018). In the absence of peripheral core-module subunit UQCRC1, no supercomplex assemblies were observed, with CI migrating in two major sub-assemblies (compare lanes 22–23 with 21; assemblies indicated by † and ‡). In the absence of single-spanning membrane subunit UQCR10, similar CI sub-assemblies were observed, in addition to a supercomplex-like structure, albeit at a lower abundance than in control cells (compare lanes 24–25 with 21). In both UQCRC1KO and UQCR10KO, assembly of holo CIV appears to be unperturbed, however higher order CIV assemblies are mostly absent, with the exception of a low abundance complex migrating at a similar molecular weight to the supercomplex in UQCR10KO. Given the reported role of CIII in CI and CIV assembly and function (Protasoni et al., 2020) and the unexpected impact of the loss of UQCRC1 and UQCR10 on CI seen in Figure 3A, we wanted to determine if CI and CIV activity was retained in our knockouts. Surprisingly, despite the loss of catalytic complex III subunit UQCRFS1 from all CIII-containing complexes and sub-assemblies (Figure 3A) and thus the loss of overall respiration via OXPHOS (Figure 3B), partial complex I in-gel activity was observed in the remnant supercomplex-like structure in UQCR10KO (Figure 3C, compare lanes 4–5 with 1) and in the lower molecular weight assemblies seen in both knockouts (Figure 3C). Despite the low abundance band seen in immunoblotting, no Complex IV activity was observed in the supercomplex-like structure found in UQCR10KO, with the only activity found holo CIV (Figure 3C). Given the reproducible phenotype between multiple independent sequence-verified clones complementation experiments were not performed. Clones 1 of UQCRC1KO and UQCR10KO were used for all subsequent experiments.
[image: Figure 3]FIGURE 3 | Loss of UQCR10 leads to destabilization and accumulation of a soluble core-module. (A) Mitochondria isolated from indicated cell lines were solubilized in 1% digitonin and analyzed by BN-PAGE and immunoblotting with the indicated antibodies. Ŧ, † and ‡ represent sub-assemblies discussed in text. *non-specific complex. (B) Oxygen consumption rates of HEK293T, UQCRC1KO and UQCR10KO cell lines. Oligo, oligomycin; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; Ant A, antimycin A; Rot, rotenone. (C) Mitochondria isolated from indicated cell lines were analyzed using BN-PAGE and the activity of complex I and IV determined through in-gel assays. (D) Volcano plot depicting relative abundances of mitochondrial proteins in UQCR10KO compared to HEK293T. (E) Topographical heatmap showing changes in abundance of CIII and respirasome subunits in UQCR10KO using the CIII (PDB 5XTE) and respirasome (PDB 5XTH) structures. UQCR10 shown in yellow. (F) Volcano plots depicting relative abundance of proteins in pH 9.5 carbonate extraction pellet and supernatant fractions in UQCR10KO compared to HEK293T mitochondria following normalization against the total fraction. Data prior to normalization and pH 11.5 data can be found in Supplementary Figures S1, S2. (G) Principal component analysis showing overall membrane association profiles in UQCR10KO relative to HEK293T mitochondria. Complex I N-module and CIII subunits are labeled, with their position in control data shown as empty squares and position in knockout data as filled squares. Clusters defined in Figure 2A are colored in grey.
[image: Figure 4]FIGURE 4 | Loss of UQCRC1 destabilizes the N-module of complex I. (A) Volcano plot depicting relative abundances of mitochondrial proteins in UQCRC1KO compared to HEK293T. (B) Topographical heatmap showing changes in abundance of CIII and respirasome subunits in UQCRC1KO using the CIII (PDB 5XTE) and respirasome (PDB 5XTH) structures. UQCRC1 shown in yellow (C) Volcano plots depicting relative abundance of proteins in pH 9.5 carbonate extraction pellet and supernatant fractions in UQCR10KO compared to HEK293T mitochondria following normalization against the total fraction. (D) Principal component analysis showing overall membrane association profiles in UQCRC1KO relative to control mitochondria. Complex I N-module and CIII subunits are labeled, with their position in control data shown as empty squares and position in knockout data as filled squares. Clusters defined in Figure 2A are colored in grey. (E) Complexome profile of mitochondrial respiratory complexes in UQCRC1KO and HEK293T mitochondria. Graphs plot relative intensities of peptides averaged across all subunits of each complex with the maximum set as 1.0. Molecular mass calculated as described in Materials and Methods. (F) Complexome profile of CI subunits, separated into N-module and the rest of the complex, as in (E). The symbols used to indicate peaks represent the equivalent complex in Figure 3A.
We first focused our SCE-MS analysis on UQCR10 knockout mitochondria. Assembly of the dimeric pre-CIII2 occurs with the addition of membrane subunits UQCR10, CYC1 and UQCRH and peripherally associated core-module subunits UQCRC1 and UQCRC2 (Stephan and Ott, 2020). We reasoned that loss of UQCR10 may result in accumulation of a soluble core-module observable through SCE-MS, demonstrating how the technique can provide additional insights into CIII assembly. First we assessed the baseline steady-state levels of proteins in UQCR10KO and controls using quantitative mass spectrometry of isolated mitochondria, as baseline data would be critical to interpretating SCE-MS data since some proteins may have an overall reduced cellular abundance due to perturbed assembly. Knockout and control HEK293T cells were subjected to SILAC labeling using light or heavy (13C615N2 lysine and 13C615N4-arginine) amino acids, and the relative abundance of mitochondrial proteins in the knockouts compared to HEK293T was determined. In total, we quantified relative changes in abundance of 749 mitochondrial proteins (Supplementary Table S3). While UQCR10 itself was not detected in UQCR10KO mitochondria (Supplementary Table S3), OXPHOS subunits including most CIII subunits were only minimally reduced in abundance, with only UQCRC2 reaching our significance threshold of 1.5 fold change (Figure 3D). The non-specific trend in reduced abundance of CIII and supercomplex subunits is also evident using topographical heatmaps (Stroud et al., 2016) (Figure 3E) where the fold change for individual proteins observed in steady state proteomics is mapped to the cryo-electron microscopy structure of the human CI/CIII2/CIV supercomplex (Gu et al., 2016).
We next turned to SCE-MS, which was performed as outlined in Figure 1A using SILAC labelled UQCR10KO and control cell lines (Supplementary Figure S1, Supplementary Table S4). To account for the overall decreased steady-state abundance of some proteins seen in Figure 3D we also measured proteome changes in a “Total” fraction containing sodium carbonate solubilized material prior to ultracentrifugation (Supplementary Figure S1, left panels), using this data to normalize pellet and supernatant SCE-MS results (Figure 3F shows normalized data at pH 9.5. Normalized data for pH 11.5 can be found in Supplementary Figure S2, and raw ratios in Supplementary Figure S1). Following carbonate extraction at pH 9.5, the normalized pellet fraction had no significant changes in the levels of OXPHOS subunits. However in contrast, CIII subunits UQCRC1 and UQCRC2 were found to be relatively more abundant in supernatant in UQCRC10KO. Similar results were observed following extraction at pH 11.5, however under these conditions the effect was reversed, with UQCRC1 and UQCRC2 being less abundant in the pellet fraction of UQCRC10KO (Supplementary Figure S2B). To more easily visualize changes in membrane association of CIII subunits we compared the proteome wide changes to membrane association across both extraction conditions, assigning protein solubility in the knockout to the previously identified clusters (Figure 2B). While in the knockouts most proteins fell into the same clusters as in control cells, the clustering of core-module subunits UQCRC1 and UQCRC2 changed from clusters 2 to 5 in the knockout (Figure 3G, compare filled to empty squares) indicating altered membrane association. Also notable is UQCRFS1, the last assembled subunit (Fernandez-Vizarra and Zeviani, 2018), which moved from cluster 2 to 5. Cluster 5 contains proteins that are partially resistant to extraction at pH 9.5 but very susceptible at pH 11.5 and predominantly includes soluble matrix proteins such as those found in the mitoribosome and various tRNA ligases, along with proteins having mixed peripheral and soluble localization such as mt-HSP70 (Kang et al., 2018; Timón-Gómez et al., 2018) (Supplementary Table S2). These data, taken together with our BN-PAGE analysis that shows UQCRC1 remains associated with CIII2 in the UQCR10KO under native-electrophoresis conditions (Figure 3A, compare lanes 14–15 with 11), suggest that the interaction between core module subunits UQCRC1 and UQCRC2 and the nascent CIII membrane assembly is destabilized in the absence of UQCR10, evidenced by the increased resistance of UQCRC1 and UQCRC2 to extraction at pH 9.5.
A concern we had over the validity of our SCE-MS data is the impact of the carbonate extraction procedure on protein complex stability. Our knockouts harbor sub-assemblies with different protein composition to that found in control cells. Should the presence of carbonate lead to selective partial breakdown of these complexes but not the comparable control complex, this would potentially lead to artefactual results caused by altered extractability of these breakdown sub-complexes. An example sub-assembly would be the CIII2-like complex lacking UQCRFS1 and UQCR10 that we suspect may represent pre-CIII2 (Figure 3A, compare lanes 4–5 with 1), as in the above experiments we are directly comparing the extractability of UQCRC1 and UQCRC2 from this and wildtype holo-CIII2 (along with other assemblies). To address this, we analyzed membrane fractions from our control and knockout cells extracted at both pH 9.5 and 11.5 using BN-PAGE and immunoblotting (Supplementary Figure S3). While the relative abundance of some sub-assemblies changed under different conditions as expected based on our SCE-MS data, their migration on BN-PAGE did not. We also did not observe any sub-complexes unique to either carbonate extraction condition. Taken together, we conclude that the presence of sodium carbonate does not alter the composition of the complexes and sub-assemblies being discussed in this study.
We next turned our attention to the UQCRC1 knockout. To obtain a baseline of proteome changes in the knockout, we performed steady state quantitative mass-spectrometry on isolated mitochondria, as described above (Supplementary Table S3). Loss of UQCRC1 led to a significant decrease in the levels of subunits present in CI, CIII and CIV, particularly the subunits of the core module of CIII, UQCRC1 and UQCRC2, and of the N-module of Complex I (Figure 4A). We again used topographical heatmaps to interpret the data in the context of the CI/CIII2/IV supercomplex (Figure 4B) (Gu et al., 2016), which clearly visualized the greatest impact of UQCRC1 loss to be on the core module of CIII and the N-module of Complex I. While this is consistent with recent reports that dysfunctional CIII assembly prevents addition of the N-module to Complex I (Protasoni et al., 2020), the molecular underpinnings of this phenomenon are not fully understood. To investigate this further, we performed SCE-MS on UQCRC1KO as described above. In mitochondria from this knockout we observed a significant increase in the solubility of several CI subunits, with the greatest increase seen in N-module subunits (Figure 4C, right panel). Also moderately increased in solubility were the CIII subunits UQCRC2 and UQCRB. As done for UQCR10KO, we used a PCA-based approach incorporating both extraction conditions to better understand the implication of proteome solubility changes seen in the UQCRC1KO. While most proteins quantified in UQCRC1KO could be assigned to the same clusters as in control cells (Figure 2B), the clustering of Complex I N-module subunits changed (Figure 4D, compare filled to empty squares) indicating altered membrane association. In the control HEK293T dataset, whereas most N-module subunits appeared at the intersect of cluster 3 and 4, these proteins migrated toward cluster 5 in UQCRC1KO (Figure 4D). Complex III subunits were largely unchanged, with the exception of UQCRFS1, which like in UQCR10KO moved from cluster 2 to 5. Similar trends in respect to N-module solubility were observed, though with less severity, for UQCR10KO (Figure 3G). Despite N-module subunits being increasingly soluble in UQCRC1KO and given the results of Protasoni and colleagues (2020) we were surprised by the relatively large amount of catalytic N-module subunit NDUFV1 still migrating with other Complex I subunits in UQCRC1KO (Figure 3A), and moreover, CI-linked NADH dehydrogenase activity, an enzymatic reaction performed by the N-module, retained in UQCRC1KO (Figure 3C). Interestingly, Protasoni and colleagues (2020) also observed low amounts of Complex I activity in their model of CIII dysfunction, however complexome profiling, a technique where lanes from BN-PAGE gels are excised into ∼60 slices and the protein distribution obtained by MS analysis, showed that the majority of holo-Complex I lacked associated N-module subunits. To better understand our results, we performed complexome profiling on the UQCRC1KO (Figure 4E; Supplementary Figure S4; Supplementary Table S5) which accurately recapitulated observations we made using traditional BN-PAGE and immunoblotting (Figure 3A). A closer inspection of the dataset revealed multiple high molecular weight Complex I sub-assemblies in UQCRC1KO, including a dominant assembly containing all Complex I subunits, and at least two assemblies lacking the N-module (Figure 4F, † indicates assembly containing N-module, ‡ the assembly lacking N-module observed in Figure 3A). Taken together with our SCE-MS and in-gel activity data, we conclude that while the severe structural defect in CIII assembly found in UQCRC1KO leads to the association between the N-module and the Complex I membrane assembly being destabilized, the N-module still retains an ability to associate with the complex. We suspect the differences in N-module association between our study and Protasoni et al. (2020) can be attributed to cell type and other confounders (see Discussion), and while our data broadly supports their conclusions it raises additional questions as to the molecular nature of Complex I N-module assembly.
4 DISCUSSION
Sodium carbonate extraction is technique commonly used to identify integral membrane proteins. The technique has been adapted for use in both immunoblotting and radiolabeled in vitro import based assays (Stojanovski et al., 2007) and in addition to being useful in the characterization of newly identified proteins, is commonly used to gain mechanistic insights into membrane protein complex biogenesis through the use of mutant and gene-edited cell lines where the assembly process is blocked at specific steps. The use of multiple pH extraction conditions and control proteins with known localization additionally allows proteins with peripheral membrane association to be assessed (Lytovchenko et al., 2014). Here we describe a technique that combines sodium carbonate extraction with quantitative proteomics applicable for routine use in the study of mitochondrial complex assembly. Sodium carbonate extraction has previously been coupled with mass-spectrometry (Vögtle et al., 2017) however in that study the technique was combined with several other biochemical fractionation protocols to develop a steady state map of the Saccharomyces cerevisiae mitochondrial proteome. Vögtle and colleagues utilized SILAC multiplexing to compare crude and highly pure yeast mitochondria, allowing novel mitochondrial proteins to be confidently identified (Vögtle et al., 2017), but making their protocol not applicable to routine comparative analysis. Using SCE-MS we profiled the membrane association of 844 mitochondrial proteins in the commonly used human HEK293T cell line, roughly 75% of the human mitochondrial proteome (Rath et al., 2021). We applied bioinformatic tools to this dataset in order to cluster proteins based on their membrane association profiles, identifying 6 well defined clusters with decreasing membrane association. Clusters were validated against proteins with known membrane association and readily separate proteins with genuine membrane integration via TMDs (Cluster 1) such the polytopic SLC25A family of solute carriers found in the IMM (Palmieri, 2013) from truly soluble proteins (Cluster 6). One interesting outcome of this analysis is the large proportion of proteins that behave as peripherally associated membrane proteins. We identified four different clusters, accounting for almost 60% of proteins quantified, with varying levels of extraction at both pH 11.5 but partial resistance to extraction at pH 9.5, suggesting at least some peripheral association with the membrane. Our dataset, available in Supplementary Table S2, can be used as a general reference for the membrane association of a protein of interest in HEK293T cells.
One caveat of our dataset that could explain the profiles seen for some proteins is the tendencies for large soluble complexes such as the mitoribosome (subunits of which are predominantly found in Cluster 4) to sediment at the high centrifugation speeds used in our assay (Aibara et al., 2020). This highlights the need for biology and the nature of co-clustering proteins to be considered when interpreting SCE-MS data. For example, the mitoribosome is known to associate with the IMM translocase OXA1 to facilitate co-translational membrane insertion (Itoh et al., 2021) while Cluster 4 also contains subunits found in the membrane associated matrix arm of complex I. Together these lines of evidence suggest the presence of mitoribosome proteins in this cluster may reflect at least some degree of membrane association. To further test our clusters for biological significance we assessed the number of TMDs predicted for each protein. As expected, the majority of proteins with predicted TMDs were resistant to extraction and as such clustered together in Cluster 1. Through bioinformatic analysis of Cluster 1 proteins, we identified 30 proteins with likely TMDs that are not annotated on the Uniprot database. The presence of the other 43 proteins lacking annotated TMDs within Cluster 1 suggests that these proteins may contain transmembrane beta barrels or may be associated with the membrane through post-translational modifications, such as glycosylphosphatidylinositol (GPI) anchors or covalent lipid modifications. While proteins with two or more TMDs are almost exclusively found within Cluster 1, a number of single TMD proteins were found in all other clusters, including two proteins with single TMDs in Cluster 6, which is made up of mostly soluble proteins susceptible to carbonate extraction. One of these, the serine protease HTRA2, contains an N-terminal transmembrane domain that is inserted into the IMM during import, the protein is subsequently cleaved, releasing the soluble domain into the IMS (Challa et al., 2007).
As a test case for SCE-MS as a tool to complement techniques such as BN-PAGE in understanding the assembly pathways of OXPHOS complexes, we decided to investigate the impact of different complex III structural defects on the assembly of complex III and the wider OXPHOS system. While both UQCRC1 and UQCR10 are thought to be incorporated into CIII at the same step (Smith et al., 2012;Ndi et al., 2018), as UQCRC1 is required for the dimerization of CIII (Stephan and Ott, 2020) we hypothesized that UQCRC1KO would exhibit a more severe CIII defect, more closely mimicking the loss of MT-CYB (Protasoni et al., 2020) that is known to lead to assembly of the Complex I N-module being blocked. We anticipated that the loss of the small membrane subunit UQCR10 would have minimal impact on CIII assembly, but may lead to the presence of a pool of soluble UQCRC1-UQCRC2 core-module. Both situations where chosen as they were predicted to highlight the utility of SCE-MS to observe aspects of OXPHOS assembly defects not accessible through other techniques. In UQCR10KO, while the abundance of complex III subunits were only moderately altered when observed through steady state quantitative proteomics (Figure 3D), SCE-MS showed UQCRC1 and UQCRC2 to increase in solubility (Figure 3F), migrating from a cluster defined by the presence of membrane proteins to one containing predominantly soluble matrix proteins (Figure 3G). Interestingly, we also found that UQCRFS1 is not present in the CIII intermediate found in UQCR10KO that we suspect to be pre-CIII2, and like the core module is found predominantly in soluble clusters (Figure 4D). In the high resolution structure of the mature CIII dimer (Gu et al., 2016), the transmembrane domains of UQCRFS1 and UQCR10 sit next to each other. Taken together with our data, this may suggest that UQCR10 plays a direct role in stabilizing UQCRFS1 incorporation into the complex through a coordinated interaction with the translocase BCS1L (Wagener and Neupert, 2012). As expected, UQCRC1KO lacks the later stage CIII intermediates (Figure 3A) and has a greater impact on the steady state abundance of CIII subunits (Figure 4A) than UQCR10KO. Loss of UQCRC1 also strongly impacts the abundance of Complex I and blocks its assembly into the supercomplex (Figure 3A). This is unsurprising as assembly of Complex III is known to be critical to the assembly of Complex I (Acin-Perez et al., 2004; Schägger et al., 2004; Protasoni et al., 2020). This was most recently demonstrated using human cybrids lacking MT-CYB, where it was shown through complexome profiling and other techniques that complex I is blocked at the step where the N-module is incorporated (Protasoni et al., 2020). While our steady state proteomic data for the UQCRC1KO showed a decrease in the abundance of N-module subunits (Figures 4A,B) SCE-MS suggested the remaining population trended to being more soluble (Figures 4C,D). We performed complexome profiling on UQCRC1KO to investigate this further, finding multiple holo-Complex I assemblies with and without N-module. Importantly, these results were supported by our in-gel NADH dehydrogenase activity assay (Figure 3C) which confirmed the presence of the N-module on at least one remnant Complex I assembly. Taken together, our data suggests that while Complex I biogenesis strongly relies on the presence of the CIII dimer for efficient assembly, it appears to be able to retain a partial ability to assemble without the structural involvement of CIII. This is not without precedent, as Protasoni and colleagues (2020) also find that 6% of Complex I in their model system remains fully assembled, however unlike in their study we find that the relative amounts of N-module and non-N-module complex I subunits are approximately the same in control and UQCRC1KO cells. Moreover, Protasoni and colleagues show that restoration of the Coenzyme Q pool through expression of an alternative oxidase in their CIII deficient cell line was able to partly restore complex I activity and re-association of the N-module to holo-Complex I. Such an experiment followed by SCE-MS could provide further insights into the nature of N-module association. Possible reasons for the discrepancy between our results and Protasoni et al. (2020) could be cell line specific differences (HEK293 derived from embryonic kidney in our study, and 143B cybrids derived from an osteosarcoma in Protasoni et al., 2020) and resulting differences in the Q-pool, as potential differences in detergent solubilization and BN-PAGE protocols, as well as the nature of the CIII assembly defect. While it is tempting to speculate that the largest confounder is the latter, our UQCRC1KO contains an uncharacterized ∼150 kDa CIII sub-assembly containing MT-CYB, CYC1, UQCRB, UQCRQ and UQCR10 (Figure 3A, Supplementary Figure S4) while their cybrid system harbors no comparable sub-assembly, the ∼150 kDa sub-assembly present in our cell line does not appear to be associated with any Complex I sub-assemblies (Supplementary Figure S4). Thus we conclude that while structural association between Complex III assemblies and the nascent Complex I membrane arm is not required for N-module association, its absence may lead to the interaction being more labile, reflected in an increased susceptibility of N-module subunits to carbonate extraction.
Finally, two additional caveats to SCE-MS introduced by the use of knockout cell lines harboring severe defects in OXPHOS complex assembly should be considered. The first is the potential impact of the carbonate solution on protein complex stability. Since we are directly comparing extractability of proteins from two different complexes, differences in complex stability during the carbonate extraction has the potential to confound results. For example, a sub-assembly unique to a knockout may collapse in the presence of sodium carbonate leading to some subunits being artificially susceptible to extraction from the membrane, whereas the comparable assembly in control cell lines is unaffected. We analyzed membrane fractions from our control and knockout cells extracted at both pH 9.5 and 11.5 using BN-PAGE and immunoblotting (Supplementary Figure S3). This experiment showed that while the susceptibility to extraction changed for some complexes as we expected it would, complexes resistant to carbonate extraction migrated similarly to those solubilized from intact mitochondria. An additional caveat that could be considered is effect of the loss of a protein of interest on mitochondrial lipid composition, which may indirectly alter extractability of proteins. For example, dysfunctional respiratory chain assembly is also known to alter the abundance of cardiolipin (Xu et al., 2019), a mitochondrial specific phospholipid that is critical in the stability of mitochondrial complexes, including OXPHOS complexes (Zhang et al., 2002; Pfeiffer et al., 2003; Mckenzie et al., 2006; Kutik et al., 2008; Gebert et al., 2009). Such alterations could reasonably impact the extractability of complexes between control and knockout cells in a similar way as described above. While measurement of lipid content in our cell lines was out of the scope of our study, we note that while defects in cardiolipin biosynthesis alter the migration and conceivably composition of the pre-sequence translocase of the inner membrane (TIM23 complex) (Kutik et al., 2008), the extractability of Tim23 is not altered (Claypool et al., 2008). Given that the migration of carbonate resistant complexes is not altered in our knockouts (Supplementary Figure S3) we suspect that potential changes in mitochondrial lipid composition would not alter our conclusions.
In summary, SCE-MS is technique that can be used to identify dynamic changes in membrane association on a proteome wide scale. “Destabilization” is an oft-cited concept to describe the impact of an assembly defect on a specific subunit or part of a complex. In most cases it is used speculatively upon observing a reduction in protein abundance, but without other molecular precedent. SCE-MS provides additional insight into “destabilization” by revealing a change in solubility of a protein or population of proteins between two conditions. The quantitative accuracy and high dynamic range of mass-spectrometry relative to techniques such as immunoblotting allow overall reduction in protein abundance to be accounted for, and the global nature of the technique affords the use of 100’s of proteins with known solubility profiles as internal controls. In conclusion, SCE-MS is an easy to implement tool that can add an extra dimension to our understanding of respiratory chain complex assembly.
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Parkinson’s disease (PD) is the most common age-dependent neurodegenerative synucleinopathy. Loss of dopaminergic neurons of the substantia nigra pars compacta, together with region- and cell-specific aggregations of [image: image]-synuclein are considered main pathological hallmarks of PD, but its etiopathogenesis remains largely unknown. Mitochondrial dysfunction, in particular quantitative and/or functional deficiencies of the mitochondrial respiratory chain (MRC), has been associated with the disease. However, after decades of research in this field, the pervasiveness and anatomical extent of MRC dysfunction in PD remain largely unknown. Moreover, it is not known whether the observed MRC defects are pathogenic, compensatory responses, or secondary epiphenomena. In this perspective, we give an overview of current evidence for MRC dysfunction in PD, highlight pertinent knowledge gaps, and propose potential strategies for future research.
Keywords: neurodegeneration, mitochondrial complex I, mitochondria, oxidative phosphorylation, Parkinson's disease
INTRODUCTION
Parkinson’s disease (PD) is the most common neurodegenerative synucleinopathy, and affects approximately 1.8% of the population above the age of 65 years (de Rijk et al., 2000). Idiopathic PD is the predominant form of the disease, whereas monogenic forms of PD are rare, generally accounting for <5% of the cases in most populations (Bloem et al., 2021). This work will focus on idiopathic PD, which will be henceforth referred to simply as PD, unless otherwise stated. Region-specific formation of Lewy pathology (LP), of which misfolded and aggregated [image: image]-synuclein is a main constituent, and loss of the dopaminergic neurons of the substantia nigra pars compacta (SNc), are the pathological hallmarks of PD (Dickson, 2012; Surmeier et al., 2017). Neuronal loss is not limited to the SNc, but occurs across multiple brain regions, and is commonly accompanied by astro- and microgliosis. In addition to LP, accumulation of tau and beta-amyloid is also commonly observed in PD (Dickson, 2012).
Mitochondria have been the subject of intensive research in PD, following the discovery that chemical inhibition of complex I (CI) of the mitochondrial respiratory chain (MRC) can cause a parkinsonian phenotype in humans and other primates, with dopaminergic neuron loss and inclusions resembling LP in the SNc (Langston et al., 1983; Ramsay et al., 1986; Betarbet et al., 2000). Shortly after, it was demonstrated that CI deficiency occurs in the SNc of individuals with PD. While CI deficiency in the dopaminergic neurons of the SNc has been a consistent finding in subsequent studies of PD, reports from other brain regions are variable and conflicting. A comprehensive review of studies on this topic was recently published by Subrahmanian et al. (Subrahmanian and LaVoie, 2021). Thus, the pervasiveness and anatomical extent of CI deficiency in PD remains a subject of debate, four decades since its first description. Moreover, the etiopathogenesis and downstream impact of CI deficiency in PD are unknown. Here, we provide a brief overview of current evidence, regarding the role of MRC deficiency in PD.
STATE OF THE ART ON MITOCHONDRIAL RESPIRATORY CHAIN DYSFUNCTION IN PARKINSON’S DISEASE
Evidence of Mitochondrial Respiratory Chain Dysfunction in Parkinson’s Disease
The brain constitutes approximately 2% of the total body weight, yet it accounts for 20% of the resting metabolic rate (Mary et al., 2012). The majority of ATP synthesis occurs at the MRC, via the process of oxidative phosphorylation (Berg et al., 2007) (Figure 1A). Studies of the MRC in PD have generally relied on two types of methodological approaches, quantitative and functional. Quantitative assays are based primarily on immunodetection, either in bulk, homogenized tissue (e.g., by immunoblot), or in situ by immunohistochemistry (IHC) (Subrahmanian and LaVoie, 2021). Functional assays measure the specific activity of each respiratory complex by quantifying substrate conversion, usually in mitochondria isolated from homogenized bulk tissue (Birch-Machin and Turnbull, 2001).
[image: Figure 1]FIGURE 1 | MRC deficiency in PD. (A) Schematic representation of the MRC. Electrons are transferred from NADH and FADH2 to complex I and II, respectively, and carried by ubiquinol (coenzyme Q; CoQ) to complex III. From there, electrons are further transferred to cytochrome c and transported to complex IV, which finally transfers the electrons onto molecular oxygen, generating water. The energy released during the series of electron transfers and redox reactions is used to pump protons out of the mitochondrial matrix (MM) via complexes I, III, and IV, creating an electrochemical and pH gradient. Protons flow back into the mitochondrial matrix via complex V and this flux is coupled with the phosphorylation of ADP to generate ATP. (B–C) Immunohistochemistry for the CI subunit NDUFS4 (B) and mitochondrial mass marker VDAC1 (C) in the SNc of an individual with idiopathic PD. The asterisk in (B) indicates neuromelanin in dopaminergic neurons of the SNc. Arrowheads show examples of CI deficient (green) and intact (black) neurons. Magnification 20X. Scalebar: 100 µm. C: cytosol, OMM: outer mitochondrial membrane, IMS: intermembrane space, IMM: inner mitochondrial membrane, MM: mitochondrial matrix, CoQ: coenzyme Q, CytC: cytochrome C, NADH: reduced nicotinamide adenine dinucleotide, NAD+: oxidized nicotinamide adenine dinucleotide, FADH2: reduced flavin adenine dinucleotide, FAD+: oxidized flavin adenine dinucleotide, O2: molecular oxygen, H2O: water, ADP: adenosine diphosphate, Pi: phosphate, ATP: adenosine triphosphate.
Evidence for both quantitative and functional MRC deficiency has been reported in PD, but findings vary depending on the study and brain region being examined (Subrahmanian and LaVoie, 2021). In the SNc, most studies report evidence of MRC deficiency in PD, affecting mostly CI and, to a lesser degree, complexes II-IV (Subrahmanian and LaVoie, 2021) (Figures 1B,C). That said, the dopaminergic neurons of the SNc exhibit pronounced MRC deficiencies of similar type also with neurologically healthy aging (Bender et al., 2006; Kraytsberg et al., 2006). While subjects with PD generally show more severe deficiency than age-matched controls at the group level, there is substantial overlap at the individual level (Chen et al., 2021), so that disease-specific effects cannot be fully disentangled from the impact of aging.
MRC deficiencies have been reported in regions outside the SNc. However, findings are inconsistent and, in part, contradictory, with several studies showing no significant difference between cases and controls at the group level (Subrahmanian and LaVoie, 2021). Furthermore, the question of whether non-neuronal cells in the central nervous system exhibit MRC dysfunction in PD is only starting to be explored, with one recent study reporting quantitative reduction in all MRC complexes, normalized for total mitochondrial mass, in SNc astrocytes (Chen et al., 2022). Studies in peripheral tissues of individuals with PD, including platelets, skeletal muscle and lymphocytes, have produced similarly conflicting results, with some, but not all, detecting functional and/or quantitative reduction of CI and other MRC complexes, compared to controls (Subrahmanian and LaVoie, 2021).
Thus, while MRC dysfunction, mainly in the form of CI deficiency, is undoubtfully a phenomenon associated with PD, its presence shows high anatomical/regional and individual variation. Methodological differences may partly account for this variability. For instance, studies in homogenized bulk tissue may be less sensitive in detecting cell-specific changes, and prone to bias from altered tissue cell composition. That said, results vary also between studies using cell-specific approaches (Subrahmanian and LaVoie, 2021). This variability raises the pertinent question of whether MRC dysfunction is a universal feature of PD, or rather one characterizing a particular subset of individuals.
The Origin of Mitochondrial Respiratory Chain Deficiency in Parkinson’s Disease Remains Largely Unknown
A unique feature of the MRC is that it is encoded by two genomes: 13 of its subunits are encoded by the mitochondrial DNA (mtDNA) and the remaining by the nuclear DNA (Mukherjee and Ghosh, 2020). Thus, the question arises of whether variation in any, or both, of these genomes is responsible for MRC dysfunction in PD. Genetic association studies suggest that polygenic variation enrichment in nuclear genes regulating the processes of mtDNA maintenance (Billingsley et al., 2019), mitophagy and mitochondrial translation (van der Walt et al., 2003; Pyle et al., 2005), all of which are critical for MRC integrity and function, is associated with PD. Moreover, inherited variation in the mtDNA itself appears to be important, as certain mtDNA haplogroups have been associated with lower risk of PD (van der Walt et al., 2003; Pyle et al., 2005). The reported associations are, however, relatively weak, and unlikely to be, alone, driving the observed MRC deficit in PD.
Somatic mtDNA changes are an established cause of MRC deficiency and have been associated with PD (Bender et al., 2006). Dopaminergic neurons of the SNc accumulate high levels of somatic mtDNA deletions with age (Bender et al., 2006), and this can reach even higher levels in PD (Dölle et al., 2016). Moreover, while neurologically healthy individuals appear to compensate for the accumulation of age-dependent mtDNA deletions by increasing their total mtDNA copy number, this response is blunted in PD, resulting in loss of wild-type mtDNA (Dölle et al., 2016). In line with this observation, single SNc neurons with MRC deficiencies show both a decrease in mitochondrial transcription factor A (TFAM) expression and total mtDNA copy number in PD (Chen et al., 2020). The role of mtDNA point mutations (i.e., single nucleotide variants, SNV), is more controversial. While some studies report no increase in point mutational load in PD (Simon et al., 2000; Vives-Bauza et al., 2002), others indicate that heteroplasmic point mutations occur in genes encoding subunits of CI (Parker and Parks, 2005) and CIV (Coxhead et al., 2016). Moreover, increased levels of mtDNA point mutations have been reported in single SNc neurons in early PD and incidental Lewy-body disease, indicating that point mutations may be present in early stages of PD (Lin et al., 2012).
An alternative hypothesis is that neuronal mtDNA changes in PD may be the result, rather than the cause, of MRC dysfunction. Under this model, mtDNA deletions and, potentially, point mutations arise during the repair of double-strand breaks, caused by increased reactive oxygen species (ROS) generation in CI deficient neurons (Verkaart et al., 2007; Zsurka et al., 2018). Yet another hypothesis, based on cell culture experiments, proposes that CI loss in PD may be mediated by an intra-mitochondrial LON-ClpP proteolytic quality control axis, which cleaves the peripheral arm of the complex, in response to ROS generation in depolarized mitochondria (Pryde et al., 2016). In this scenario, CI deficiency would be a compensatory response to mitigate ROS-related damage. While an intriguing hypothesis, the role of ROS in the pathogenesis of PD remains highly uncertain (Nissanka and Moraes, 2018).
Since heritability only accounts for part of the PD risk (Nalls et al., 2019). It is reasonable to assume that the environment also contributes to the observed MRC dysfunction. The fact that chemical CI inhibition causes SNc degeneration and parkinsonism has led to the hypothesis that chronic exposure to mitochondrial toxins, such as the ones contained in various pesticides, may contribute to MRC dysfunction in individuals with PD (Brown et al., 2006). Indeed, several epidemiological studies have found associations between exposure to pesticides known to inhibit CI and the incidence/prevalence of PD. However, to date, no direct causality has been established (Figure 2). Epidemiologic and toxicologic evidence of association between pesticide exposure and the risk of PD and/or parkinsonism has been reviewed by Brown et al. (Brown et al., 2006).
[image: Figure 2]FIGURE 2 | Schematic depiction of current hypotheses on the origin and role of MRC deficiency in PD. Potential upstream etiologies are summarized, including genetic and environmental factors. Four potential downstream consequences of deficient MRC function are shown: decreased oxidation of NADH to NAD+ by CI, decreased electron transfer, resulting in decreased proton pumping and, in turn, loss of membrane potential and lower ATP production, and increased generation of ROS. It should be emphasized that this is by no means an exhaustive list of possible causes or consequences of MRC deficiency in PD.
Is Mitochondrial Respiratory Chain Dysfunction Linked to [image: image]-Synuclein Pathology in Parkinson’s Disease?
The question of whether and how mitochondria and [image: image]-synuclein interact in health and disease has been a topic of investigation ever since [image: image]-synuclein was recognized as a main constituent of LP, along with mitochondria (Spillantini et al., 1997; Shahmoradian et al., 2019). In its native state, [image: image]-synuclein is a monomer of multiple conformational states, which is believed to be involved in the regulation of synaptic vesicle trafficking and neurotransmission (Bobela et al., 2015; Alam et al., 2019). The conformational plasticity of [image: image]-synuclein monomers has been suggested to facilitate the formation of fibrils and/or oligomers, which have been suggested to be cytotoxic, although their pathogenic contribution in PD remains uncertain (Alam et al., 2019; Kumar et al., 2020; Mahul-Mellier et al., 2020; Bisi et al., 2021; Outeiro, 2021).
Studies in cell and animal models generally support a link between mitochondria and [image: image]-synuclein, but the dynamics of this relationship remains poorly understood. In yeast it was shown that functional mitochondria are required for [image: image]-synuclein-induced toxicity and cell death (Büttner et al., 2008). However, several studies in mammalian cells and animals revealed a different picture, suggesting that [image: image]-synuclein and MRC dysfunction may act synergistically in PD. Namely, [image: image]-synuclein knockout mice were resistant to CI inhibition by parkinsonism-inducing neurotoxins (Klivenyi et al., 2006), whereas mice overexpressing [image: image]-synuclein were more vulnerable to the same toxins (Song et al., 2004). Studies in cybrid-derived neurons from mouse fibroblasts carrying pathogenic mtDNA mutations revealed that [image: image]-synuclein aggregates inhibit CI function in wild-type and complex IV(CIV)-deficient cells, resulting in increased levels of apoptosis, although they did not exacerbate established CI deficiency (Reeve et al., 2015). Furthermore, it has been shown that aggregated [image: image]-synuclein induces mitochondrial dysfunction, including CI deficiency and opening of the permeability transition pore, in co-cultures of rat neurons and astrocytes, as well as in human induced pluripotent stem cells (iPSC)-derived neurons (Ludtmann et al., 2018).
To our knowledge, few studies have explored the link between MRC dysfunction and [image: image]-synuclein pathology in the human brain. Two studies revealed an inverse association between neuronal CI deficiency and the presence of LP, in the form of Lewy bodies or pale bodies, in PD and Parkinson’s disease dementia—i.e., neurons deficient for CI were significantly less likely to contain formed LP aggregates (Reeve et al., 2012; Flones et al., 2017). The mechanisms underlying this inverse association are unknown. One possibility is that functional MRC is required for LP formation, similar to what has been shown in yeast (Büttner et al., 2008). Alternatively, the coexistence of MRC deficiency and LP may be additively, or even synergistically, deleterious, so that neurons that suffer a “double hit” are lost early in the disease (Reeve et al., 2012).
Whether and How Mitochondrial Respiratory Chain Dysfunction Contributes to Neuronal Dysfunction and Death in Parkinson’s Disease Remains Unknown
Irrespective of the etiopathogenesis of MRC deficiency in PD, given the neuronal dependency on mitochondrial respiration (Mary et al., 2012), it is likely to compromise the metabolic and bioenergetic status of neurons, and possibly other cell types, thereby contributing to cellular dysfunction and death in PD (Figure 2). The deleterious effect of MRC dysfunction was recently illustrated in a mouse model of CI deficiency specific to dopaminergic neurons, in which it was shown that isolated CI deficiency is sufficient to cause degeneration, beginning with axonal loss of function, with progressive levodopa-responsive parkinsonism (González-Rodríguez et al., 2021). While it is unknown whether similar effects take place in PD, CI deficiency is an established cause of neuronal dysfunction and death across multiple brain regions, including the dopaminergic SNc, in patients with mitochondrial disease (Tzoulis et al., 2016; Carelli et al., 2015; Flønes and Tzoulis, 2018). Therefore, it stands to reason that the MRC deficiency observed in PD is deleterious to neuronal function and survival and contributes to the neurodegenerative process (Figure 2). However, as with LP, there is not a high correlation between neuronal loss and reported MRC deficiency in PD (Dickson, 2012; Subrahmanian and LaVoie, 2021).
FUTURE PERSPECTIVES
Regardless of the variable and partly conflicting evidence, little doubt remains that MRC dysfunction, as a phenomenon, is associated with idiopathic PD. Specifically, CI deficiency in the SNc appears to be the most pronounced and consistently reported defect, whereas other complexes may also be affected, albeit to a lesser degree. In spite of having had this knowledge since 1989 (Schapira et al., 1989), the role of MRC dysfunction in PD, and whether it is deleterious, compensatory, or an innocent bystander, remain unknown. Several obstacles have prevented major breakthroughs in this field, including the inability to assess and track MRC function in the human brain during life, and the lack of reliable disease models. Below, we summarize three key knowledge gaps in this field, and propose potential strategies to explore and address them in future research.
Is Mitochondrial Respiratory Chain Dysfunction a Pervasive Phenomenon in Parkinson’s Disease?
While referred to as a single entity, PD is a heterogeneous clinical syndrome, defined based on a constellation of phenotypical features (Bloem et al., 2021). Individuals with PD exhibit high phenotypic variability, on the basis of which several classification systems have been proposed, clustering subjects e.g., according to age of onset, combinations of motor and non-motor feature, rate of disease progression and variable treatment response (Espay et al., 2017; Greenland et al., 2019; Bloem et al., 2021). This phenotypical diversity has led to the hypothesis that biological subtypes of PD may exist, driven by different molecular mechanisms (Espay et al., 2017). Considering the clinicopathological heterogeneity of PD and striking variability in the reported MRC findings, it is not unreasonable to hypothesize that MRC dysfunction may characterize only a subgroup of individuals with PD. If true, this would imply that mitochondrial dysfunction underpins a distinct subtype of PD, and, at the same time, provide the opportunity to interrogate and decipher the role of mitochondrial dysfunction in the disease. With the appropriate markers, PD samples and cohorts could be stratified according to MRC deficiency, thereby increasing the signal-to-noise ratio in both basic and clinical research and increasing the chances for success, while moderating the need for large sample sizes. Exploring the pervasiveness of MRC dysfunction in PD should be feasible with today’s technology, but will require systematic characterization of large samples, preferably with accompanying clinical and environmental information.
What Is the Etiopathogenesis of Mitochondrial Respiratory Chain Dysfunction in Parkinson’s Disease?
In terms of the etiology of MRC dysfunction, current evidence suggests that genetics may play a role, but this has not been adequately explored. While associations at the pathway level have been highlighted (Gaare et al., 2018; Billingsley et al., 2019), these studies were underpowered for detecting signal at the level of individual variants or genes. Moreover, they did not consider complex interactions between nuclear and mtDNA variation. Addressing these questions would require single-base resolution genetic data from larger populations, probably in the order of 5–10,000 samples (Gaare et al., 2018). Since such datasets are now available via international consortia, this should be feasible to assess. That said, genetics are unlikely to be the sole driver of MRC dysfunction in PD, and the potential role of environmental factor, including exposure to MRC-inhibitors, ought to be better resolved as multiple clinical cohorts of increasing sizes are being studied across most populations.
In terms of the mechanisms underlying the observed decrease in MRC complexes, evidence supports that this is, at least partly, mediated by somatic mtDNA changes. While we know that this type of mtDNA alterations can cause MRC deficiencies in models and other diseases, proving that this is the case in PD is no trivial challenge. Having no cell or animal models that recapitulate the pathogenesis of PD, answers ultimately rely on the study of postmortem brain tissue. Since MRC deficiencies occur in a mosaic distribution (Flones et al., 2017), this question must be addressed at a cell-specific level, e.g., by combining immunostaining with laser-microdissection. A handful of such studies have been reported in the SNc with results corroborating the link between mtDNA changes and MRC defects (Bender et al., 2006; Grünewald et al., 2016). Similar studies are warranted in other areas and cell-types showing MRC deficiencies in PD and assessing the full spectrum of mtDNA changes (deletions, copy number, point mutations) in each cell. A similar approach can be used to assess the transcriptomic profile of MRC-deficient and competent cells. If these deficiencies are mediated by mtDNA changes, it stands to reason that the expression of MRC subunits will be decreased in these cells.
What Is the Downstream Impact of Mitochondrial Respiratory Chain Dysfunction in Parkinson’s Disease?
To understand the impact of MRC deficiencies in PD there is a need to combine experiments in appropriate models of MRC deficiency with cell-specific molecular signatures of the PD-brain. In this integrated approach, models can interrogate causality, while brain studies will establish relevance for the disease. Good models would reflect the type and magnitude of the MRC deficiencies observed without perturbing other biological systems. A paradigm of such a model was recently reported (González-Rodríguez et al., 2021). Cell-specific molecular studies of the PD-brain should differentiate between subtypes of neurons and/or glia, and distinguish between states of cell-specific pathology (i.e., presence, type and severity of MRC deficiency and α-synuclein pathology), so that specific molecular-pathological associations may be derived. Conducting such studies to full extent with current technology would be challenging. Immunostaining combined with laser-capture microdissection is a highly versatile, but also cumbersome approach. Moreover, the quality of derived omics, such as transcriptomics or proteomics, is often poor. Medium and high-throughput technologies (Nagy et al., 2020) are under rapid development and will hopefully provide us with the means to perform such studies at higher volume, efficiency, and precision.
To determine whether MRC dysfunction contributes to the initiation and progression of PD, there is a need to understand how it evolves over time, as well as if/how it is connected to disease progression. Doing so requires extra-neural and/or non-invasive brain markers of mitochondrial pathology. Currently, no imaging biomarkers have been shown to directly detect mitochondrial dysfunction, in the PD brain. A recently developed positron-emission tomography (PET) tracer for quantitative imaging of CI has shown promise in neurotoxic models of PD, but detected no changes in a human trial (Wilson et al., 2020). Even if the MRC itself cannot be directly assessed in the living brain, it may be possible to detect associated metabolic changes, measurable by e.g., phosphorus (31P) magnetic resonance spectroscopy (MRS), which assesses phosphorylated metabolites including NAD and ATP (Lu et al., 2014), and/or metabolomic analyses in cerebrospinal fluid. However, the potential of these powerful technologies has not been fully harnessed in PD. Furthermore, it is important to settle the question of whether signs of MRC deficiency can be detected in peripheral tissues of individuals with PD. The contradictory results of previous studies, in this regard, are consistent with a heterogeneous effect, where MRC dysfunction only occurs in a subpopulation of PD subjects. Addressing this heterogeneity will require studies in larger patient groups, employing multidisciplinary methodologies (e.g., immunodetection, functional assays, mtDNA assessment, and targeted metabolomics), and assessing interindividual variability and the potential for stratification of the examined cohorts.
In conclusion, two centuries since PD was first described, our pathophysiological insight still relies largely on phenomenology. Along with LP, MRC dysfunction is a phenomenon associated with PD, albeit less consistently, but whose potential role in disease initiation and progression remains poorly understood. We hope that future studies will provide the much-sought answers to these pertinent questions and begin to unwind the mystery of mitochondrial dysfunction in PD.
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