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Heme plays a central role in diverse, life-essential processes that range from ubiquitous, housekeeping pathways such as respiration, to highly cell-specific ones such as oxygen transport by hemoglobin. The regulation of heme synthesis and its utilization is highly regulated and cell-specific. In this review, we have attempted to describe how the heme synthesis machinery is regulated by mitochondrial homeostasis as a means of coupling heme synthesis to its utilization and to the metabolic requirements of the cell. We have focused on discussing the regulation of mitochondrial heme synthesis enzymes by housekeeping proteins, transport of heme intermediates, and regulation of heme synthesis by macromolecular complex formation and mitochondrial metabolism. Recently discovered mechanisms are discussed in the context of the model organisms in which they were identified, while more established work is discussed in light of technological advancements.
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1 INTRODUCTION
Heme is an amphipathic prosthetic group consisting of a central iron chelated by porphyrin ring and is essential for the function of proteins that regulate a diverse range life-essential redox processes such as oxygen transport, respiration, detoxification, gas sensing, circadian rhythm and control of gene expression (Chen and Paw, 2012; Feng and Lazar, 2012; Girvan and Munro, 2013; Shimizu et al., 2015; Shimizu et al., 2019). Labile heme also functions as a signaling molecule whose binding and dissociation from proteins alters their function (Sun et al., 2004; Suzuki et al., 2004; Tahara et al., 2004; Zenke-Kawasaki et al., 2007; Kobayashi et al., 2017; Martinez-Guzman et al., 2020; Chambers et al., 2021). The redox activity of heme renders it essential in all cell types in microbes and animals. However, this same redox ability and its ability to intercalate into membranes also makes heme potentially cytotoxic as it can catalyze reactions that are deleterious to the cell. Heme intermediates have the same chemical properties. In addition, they are photoactive and cause tissue damage when they accumulate during heme dysregulation. These properties of heme and its intermediates require the tight coupling of heme synthesis to its utilization. While heme is required for all cells of the body, the role of heme, and the amount of heme required is unique to each cell type. Hence, cells have specific regulatory mechanisms that couple heme synthesis with utilization. This is observed in the diversity of phenotypes caused by disorders of heme synthesis, or in loss of function in model organisms (Balwani and Desnick, 2012; Chen et al., 2019; Peoc’h et al., 2019; Poli et al., 2021; Chung et al., 2014; Hildick-Smith et al., 2013; Phillips et al., 2019; Wang et al., 2011; Yien et al., 2017; Troadec et al., 2011; Ducamp et al., 2021). Although defects in heme synthesis are often associated with hematologic diseases, loss of function studies and disease phenotypes make clear that many tissues and pathways depend on the correct regulation of heme synthesis for their function.
While many disorders of heme synthesis are caused by mutations in genes directly associated with heme biosynthesis, iron-sulfur cluster formation or iron transport, a smaller subset of tissue-specific diseases are caused by mutations in genes more often associated with regulation of mitochondrial homeostasis. This latter subset of diseases is less well understood as little is known about the interaction between the mitochondrial homeostatic machinery and heme/iron metabolism. This review hence emphasizes regulation of heme synthesis in metazoans and focuses on tissue specific regulatory mechanisms that enable cells to couple heme synthesis to cellular utilization. In recent years, it has become evident that these regulatory mechanisms have converged into several main categories: 1) Regulation of substrate and cofactor transport; 2) Regulation of protein-protein interactions between the core components of the heme synthesis machinery and other regulatory proteins, and 3) Metabolic regulation of heme synthesis. The first and last steps of heme synthesis takes place in the mitochondria, enabling extensive regulation of heme synthesis rates by control of transport mechanisms. Mitochondria are also the organelles that integrate molecular synthesis with energy metabolism. How metabolism and synthesis of molecules (such as heme) are integrated and co-regulated is poorly characterized, but is likely to play a major role in cell-specific regulation. To shed light on these interfaces, we have chosen to focus this review on how heme synthesis is regulated by mitochondrial physiology.
One aspect we aim to highlight is the use of diverse model organisms and experimental systems. Many of the fundamental discoveries in eukaryotic heme regulation were made from studies of S. cerevisiae yeast and mammalian cell culture, and these continue to be important models in understanding heme biochemistry and genetics. However, cultured yeast and mammalian cells are uniformly bathed in media and cannot recapitulate the metabolic heterogeneity of cell types in multicellular organisms. Hence, our use of vertebrate organisms is key for understanding the role of heme synthesis in tissue development and physiology. We will draw attention to the experimental models and to the strengths and limitations of each experimental system when interpreting their findings. This is important for understanding the complexity of heme regulation in the context of mitochondrial function, which adapts to the biology of different cell types in their metabolic or developmental niches (summarized in Figure 1).
[image: Figure 1]FIGURE 1 | Summary of developmental and metabolic factors that regulate heme synthesis.
2 HEME SYNTHESIS
Heme synthesis is a ubiquitous process catalyzed by 8 enzymatic steps that take place in the cytosol and the mitochondria (summarized in Figure 2). The committed step of heme synthesis is the synthesis of 5-aminolevulinate (ALA) from glycine and succinyl-CoA. This process is catalyzed by ALA synthase (ALAS)/Hem1 in yeast which is localized in the mitochondrial matrix (Ajioka et al., 2006; Hunter and Ferreira, 2011) and requires the import of glycine into the mitochondria. ALA is exported from the mitochondria into the cytosol where it is converted to the monopyrrole porphobilinogen (PBG), via the enzyme porphobilinogen synthase (PBGS) or aminolevulinate dehydratase (ALAD). The enzyme hydroxymethylbilane synthase (HMBS) forms a linear tetrapyrrole hydrodroxymethylbilane (HMB) from four molecules of PBG. This linear tetrapyrrole is then converted to the cyclic tetrapyrrole uroporphyrinogen III via the enzyme uroporphyrinogen synthase (UROS). In the final cytoplasmic step of the process, uroporphyrinogen decarboxylase (UROD) catalyzes the decarboxylation of uroporphyrinogen III (UROgenIII) to synthesize coproporphyrinogen III (CPgenIII).
[image: Figure 2]FIGURE 2 | Overview of heme synthesis. Heme synthesis requires the activity of its pathway enzymes (indicated in red ovals). The activities of these enzymes are regulated by interaction with mitochondrial homeostasis proteins such as CLPX and ABCB10. Heme synthesis is also regulated by transport proteins such as TMEM14C, and transport of iron via the MFRN proteins. Many transporters of heme intermediates have yet to be identified. Pharmacological inhibitors of heme synthesis enzymes such as itaconyl-CoA (inhibitor of ALAS (63, 153)), succinylacetone (inhibitor of PBGS/ALAD (Ebert et al., 1979)) and acifluorfen (inhibitor of PPOX (Corrigall et al., 1994; Corradi et al., 2006)) are powerful tools to probe the regulatory mechanisms of the heme synthesis pathway.
The terminal steps of the heme synthesis pathway occur in the mitochondria. CPgenIII is transported into the intermembrane space where it is oxidized to protoporphyrinogen IX (PPgenIX) via the mitochondrial inner membrane enzyme coproporphyrinogen III oxidase (CPOX) (Hamza and Dailey, 2012). PPgenIX is then transported into the mitochondrial matrix via a process that requires the transmembrane protein TMEM14C (Yien et al., 2014) and oxidized to form protoporphyrin IX (PPIX) via the matrix-facing inner membrane enzyme by protoporphyrinogen oxidase (PPOX). Finally, ferrochelatase (FECH) catalyzes the insertion of ferrous iron into the PPIX macrocycle to form heme (Hamza and Dailey, 2012).
The enzymes of the heme synthesis pathway are identical in all cells (with the exception that ALAS2 is preferentially used in erythroid heme synthesis, while ALAS1 is used in all other cells) (Dailey et al., 2005), while cells have their context-specific metabolic requirements. This opens several key questions: How do different cell types couple heme synthesis to cellular requirements? How is heme synthesis regulated in response to developmental, environmental or metabolic stimuli? While the transcriptional and translational regulation of heme synthesis genes is fairly well characterized (Drissen et al., 2005; Yu et al., 2009; Tallack et al., 2010; Wong et al., 2011; Wilkinson and Pantopoulos, 2014; Yien et al., 2014; Magor et al., 2015; Tanimura et al., 2018; Yien et al., 2018; Doty et al., 2019), the regulation of heme synthesis by the structural and functional interactions with mitochondrial homeostasis proteins is less well understood. This is a key gap in our understanding of heme metabolism because mutations in ubiquitously expressed mitochondrial homeostasis genes can cause heme defects in specific tissues (Hildick-Smith et al., 2013; Kondo et al., 2016; Piel et al., 2016; Sun et al., 2017; Kory et al., 2018; Galmozzi et al., 2019; Paul et al., 2019; Acoba et al., 2021; Bao et al., 2021; McGuire et al., 2021). This indicates that these regulatory interactions play a role in tissue-specific heme regulation. Further, elucidating the role of interactions between mitochondrial homeostasis proteins and the heme metabolon is key to understanding how metabolic stimuli can regulate heme synthesis (Medlock et al., 2015). This article will review how heme synthesis enzymes are regulated by housekeeping mitochondrial proteins, and how heme synthesis is regulated by the expression of solute carriers that enable the transport of heme intermediates and other nutrients and metabolites. Further, we will explore how mitochondrial proteins regulate mitochondrial iron import and utilization, and how mitochondrial metabolism is structurally and functionally coupled with heme synthesis. The goal of this review is to offer insights as to how these interactions have furthered our understanding of heme synthesis, and to suggest some key areas of exploration in this area.
3 REGULATION OF MITOCHONDRIAL HEME SYNTHESIS ENZYMES
3.1 ALAS
ALAS is the rate-limiting enzyme of the heme synthesis pathway and is tightly regulated at several levels. Vertebrates possess two ALAS isozymes, ALAS 1 and 2. ALAS1 is ubiquitously expressed in all cell types, and is tightly regulated by heme (Kolluri et al., 2005), while ALAS2 is preferentially expressed in differentiating erythroid cells and is transcriptionally and translationally regulated by iron levels and erythroid differentiation (Peoc’h et al., 2019; Kramer et al., 2000; Surinya et al., 1997). Lastly, heme regulates post-translational proteolytic cleavage of ALAS and its translocation of into the mitochondria (Yamamoto et al., 1982; Lathrop and Timko, 1993; Tian et al., 2011). We have summarized the complex regulation of ALAS in Figure 3.
[image: Figure 3]FIGURE 3 | Regulation of ALAS in the cell. ALAS translocation to the mitochondrial matrix is inhibited by high heme conditions and functions as a mechanism of feedback inhibition. ALAS2 turnover is regulated by the ubiquitin-proteasome system in the cytosol and by CLPXP in the mitochondria. ALAS1 is tightly regulated by mitochondrial heme levels. High heme concentrations facilitate its degradation by the CLPXP proteolytic complex and Lon in the mitochondria.
3.1.1 Regulation of ALAS Protein Localization and Stability
ALAS2 contains an LXXLAP motif which is found in proteins that are reguated by oxygen tension. Its stability within the cytosol is regulated by oxygen levels the via the ubiquitin-proteasome machinery. Under normoxic conditions, the proline on the LXXAP motif of ALAS2 is hydroxylated and interacts with the von Hippel-Lindau (vHL) protein and is ubiquitinated. ALAS2 protein is also stabilized during hypoxia. In contrast, ALAS1 does not contain an LXXLAP motif and is unlikely to be regulated by oxygen tension (Abu-Farha et al., 2005).
Both ALAS1 and ALAS2 proteins contain a heme regulatory motif (HRM) consisting of three consecutive CP motifs (CP 1-3) at their N-termini. These CP motifs are so-called because they contain a dipeptide motif consisting of cysteine and proline residues (Ogawa et al., 2001). This region is required for heme binding, and heme-dependent inhibition of ALAS import into the mitochondria (Yamauchi et al., 1980; Hayashi et al., 1983; Srivastava et al., 1983; Lathrop and Timko, 1993). The CP 1 and 2 motifs of the HRM are part of the ALAS precursor protein and are cleaved upon translocation into the mitochondria. The CP3 motif remains part of the mature ALAS protein after mitochondrial translocation and is required for heme-dependent ALAS1 proteolysis by mediating its interaction with the CLPXP and LONP1 proteases (Kubota et al., 2016). In these cases, heme-dependent regulation functions as a feedback mechanism to inhibit the synthesis and translocation of ALAS to the mitochondria when free heme is in excess.
Vertebrate ALAS mitochondrial protein stability is tightly regulated by the mitochondrial AAA+ (ATPases associated with diverse cellular activities) proteases LON and CLPXP (Tian et al., 2011; Kubota et al., 2016; Rondelli et al., 2021). ALAS1 is proteolytically degraded by the Lon or CLPXP proteases in a heme dependent manner (Tian et al., 2011; Kubota et al., 2016) where addition of hemin to human hepatocytes and cell lines decreases ALAS1 protein expression via Lon and CLPXP, mediated by their interaction on the ALAS1 CP3 motif. This functions as a mechanism for feedback inhibition of heme synthesis. The stability of ALAS2, highly expressed in differentiating erythroid cells under the control of erythroid-specific promoters, is regulated by CLPXP. However, the ALAS2 protein is stable during erythroid differentiation, indicating that it is not degraded under high heme conditions (Rondelli et al., 2021). One caveat of these studies is hemin treatment introduces a large quantity of exogenous free heme to cells. Under physiologic conditions, the amount of free heme in cells (including in red cells, where most heme is hemoglobin bound) is very low. Hence, further studies are required to determine how heme, as bound to its physiological carriers and hemoproteins, regulates ALAS protein stability and enzyme activity in vivo.
The proteolytic regulation of yeast ALAS differs from that of vertebrates as yeast do not possess a CLPP gene (Kardon et al., 2015). Hence, yeast ALAS is not proteolytically regulated by the CLPXP protease. Regulation of yeast ALAS by the LON protease and heme-dependent regulation of its protein stability remains an open question.
Regulation of ALAS stability by housekeeping proteins is an increasingly important theme in understanding disorders of heme metabolism. Recently, we showed that aberrant ALAS stabilization caused by a CLPX mutation caused overproduction of ALA, leading to accumulation of PPIX, resulting in erythropoietic protoporphyria (Yien et al., 2017).
3.1.2 Regulation of Cofactor Incorporation
ALAS enzymes are dependent on the cofactor pyridoxal phosphate (PLP) for their activity. Yeast ALAS/Hem1 is a homodimeric enzyme in which the one of the monomers are covalently bonded to PLP, while the other monomer is PLP free (Brown et al., 2018). In contrast, human ALAS2 is a homodimer in which both monomers are bound to PLP (Bailey et al., 2020). PLP attachment causes structural changes allowing the ALAS active site to bind substrate and is a key component of ALAS function. These data suggest that suggesting that the structural aspects of PLP incorporation are not evolutionarily conserved and can be a mode of ALAS regulation. PLP is covalently attached to an active site lysine and interacts with several other residues near the active site suggesting that PLP incorporation is a potential component of ALAS regulation (Gong et al., 1996; Astner et al., 2005; Brown et al., 2018). Indeed, the importance of PLP binding is underscored by hematologic disorders caused by mutations that disrupt PLP binding in ALAS (Cotter et al., 1995; Prades et al., 1995; Furuyama et al., 1997).
Yeast apo-ALAS requires CLPX to accelerate its incorporation of PLP (Kardon et al., 2015; Kardon et al., 2020). While the requirement for CLPX for PLP incorporation in vertebrates has not been formally tested, CLPX is not required for vertebrate ALAS activity and is therefore likely not required for incorporation of PLP (Rondelli et al., 2021). The functional differences in CLPX regulation between yeast and vertebrate ALAS are likely due to primary sequence differences as regions that are important for the interaction between yeast CLPX and ALAS are not conserved in the vertebrate ALAS proteins (Rondelli et al., 2021). Evolution of these regions may have played a role in alterations of PLP binding and its regulation for ALAS to play specific roles in adaptation of heme synthesis to cell-specific contexts. As PLP is generally maintained at a low concentration in the cell (Hamfelt, 1967; Cheung et al., 2003), and its spontaneous conjugation to apoALAS is slow (Kardon et al. 2015), it is likely that vertebrate ALAS requires other, yet to be discovered chaperones that facilitate PLP incorporation to form the holoenzyme.
In yeast, Mtm1 (originally identified as the manganese trafficking factor for mitochondrial Sod2) was identified as a potential mitochondrial transporter for PLP. Mtm1 tightly binds to PLP and is required for incorporation of PLP into mitochondrial proteins. In the absence of Mtm1, there was a significant decrease in the activity of Hem1/ALAS. While a PLP transporter should bind to PLP, the high affinity for Mtm1 to PLP may indicate that other proteins are required as carriers to transfer PLP from Mtm1 to its target proteins (Whittaker et al., 2015). Vertebrate SLC25A39, which is required for hemoglobinization and the early stages of heme synthesis, can genetically complement the iron deficiency defect in Mtm1 deficient yeast (Nilsson et al., 2009). However, the PLP binding and transport function of SLC25A39 has not been directly tested. SLC25A39 was recently implicated in the regulation of mitochondrial glutathione import in mammalian cells (Wang et al., 2021), opening the possibility that it can serve as a regulatory node for several metabolic pathways. Studies on the regulation of ALAS are summarized in Figure 3.
3.2 CPOX
The CPOX enzyme catalyzes the oxidation of coproporphyrinogen III to protoporphyrinogen IX. It is specific for the coproporphyrinogen III isoform, rather than the coproporphyrinogen I isoform that is not used for heme synthesis. CPOX is situated in the mitochondrial intermembrane space and is loosely attached to the mitochondrial inner membrane (Grandchamp et al., 1978). The protein contains 120 amino acid long mitochondrial leader sequence that is required for targeting to the mitochondrial intermembrane space (Dailey et al., 2005). The localization of the enzyme requires its substrate, coproporphyrinogen III, synthesized in the cytosol, to be transported through the mitochondrial outer membrane to reach CPOX in the intermembrane space.
CPOX functions as a homodimer with no cofactor (Phillips et al., 2004; Lee et al., 2005). While its reaction has been extensively studied, the mechanism by which CPOX functions is still not known (Lash, 2005; Silva and Ramos, 2011).
3.3 PPOX
In the penultimate step of heme synthesis, PPOX catalyzes the oxidation of protoporphyrinogen IX to protoporphyrin IX within the mitochondrial matrix. PPOX functions as a homodimer with an FAD molecule noncovalently bound to one of the subunits within the dimer (Koch et al., 2004; Corradi et al., 2006; Qin et al., 2010; Qin et al., 2011). The PPOX protein is synthesized in the cytosol and translocated into the mitochondria in a process that requires a mitochondrial targeting signal (Morgan et al., 2004; von und zu Fraunberg et al., 2003). While the structure of PPOX predicts that it is an intermembrane space-facing enzyme that docks onto FECH in such a way as to allow substrates to enter from its channel into FECH (Koch et al. 2004), live-cell peroxidase based proteomic mapping showed that PPOX binds to the mitochondrial inner membrane and faces into the mitochondrial matrix (Rhee et al., 2013).
While PPOX is not a rate-limiting enzyme in the heme synthesis pathway, its expression, like all the other heme synthesis enzymes, is upregulated during erythroid differentiation (Wong et al., 2011). To keep pace with the increase in the rate of mitochondrial iron import and ALAS activity during terminal erythropoiesis, the processes necessary for activation of PPOX and the intermediate enzymes of the heme synthesis pathway must also be upregulated to keep pace with heme synthesis and to minimize the accumulation of cytotoxic heme intermediates. PPOX requires the incorporation of its reactive FAD cofactor for its activity. While the mechanism for FAD incorporation into PPOX is unknown, potential interactions between FAD synthases and apo-flavoproteins may facilitate the “chaperoning” of FAD into the apoenzyme as FAD is being synthesized (Giancaspero et al., 2015).
In vertebrate erythroid cells, full PPOX activity requires CLPX, a mitochondrial protein unfoldase, but not CLPP, the proteolytic subunit of the CLPXP protease (Rondelli et al., 2021), suggesting that the CLPX unfoldase has a protease-independent function in regulating heme synthesis. CLPX deficiency decreases PPOX protein levels and activity and may play a role in regulating PPOX protein quality and/or cofactor incorporation.
PPOX exists within a large protein complex in the mitochondrial inner membrane (the “heme metabolon”) with other heme synthesis enzymes such as ALAS and FECH, as well as TMEM14C, which plays a role in import of protoporphyrinogen IX into the mitochondrial matrix (Medlock et al., 2015). It is likely that these physical interactions, and functional interactions with proteins like CLPX, exist for PPOX to coordinate substrate processing with downstream heme synthesis. The detailed functions of these interactions remain to be explored and will be key for understanding the regulation of PPOX in the context of mitochondrial metabolism.
3.4 FECH
FECH catalyzes the final step of heme synthesis which is the insertion of iron into protoporphyrin IX. FECH is synthesized in the cytosol as a pre-protein and translocated to the mitochondrial matrix where it is attached to the mitochondrial inner membrane. The enzyme exists as a homodimer. Each of the monomers in metazoan FECH is attached to a [2Fe-2S] cluster (Wu et al., 2001).
The FECH enzyme is tightly regulated. Attachment of the [2Fe-2S] cluster occurs in metazoan FECH, but not in several other organisms. While [2Fe-2S] cluster attachment does not appear to play a role in catalysis (Dailey et al., 2000), optimal activity of FECH enzymes with the [2Fe-2S] cluster requires [2Fe-2S] attachment. Various lines of evidence show that [2Fe-2S] attachment contributes to iron sensing. Under iron deficient conditions, human FECH exhibits decreased activity, while E.coli FECH, which does not contain a [2Fe-2S] cluster, does not (Taketani et al., 2000). In iron-deficient erythroleukemia cells, which are deficient in [Fe-S] clusters, newly synthesized apo-FECH is destabilized. This suggests that [Fe-S] cluster incorporation into FECH during protein synthesis is important for maintenance of its protein stability and maturation (Crooks et al., 2010). Decrease in FECH protein during glutaredoxin 5 (GLRX5) deficiency, which is thought to incorporate the [2Fe-2S] cluster into FECH, was observed in primary hematopoietic cells (Ye et al., 2010; Daher et al., 2019; Ducamp and Fleming, 2019), strengthening the argument that [2Fe-2S] incorporation plays a key role in maintenance of FECH protein stability. A second role of the [2Fe-2S] cluster in FECH is thought to be in mitochondrial pH sensing. In erythroid cells, dysregulation of pH by genetic disruption of the mitochondrial ATPase inhibitory factor 1 (Atpif1) or pharmacological inhibition of respiration causes disruption of FECH activity. A yeast FECH ortholog that does not possess a [2Fe-2S] cluster was not similarly disrupted; indeed expression of yeast FECH was able to genetically rescue the anemia in zebrafish atpif1 mutants, suggesting the absence of a [2Fe-2S] cluster rendered yeast FECH impervious to regulation by pH. This mode of regulation did not occur in non-erythroid cells. Although knockdown of Atpif1 in mammalian cell erythroid cell lines caused a hemoglobinization defect (Shah et al., 2012), ablation of the Atpif1 gene in mice did not cause an overt phenotype, and the mice are normal (Nakamura et al., 2013). Hence, regulation of heme synthesis by Atpif1 is likely to be tissue specific and not conserved across species.
In erythroid cells, EPO signaling during differentiation triggers the phosphorylation of FECH, which increases its activity. This occurs through the activation of PKA signaling components which are recruited to the mitochondrial outer membrane by the anchoring protein AKAP10. EPO signaling activates PKA, which in turn phosphorylates FECH, increasing its maximal activity. PKA can directly phosphorylate FECH. The presence of PKA on the mitochondrial outer membrane and mature FECH in the matrix suggests that FECH may be phosphorylated concomitant with its transport into the mitochondrial matrix (Chung et al., 2017) (Figure 4).
[image: Figure 4]FIGURE 4 | Regulation of FECH in the mitochondria. FECH is tightly regulated by post-translational modifications and Fe-S binding. FECH is phosphorylated on the outer mitochondrial membrane. This is regulated by EPO signaling. Within the mitochondrial matrix, FECH activity is regulated by pH, Fe-S binding, the CLPXP complex as well as binding to other proteins in a macromolecular complex such as MFRN1, PPOX, the MICOS complex and FAM210B.
Optimal FECH activity requires the presence of the mitochondrial matrix localized CLPX, CLPP, and inner membrane bound FAM210B proteins. Ablation of the Clpx or Clpp genes decreased the levels of FECH protein and enzymatic activity in differentiating erythroid cells. Since the function of the CLPXP protease is to degrade proteins, yet CLPXP deficiency causes a decrease in FECH protein levels, it is unlikely that FECH stability is directly affected by the CLPXP protease. Rather, we propose that CLPXP may play a role in facilitating FECH protein folding, or its interactions with other proteins that are required for its maximal activity (Rondelli et al., 2021). The presence of FAM210B, a protein that is upregulated by during erythroid differentiation, is also required for maximal FECH activity in differentiating erythroid cells, even though it is not required for maintenance of FECH protein levels (Yien et al., 2018).
Importantly, regulatory mechanisms of FECH activity are integrated in the context of its integration in the heme metabolon (Medlock et al., 2015). At the most basic level, FECH interacts with PPOX. The interaction of these two enzymes is proposed to facilitate the transfer of PPIX to FECH for heme synthesis to protect PPIX from light and exposure to the aqueous environment of the cell (Proulx et al., 1993; Hamza and Dailey, 2012). FECH is also in complex with MFRN1 and ABCB10, facilitating the transfer of ferrous iron to FECH for heme synthesis (Chen et al., 2009; Chen et al., 2010). While FAM210B is necessary for the optimal activity of soluble FECH, the regulation of FECH by FAM210B is even more profound when the mitochondrial membranes are intact, as FAM210B interacts with PPOX and FECH, and is necessary for maximal import of iron into the mitochondria during erythroid differentiation and is proposed to facilitate the interaction between MFRN1 and FECH (Yien et al., 2018). Protein-protein interactions may also decrease FECH activity—interaction with PGRMC1 inhibits FECH activity, possibly by inhibiting heme release (Piel et al., 2016). The importance of mitochondrial morphology and the integrity of the mitochondrial membrane for FECH regulation is emphasized by the requirement for FECH to interact with the mitochondrial contact site and cristae organizing system (MICOS) machinery for interaction its protein partners and maximal enzymatic activity (Dietz et al., 2021). These studies emphasize the importance of studying FECH regulation within the context of its protein-protein interactions. These studies are summarized in Figure 4.
4 MITOCHONDRIAL TRANSPORT IN HEME SYNTHESIS
As heme synthesis occurs in the mitochondria and cytosol, the pathway requires the transport of solutes through the mitochondrial membranes. Heme and its tetrapyrrole intermediates can intercalate into lipid bilayers; as photoactive compounds, they cancatalyze the production of reactive oxygen species on exposure to light, causing tissue damage that is commonly associated with the porphyrias (Balla et al., 1993; Jeney et al., 2002). In addition, iron and tetrapyrroles are only sparingly soluble in water at physiological pH. These characteristics necessitate specialized mechanisms to facilitate the delivery of heme, its precursors and intermediates, and iron to specific cellular destinations, such as heme synthesis enzyme complexes in the mitochondrial membrane. Expression of solute transporters also adds an additional layer of control over heme synthesis that may be coordinated with metabolic requirements of the cell. Models for transport of heme synthetic intermediates have been elegantly described by Hamza and Dailey (Hamza and Dailey, 2012). Here, we provide an update on candidate transporters that were identified in the intervening years.
4.1 Heme Synthesis
4.1.1 Glycine
The first step and committed step of heme synthesis is the condensation of glycine and succinyl-coA to form ALA. This reaction is catalyzed by the ALAS enzymes, which are localized in the mitochondrial matrix, requiring the import of glycine into the mitochondria. Glycine import is especially important in red cells, as ALAS2, the predominant ALAS isoform in erythroid cells, has a very high Km (9.3 ± 1.2 mM), requiring adequate levels of glycine in the mitochondrial matrix for heme synthesis. The requisite glycine concentrations are achieved by the activity of glycine transporters in mitochondria. In vertebrates, SLC25A38, a mitochondrial protein which is highly expressed in erythroid cells carries out this function. The function of SLC25A38 as a mitochondrial glycine transporter is highly conserved across species, as is its requirement for initiating heme synthesis (Guernsey et al., 2009; Fernández-Murray et al., 2016; Lunetti et al., 2016). Its function has been demonstrated in in vitro glycine uptake assays with reconstituted proteoliposomes (Lunetti et al., 2016), and in vivo, in zebrafish mutants (Guernsey et al., 2009; Fernández-Murray et al., 2016). Homozygous loss of function mutations in the SLC25A38 gene are a cause of transfusion-dependent congenital sideroblastic anemia (Heeney et al., 2021). Sideroblastic anemias that are caused by SLC25A38 mutations are refractory to pyridoxine treatment, which is used to treat sideroblastic anemias caused by ALAS2 mutations that occur in the PLP binding region (Fernández-Murray et al., 2016). While sideroblastic anemia seems to be the primary phenotypic defect associated with SLC25A38 mutations, these patients often have other disorders. While it is not known if SLC25A38 mutations were the primary cause of these disorders, it is likely that SLC25A38 is also required in non-erythroid tissues, because its function is conserved in yeast (Heeney et al., 2021). In yeast, ymc1 functions as a secondary, lower affinity glycine transporter (Fernández-Murray et al., 2016). However, a vertebrate ortholog for ymc1 has not been identified.
4.1.2 5-Aminolevulinate (ALA)
After ALA is synthesized in the mitochondrial matrix, it is exported into the cytosol where it undergoes a series of reactions catalyzed by heme synthesis enzymes. There are several candidate proteins that are important for ALA transport, but none have been directly verified in vitro to have ALA transport activity. ABCB10, an inner mitochondrial membrane binding, matrix facing protein (Rhee et al., 2013), plays an important role in heme synthesis in many tissues (Chen et al., 2009; Chen et al., 2010; Bayeva et al., 2013; Yamamoto et al., 2014; Seguin et al., 2017), and its activity seems to highly cell-specific. In cardiomyocytes, loss of ABCB10 decreases heme synthesis, which can be chemically complemented by ALA supplementation. Overexpression of ALAS2 or supplementation of glycine (an ALA precursor), could not rescue heme synthesis in ABCB10-deficient cardiomyocytes, leading to their conclusion the only reason for the heme defect was that ABCB10 promotes export of ALA from the mitochondria. However, the authors did not directly quantitate ALA synthesis in ABCB10-deficient cardiomyocytes, leaving open the possibility that the heme defect in these cells may also have been caused by an ALA synthesis defect (Bayeva et al., 2013). While Abcb10−/− hematopoietic cells exhibit heme defects, they accumulate PPIX, suggesting that ALA synthesis and export in these cells is likely to be normal (Yamamoto et al., 2014). This was confirmed by direct quantitation of ALA in murine erythroleukemia cells (Seguin et al., 2017). Collectively, these data suggest that if ABCB10 is required for mitochondrial export of ALA, it is only in specific cell types such as cardiomyocytes. At this point, the identity of the ALA exporter in most cell types is still an open question.
4.1.3 Coproporphyrinogen III (CPgenIII)
ALA undergoes a series of enzymatic reactions in the cytosol, culminating in the synthesis of CPgenIII. At this point, CPgen must be transported across the mitochondrial outer membrane in order to reach CPOX, which is bound to the mitochondrial inner membrane, facing the intermembrane space (Grandchamp et al., 1978). The membrane transport protein, ABCB6, has been proposed as a transporter for CPgenIII. ABCB6 is an outer mitochondrial membrane protein (Paterson et al., 2007)that binds to heme, porphyrins and CPgenIII (Krishnamurthy et al., 2006; Chavan et al., 2013). Overexpression of ABCB6 in an erythroid cell line also increased heme synthesis (Krishnamurthy et al., 2006). A cryo-electron microscopy structure of human ABCB6 proposes a model by which ABCB6 may transport porphyrins (Wang et al., 2020). However, the transport mechanism proposed by Wang et al. was modeled on hemin and Fe-coproporphyrin III, which are not the physiologic substrates. Direct transport assays for CPgenIII have not been described in the literature. ABCB6 mutations are a cause of dyschromatosis universalis hereditaria (Liu et al., 2014) and ocular coloboma (Wang et al., 2012). ABCB6 is not required for erythropoiesis but rather and encodes the Langereis blood group (Helias et al., 2012), likely ruling out a major role in porphyrin transport. Genetic studies on mice suggest that plasma membrane localized ABCB6 is a porphyrin exporter, and ABCB6 mutations may modify the severity of congenital porphyrias (Fukuda et al., 2016). However, Abcb6 −/− mice had no overt heme synthesis phenotype, and excretion of coproporphyrins I and III, a marker of porphyrin accumulation, that indicates dysregulation of heme synthesis, did not differ from wild-type mice (Fukuda et al., 2016). Lastly, a recent study indicates that ABCB6 mutations are not enriched in porphyria patients (Farrell et al., 2022). Collectively, these studies indicate that ABCB6 is unlikely to be the CPgenIII transporter, and the identity of the CPgenIII transporter is still unresolved.
4.1.4 Protoporphyrinogen IX
Within the mitochondrial intermembrane space, CPOX oxidizes CPgenIII to PPgenIX. Hereafter, PPgenIX must be transported from the mitochondrial intermembrane space to the matrix where PPOX and FECH are present, for conversion into PPIX and heme. At this point, no direct transporter has been identified. Using biochemical assays in loss of function models, TMEM14C, a mitochondrial transmembrane protein that localizes to the inner membrane, was identified as being required for transport of PPgenIX into the mitochondrial matrix for production of PPIX by PPOX. Tmem14c genetrap mice die of anemia at approximately E14.5, when definitive erythropoiesis becomes required for continued embryonic development, and Tmem14c deficient erythroid cells exhibit developmental and metabolic defects (Yien et al., 2014). TMEM14C has three transmembrane helices that predict that it may play a transport role in the membrane (Klammt et al., 2012). However, its ability to directly transport PPgenIX across membranes has not been directly demonstrated. The requirement for TMEM14C in heme synthesis has only been demonstrated in erythroid cells, but it is likely that other proteins play analogous roles in non-erythroid cells as murine embryos can develop to E14.5, suggesting that other cell types in the developing embryo are able to synthesize heme. In primary erythroid cells, mis-splicing of TMEM14C is implicated in ring sideroblast formation in myelodysplastic syndrome (Clough et al., 2021).
4.1.5 Transfer of PPIX From PPOX to FECH
Metabolic enzymes have long been shown to exist in macromolecular complexes that localize to specific subcellular localizations, with enzymes in the same pathway clustering together (Robinson and Srere, 1985; Campanella et al., 2005; Acín-Pérez et al., 2008). A proposed function of these large complexes is the chanelling of reaction intermediates, which is defined as the translocation of a product from one enzyme active site to another, without exposure of the reaction product to the rest of the cellular environment or bulk solution. Among the roles of these channels are to shield reactive intermediates from undergoing deleterious side reactions with cellular components, to locally concentrate reactants, and to increase the rate of association with enzymes in the pathway (Weeks et al., 2006). Such a mechanism was proposed for transport of reactants between the mitochondrially localized terminal enzymes of the heme synthesis pathway. Channeling of terminal heme synthesis reactants by complex formation between PPOX and FECH has been supported by kinetics studies (Ferreira et al., 1988). This was supported by structural biology studies which described how the membrane binding regions of PPOX can be docked onto FECH, potentially enabling a direct transfer of reactants from the active site of PPOX to that of FECH (Koch et al., 2004). TMEM14C and FECH can both be immunoprecipitated by PPOX, supporting a model in which TMEM14C, PPOX and FECH are in a complex. This would enable PPgenIX to be directly transported to PPOX via TMEM14C, and the resultant PPIX to be channeled to FECH (Medlock et al., 2015). This complex is predicted to be a dynamic one (Ferreira et al., 1988; Proulx et al., 1993), allowing control of heme synthesis rates via regulation of enzyme complex formation. The model in which PPIX is channeled to the FECH active site via the docking of PPOX onto FECH via the membrane binding region of PPOX that was proposed by Koch et al. must be reevaluated in light of the reassignment of PPOX to the mitochondrial matrix (Rhee et al., 2013). Nonetheless, the current data point to a model where heme intermediates are channeled within multi-enzyme complexes, thus allowing tight control of heme synthesis, protecting cellular compartments from deleterious side reactions with reactive heme intermediates, and maintaining high rates of heme synthesis by keeping heme intermediates localized to specific subcellular regions.
4.2 Heme
After heme is synthesized in the mitochondrial matrix, it must be transported to other organelles where it is used to make hemoproteins such as hemoglobin or BACH1. As heme is an iron-bound tetrapyrrole that can intercalate into membranes and catalyze the formation of reactive oxygen species, a mechanism to chaperone heme to its targets and facilitate its incorporation into hemoproteins is necessary. In erythroid cells, which synthesize most of the body’s heme, FLVCR1B, which localizes to the mitochondria, plays this role. The Flvcr1 gene encodes two heme exporters, Flvcr1a and 1b, which are alternative splice isoforms (Quigley et al., 2004; Keel et al., 2008; Chiabrando et al., 2012). Flvcr1b is a smaller, ubiquitously expressed splice isoform from the Flvcr1 gene whose protein product localizes to the mitochondria. Its expression is enriched in tissues that have high rates of heme synthesis, including the bone marrow and spleen. Flvcr1b deficiency causes accumulation of heme in non-erythroid mitochondria and causes defects in erythroid differentiation (Chiabrando et al., 2012). Based on these data, FLVCR1B is proposed to be the mitochondrial heme exporter. Because it is required for mitochondrial heme export in HeLa cells, it is likely that its plays this role in most tissues. One caveat FLVCR1 proteins were not shown to transport or bind to heme in vitro. Development of in vitro transport assays will be critical to assess if candidates are bona fide heme or porphyrin transporters.
Although the most common role of heme export from the mitochondria is that of cytosolic hemoprotein synthesis because of the major role of heme in hemoglobin synthesis, heme is actually most efficiently trafficked from the mitochondrial inner membrane to the nucleus. Mitochondrial-nuclear heme trafficking was mediated by the formation of physical contacts between mitochondrial dynamics machinery (via proteins such as Mgm1 and Dnm1) and nuclear ER contact sites (Martinez-Guzman et al., 2020). Progesterone receptor membrane component 2 (PGRMC2) is another mitochondrial protein that is required for transport of labile heme from the mitochondria to the endoplasmic reticulum and nucleus. Here, PGRMC2 was demonstrated to facilitate the incorporation of heme into apo horseradish peroxidase (HRP), stimulating its peroxidase activity, as well as and Rev-Erbα (Galmozzi et al., 2019), providing direct in vitro evidence of heme chaperone activity. PGRMC2 deficiency did not cause a decrease in cytosolic heme levels, suggesting that other chaperones play the dominant role in exporting heme into the cytosol (Galmozzi et al., 2019). As PGRMC2 is most highly expressed in adipocytes, it is likely that tissue-specific mechanisms for mitochondrial heme export exist in other cell types (most prominently, erythroid cells, which may use FLVCR1B, to utilize heme for hemoglobin synthesis). Collectively, the data in these studies suggests that there are multiple mitochondrial heme transporters that serve to export heme into different subcellular compartments, and that these transport mechanisms are likely to be tissue specific.
4.3 Mitochondrial Iron Transport
Mitochondrial iron transport is best understood as being effected by the mitoferrin transporters, MFRN1 and MFRN2. Iron transport via the MFRN proteins is highly conserved from yeast to higher vertebrates, and has been demonstrated by several genetic complementation studies (Shaw et al., 2006; Froschauer et al., 2009; Paradkar et al., 2009). Most of what we know of MFRN1/2-mediated transport arises from studies of the yeast mitoferrins (Mrs3/4) or vertebrate MFRN1. Indeed, the ability of the mitoferrin proteins to transport iron was demonstrated by in vitro iron binding and transport assays carried out with MFRN1 (Christenson et al., 2018) or yeast Mrs3/4 (Froschauer et al., 2009). Mitoferrin proteins transport iron down a concentration gradient, and iron transport was pH dependent (Froschauer et al., 2009). Within this group, mitoferrins have some subtle differences and are tightly regulated in a cell and developmental specific manner.
The mitoferrin genes belong to a family of solute carriers named SLC25. The gene encoding MFRN1, which is enriched in sites of erythropoiesis, is SLC25A37. MFRN2 is ubiquitously expressed and is encoded by SLC25A28. These genes are orthologous to the yeast Mrs3 and Mrs4 genes. In erythroid cells, most mitochondrial iron transport is carried out by MFRN1, whose expression is upregulated during terminal erythropoiesis. MFRN1, the major iron transporter in erythroid cells, is transcriptionally regulated by erythroid transcription factors such as GATA1 (Yu et al., 2009; Amigo et al., 2011), and it is stabilized by the erythroid protein ABCB10, which is upregulated during terminal erythropoiesis (Chen et al., 2009; Chen et al., 2010). MFRN2 in contrast, carries out mitochondrial iron transport in most tissues in the body, and its turnover is not regulated by ABCB10 (Paradkar et al., 2009).
Mitochondrial iron import is tightly coupled with heme synthesis. One mechanism by which this coupling occurs is through the formation of multiprotein heme synthesis complexes (Medlock et al., 2015). Biochemical studies in yeast have shown that MFRN1 interacts with FECH in a physical complex (Chen et al., 2010). In addition, maximal iron transport requires the expression of FAM210B which interacts with FECH and PPOX, and which may function as a bridging molecule to strengthen interactions between the heme synthesis enzymes to promote heme synthesis. Coupling of iron utilization, heme synthesis and mitochondrial iron transport is critical as mitochondria cannot preload iron (Lange et al., 1999).
Disruption of the Mfrn1 and Mfrn2 genes cause numerous defects in organismal physiology. Mfrn1 deficiency is embryonic lethal and the embryos exhibit erythropoietic defects. Mfrn1 deficiency in adult hematopoietic tissue causes severe anemia from erythropoietic and heme synthetic defects (Troadec et al., 2011). While Mfrn2 −/− mice are viable, their sperm exhibit decreased motility causing decreased male fertility. Loss of both Mfrn1 and Mfrn2 in hepatocytes caused defects in mitochondrial iron content and physiology, leading to cell proliferation defects (Seguin et al., 2020).
While the mitoferrins appear to be the main mitochondrial iron transporters, other membrane proteins play auxiliary functions in iron transport. The Sideroflexin family members are an example of such regulatory proteins. SFXN4, an inner mitochondrial membrane protein which plays an essential role in maintenance of the oxidative phosphorylation machinery, is required for maintenance of mitochondrial iron metabolism, notably Fe-S cluster formation, and cellular iron levels (Hildick-Smith et al., 2013; Paul et al., 2019). Sfxn4−/− erythroid cells have a significantly increased percentage of iron in their mitochondria, while their cellular iron levels are decreased, showing a potential role in mitochondrial iron export. However, SFXN4 may play different roles in metabolism and various tissue types. Patients with SFXN4 mutations suffer from mitochondriopathies which result in heterogeneous clinical manifestations including respiratory defects in the musclem, deficits in neuro-motor integration and coordination, and/or anemia (Hildick-Smith et al., 2013; Paul et al., 2019). Sfxn2, another member of this family, is ubiquitously expressed, particularly in the mouse kidney and liver. The SFXN2 protein localizes to the outer mitochondrial membrane, and Sfxn2 −/− cells accumulate iron in the mitochondria while exhibiting heme synthetic defects that lead to defects in OXPHOS complex formation and function (Mon et al., 2019). Another candidate iron transporter is Rim2, a yeast mitochondrial protein that co-imports iron and pyrimidines (Froschauer et al., 2013; Knight et al., 2019). The functional orthology of Rim2 with the vertebrate proteins SLC25A33 and SLC25A36 has only been demonstrated for mitochondrial pyrimidine transport; the iron transport function of SLC25A33 and SLC25A36 has yet to be shown (Di Noia et al., 2014). Of note, deletion of any of these individual genes does not result in complete ablation of mitochondrial iron transport, suggesting that there are many redundant mechanisms for mitochondrial import, as would be expected for such an essential pathway.
Iron-sulfur (Fe-S) cluster synthesis, which depends on iron availability, is an important regulator of heme synthesis. Fe-S assembly is largely understood to occur in mitochondria, although some aspects of the pathway occur independently in the cytosol and nucleus (Rouault and Maio, 2017; Rouault, 2019; Maio and Rouault, 2020; Mühlenhoff et al., 2020). A recent study reports that the cytosolic heme synthesis enzyme, ALAD, is an Fe-S binding enzyme which requires Fe-S to maintain its enzymatic activity. This study potentially provides a mechanism by which iron homeostasis and heme synthesis are coordinated in cells (Liu et al., 2020). The importance of Fe-S assembly as a link between iron availability and heme synthesis is also underscored by the importance of frataxin, a mitochondrial protein essential for Fe-S assembly. Frataxin deficiency increases the expression of the mitoferrin proteins as well as transferrin receptor 1 (Tfr1) which mainly function to import iron, revealing a potential cause of mitochondrial iron overload (Huang et al., 2009; Crooks et al., 2014). Decrease in frataxin levels also caused downregulation of heme synthesis enzymes, iron export proteins and iron storage proteins, demonstrating its importance—and the importance of Fe-S assembly as a regulatory node by which iron availability regulates heme synthesis (Huang et al., 2009).
5 METABOLIC CONTROL OF HEME SYNTHESIS
It has been established that heme synthesis must be coupled with metabolic requirements to prevent toxic accumulation of heme and its intermediates. In the mitochondria, ALAS is in a multiprotein complex with succinyl-CoA synthetase (SUCLA2) which plays an essential role in the tricarboxylic acid (TCA) cycle, the main source of energy production in nucleated cells (Bishop et al., 2012; Medlock et al., 2015). The physical interaction between these two proteins was proposed to couple energy production with heme synthesis as succinyl-CoA can be fed into ALAS as a substrate. In developing erythroid cells, heme synthesis dominates mitochondrial function to meet the demand for hemoglobin. During erythropoiesis, the requirement for glycine, succinyl-CoA and iron in heme synthesis is so high that coordination with other metabolic pathways becomes essential to ensure that there are sufficient substrates for heme production as well as for ATP production and the continuation of nutrient metabolism. In developing erythroid cells, the demand for succinyl-CoA would strain on the TCA cycle if the TCA cycle were the source of succinyl-CoA in heme synthesis. A landmark study by Burch et al. demonstrated that the majority of succinyl-CoA for heme synthesis in differentiating erythroid cells was instead obtained from glutamine without passing through the TCA cycle, calling into question the biological significance of the interaction between SUCLA2 and ALAS (Burch et al., 2018).
Another important aspect of metabolic regulation is the role of iron sensing by the aconitase enzymes. Cytosolic aconitase in iron regulatory protein-1 (IRP-1) plays a central role in the iron restriction response as it is dependent on Fe-S binding to regulate the translation and stability of mRNAs that often play a key role in iron homeostasis (reviewed here (Rouault and Maio, 2017). Mitochondrial aconitase is an enzyme in the TCA cycle which is also dependent on Fe-S binding. In erythroid cells, it integrates iron sufficiency with downstream enzymes in the heme synthesis pathway, ATP production and EPO-dependent PKC signaling to erythroid developmental pathways. Mitochondrial aconitase signaling may therefore be a mechanism by which mitochondrial iron status integrates with erythropoiesis; this is underscored by the ability of isocitrate to bypass erythroid iron restriction to restore terminal erythropoeisis (Bullock et al., 2010; Richardson et al., 2013; Goldfarb et al., 2021).
Mitochondrial carriers may also play a role in metabolic regulation of heme synthesis. SFXN1 for instance, is a mitochondrial serine transporter which plays an important role in one-carbon metabolism (Kory et al., 2018). SFXN1 plays several roles in heme synthesis. Serine, the transport substrate of SFXN1, is converted to glycine, which is key substrate for the committed step of heme synthesis. In the absence of SFXN1, the rate of serine to glycine conversion significantly decreased, which would impair the first step of heme synthesis particularly in erythroid cells. SFXN1 was also required for maintenance of alpha ketoglutarate levels, an important source of succinyl-CoA for heme synthesis (Burch et al., 2018). Lastly, SFXN1 deficiency decreased the mRNA levels of CPOX and FECH, as well as the levels of FECH protein. Heme is deficient in SFXN1-deficient cells, which in turn leads to defects in the activities of OXPHOS complexes (Acoba et al., 2021).
Heme synthesis may also be inhibited by cellular metabolites, and one example of this is the competitive inhibition of ALAS2 activity by itaconate, a metabolite produced by macrophages during inflammation. Itaconate production, by inhibiting ALAS2 activity, may therefore play a role in anemia of inflammation in addition to iron restriction (Marcero et al., 2021).
Terminal erythroid differentiation is marked by the shift in reliance on oxidative phosphorylation to glycolysis for energy production. FAM210B, which is required for maximal mitochondrial iron import and FECH activity in erythroid cells, also plays a role in metabolic reprogramming. Loss of FAM210B caused glycolysis and increased mitochondrial respiration in cancer cells by reducing expression of pyruvate dehydrogenase kinase 4 (PDK4) (Sun et al., 2017). While it has not been experimentally demonstrated, it is tempting to speculate that the increase in FAM210B expression in erythroid cells during terminal differentiation may play a role in regulating its metabolic shift to glycolysis, concomitant to its role in heme and iron regulation. We have provided a table of mitochondrial housekeeping proteins with known effects on heme synthesis for quick reference (Table 1).
TABLE 1 | Mitochondrial housekeeping proteins with known effects on heme synthesis.
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We envision that the field of heme regulation and mitochondrial homeostasis will continue to grow as technical advances enable us to address the gaps in our knowledge. Advances in imaging, cell biology, genetic engineering, and mitochondrial physiology have enabled us to experimentally address questions that would have been unimaginable just 20 years ago. Because initial studies of heme metabolism and regulation in erythroid cells gave rise to techniques that allowed us to interrogate heme metabolism in different tissue types, we now have a far greater understanding of how metabolic pathways integrate with and respond to the extracellular environment, metabolic requirements, and developmental stimuli. Because heme synthesis is so tightly regulated and tied to specific cellular requirements, we predict that studies of heme regulation will provide a paradigm with which to study how nutrient metabolism in general is regulated in individual cell types.
AUTHOR CONTRIBUTIONS
YY and MP conceptualized and wrote the manuscript.
FUNDING
This work is supported in part by the NIH Grants P01HL032262 and R35GM133560 (YY) and T32HL149648 (MP). We thank Samantha Gillis, Meilin Chen, and Harinathichari Bahudhanapati for helpful discussions. Figures were made in Biorender.com.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abu-Farha, M., Niles, J., and Willmore, W. G. (2005). Erythroid-specific 5-aminolevulinate Synthase Protein Is Stabilized by Low Oxygen and Proteasomal Inhibition. Biochem. Cell Biol. 83 (5), 620–630. doi:10.1139/o05-045
 Acín-Pérez, R., Fernández-Silva, P., Peleato, M. L., Pérez-Martos, A., and Enriquez, J. A. (2008). Respiratory Active Mitochondrial Supercomplexes. Mol. Cell 32 (4), 529–539.
 Acoba, M. G., Alpergin, E. S. S., Renuse, S., Fernández-del-Río, L., Lu, Y.-W., Khalimonchuk, O., et al. (2021). The Mitochondrial Carrier SFXN1 Is Critical for Complex III Integrity and Cellular Metabolism. Cell Rep. 34 (11), 108869. doi:10.1016/j.celrep.2021.108869
 Ajioka, R. S., Phillips, J. D., and Kushner, J. P. (2006). Biosynthesis of Heme in Mammals. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1763 (7), 723–736. doi:10.1016/j.bbamcr.2006.05.005
 Amigo, J. D., Yu, M., Troadec, M.-B., Gwynn, B., Cooney, J. D., Lambert, A. J., et al. (2011). Identification of Distal Cis -Regulatory Elements at Mouse Mitoferrin Loci Using Zebrafish Transgenesis. Mol. Cell Biol. 31 (7), 1344–1356. doi:10.1128/mcb.01010-10
 Astner, I., Schulze, J. O., van den Heuvel, J., Jahn, D., Schubert, W.-D., and Heinz, D. W. (2005). Crystal Structure of 5-aminolevulinate Synthase, the First Enzyme of Heme Biosynthesis, and its Link to XLSA in Humans. Embo J. 24 (18), 3166–3177. doi:10.1038/sj.emboj.7600792
 Bailey, H. J., Bezerra, G. A., Marcero, J. R., Padhi, S., Foster, W. R., Rembeza, E., et al. (2020). Human Aminolevulinate Synthase Structure Reveals a Eukaryotic-specific Autoinhibitory Loop Regulating Substrate Binding and Product Release. Nat. Commun. 11 (1), 2813. doi:10.1038/s41467-020-16586-x
 Balla, J., Jacob, H. S., Balla, G., Nath, K., Eaton, J. W., and Vercellotti, G. M. (1993). Endothelial-cell Heme Uptake from Heme Proteins: Induction of Sensitization and Desensitization to Oxidant Damage. Proc. Natl. Acad. Sci. U.S.A. 90 (20), 9285–9289. doi:10.1073/pnas.90.20.9285
 Balwani, M., and Desnick, R. J. (2012). The Porphyrias: Advances in Diagnosis and Treatment. Blood 120 (23), 4496–4504. doi:10.1182/blood-2012-05-423186
 Bao, B., An, W., Lu, Q., Wang, Y., Lu, Z., Tu, J., et al. (2021). Sfxn1 Is Essential for Erythrocyte Maturation via Facilitating Hemoglobin Production in Zebrafish. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1867 (5), 166096. doi:10.1016/j.bbadis.2021.166096
 Bayeva, M., Khechaduri, A., Wu, R., Burke, M. A., Wasserstrom, J. A., Singh, N., et al. (2013). ATP-binding Cassette B10 Regulates Early Steps of Heme Synthesis. Circ. Res. 113 (3), 279–287. doi:10.1161/circresaha.113.301552
 Bishop, D. F., Tchaikovskii, V., Hoffbrand, A. V., Fraser, M. E., and Margolis, S. (2012). X-linked Sideroblastic Anemia Due to Carboxyl-Terminal ALAS2 Mutations that Cause Loss of Binding to the β-Subunit of Succinyl-CoA Synthetase (SUCLA2). J. Biol. Chem. 287 (34), 28943–28955. doi:10.1074/jbc.m111.306423
 Brown, B. L., Kardon, J. R., Sauer, R. T., and Baker, T. A. (2018). Structure of the Mitochondrial Aminolevulinic Acid Synthase, a Key Heme Biosynthetic Enzyme. Structure 26 (4), 580–589. doi:10.1016/j.str.2018.02.012
 Bullock, G. C., Delehanty, L. L., Talbot, A.-L., Gonias, S. L., Tong, W.-H., Rouault, T. A., et al. (2010). Iron Control of Erythroid Development by a Novel Aconitase-Associated Regulatory Pathway. Blood 116 (1), 97–108. doi:10.1182/blood-2009-10-251496
 Burch, J. S., Marcero, J. R., Maschek, J. A., Cox, J. E., Jackson, L. K., Medlock, A. E., et al. (2018). Glutamine via α-ketoglutarate Dehydrogenase Provides Succinyl-CoA for Heme Synthesis during Erythropoiesis. Blood 132 (10), 987–998. doi:10.1182/blood-2018-01-829036
 Campanella, M. E., Chu, H., and Low, P. S. (2005). Assembly and Regulation of a Glycolytic Enzyme Complex on the Human Erythrocyte Membrane. Proc. Natl. Acad. Sci. U.S.A. 102 (7), 2402–2407. doi:10.1073/pnas.0409741102
 Chambers, I. G., Willoughby, M. M., Hamza, I., and Reddi, A. R. (2021). One Ring to Bring Them All and in the Darkness Bind Them: The Trafficking of Heme without Deliverers. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1868 (1), 118881. doi:10.1016/j.bbamcr.2020.118881
 Chavan, H., Taimur Khan, M. M., Tegos, G., and Krishnamurthy, P. (2013). Efficient Purification and Reconstitution of ATP Binding Cassette Transporter B6 (ABCB6) for Functional and Structural Studies. J. Biol. Chem. 288 (31), 22658–22669. doi:10.1074/jbc.m113.485284
 Chen, B., Whatley, S., Badminton, M., Aarsand, A. K., Anderson, K. E., Bissell, D. M., et al. (2019). International Porphyria Molecular Diagnostic Collaborative: an Evidence-Based Database of Verified Pathogenic and Benign Variants for the Porphyrias. Genet. Med. 21 (11), 2605–2613. doi:10.1038/s41436-019-0537-7
 Chen, C., and Paw, B. H. (2012). Cellular and Mitochondrial Iron Homeostasis in Vertebrates. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1823 (9), 1459–1467. doi:10.1016/j.bbamcr.2012.01.003
 Chen, W., Dailey, H. A., and Paw, B. H. (2010). Ferrochelatase Forms an Oligomeric Complex with Mitoferrin-1 and Abcb10 for Erythroid Heme Biosynthesis. Blood 116 (4), 628–630. doi:10.1182/blood-2009-12-259614
 Chen, W., Paradkar, P. N., Li, L., Pierce, E. L., Langer, N. B., Takahashi-Makise, N., et al. (2009). Abcb10 Physically Interacts with Mitoferrin-1 (Slc25a37) to Enhance its Stability and Function in the Erythroid Mitochondria. Proc. Natl. Acad. Sci. U.S.A. 106 (38), 16263–16268. doi:10.1073/pnas.0904519106
 Cheung, P.-Y., Fong, C. C., Ng, K. T., Lam, W. C., Leung, Y. C., Tsang, C. W., et al. (2003). Interaction between Pyridoxal Kinase and Pyridoxal-5-phosphate-dependent Enzymes. J. Biochem. 134 (5), 731–738. doi:10.1093/jb/mvg201
 Chiabrando, D., Marro, S., Mercurio, S., Giorgi, C., Petrillo, S., Vinchi, F., et al. (2012). The Mitochondrial Heme Exporter FLVCR1b Mediates Erythroid Differentiation. J. Clin. Invest. 122 (12), 4569–4579. doi:10.1172/jci62422
 Christenson, E. T., Gallegos, A. S., and Banerjee, A. (2018). In Vitro reconstitution, Functional Dissection, and Mutational Analysis of Metal Ion Transport by Mitoferrin-1. J. Biol. Chem. 293 (10), 3819–3828. doi:10.1074/jbc.m117.817478
 Chung, J., Wittig, J. G., Ghamari, A., Maeda, M., Dailey, T. A., Bergonia, H., et al. (2017). Erythropoietin Signaling Regulates Heme Biosynthesis. Elife 6 (e24767). doi:10.7554/eLife.24767
 Chung, J., Anderson, S. A., Gwynn, B., Deck, K. M., Chen, M. J., Langer, N. B., et al. (2014). Iron Regulatory Protein-1 Protects against Mitoferrin-1-Deficient Porphyria. J. Biol. Chem. 289 (11), 7835–7843. doi:10.1074/jbc.m114.547778
 Clough, C. A., Pangallo, J., Sarchi, M., Ilagan, J. O., North, K., Bergantinos, R., et al. (2021). Coordinated Mis-Splicing of TMEM14C and ABCB7 Causes Ring Sideroblast Formation in SF3B1-Mutant Myelodysplastic Syndrome. Blood . 139(13). doi:10.1182/blood.2021012652
 Corradi, H. R., Corrigall, A. V., Boix, E., Mohan, C. G., Sturrock, E. D., Meissner, P. N., et al. (2006). Crystal Structure of Protoporphyrinogen Oxidase from Myxococcus Xanthus and its Complex with the Inhibitor Acifluorfen. J. Biol. Chem. 281 (50), 38625–38633. doi:10.1074/jbc.m606640200
 Corrigall, A. V., Hift, R. J., Adams, P. A., and Kirsch, R. E. (1994). Inhibition of Mammalian Protoporphyrinogen Oxidase by Acifluorfen. Biochem. Mol. Biol. Int. 34 (6), 1283–1289.
 Cotter, P. D., May, A., Fitzsimons, E. J., Houston, T., Woodcock, B. E., al-Sabah, A. I., et al. (1995). Late-onset X-Linked Sideroblastic Anemia. Missense Mutations in the Erythroid Delta-Aminolevulinate Synthase (ALAS2) Gene in Two Pyridoxine-Responsive Patients Initially Diagnosed with Acquired Refractory Anemia and Ringed Sideroblasts. J. Clin. Invest. 96 (4), 2090–2096. doi:10.1172/jci118258
 Crooks, D. R., Ghosh, M. C., Haller, R. G., Tong, W.-H., and Rouault, T. A. (2010). Posttranslational Stability of the Heme Biosynthetic Enzyme Ferrochelatase Is Dependent on Iron Availability and Intact Iron-Sulfur Cluster Assembly Machinery. Blood 115 (4), 860–869. doi:10.1182/blood-2009-09-243105
 Crooks, D. R., Natarajan, T. G., Jeong, S. Y., Chen, C., Park, S. Y., Huang, H., et al. (2014). Elevated FGF21 Secretion, PGC-1α and Ketogenic Enzyme Expression Are Hallmarks of Iron-Sulfur Cluster Depletion in Human Skeletal Muscle. Hum. Mol. Genet. 23 (1), 24–39. doi:10.1093/hmg/ddt393
 Daher, R., Mansouri, A., Martelli, A., Bayart, S., Manceau, H., Callebaut, I., et al. (2019). GLRX5 Mutations Impair Heme Biosynthetic Enzymes ALA Synthase 2 and Ferrochelatase in Human Congenital Sideroblastic Anemia. Mol. Genet. Metabolism 128 (3), 342–351. doi:10.1016/j.ymgme.2018.12.012
 Dailey, H. A., Dailey, T. A., Wu, C. K., Medlock, A. E., Wang, K. F., Rose, J. P., et al. (2000). Ferrochelatase at the Millennium: Structures, Mechanisms and [2Fe-2S] Clusters. Cell Mol. Life Sci. 57 (13-14), 1909–1926. doi:10.1007/pl00000672
 Dailey, T. A., Woodruff, J. H., and Dailey, H. A. (2005). Examination of Mitochondrial Protein Targeting of Haem Synthetic Enzymes: In Vivo Identification of Three Functional Haem-Responsive Motifs in 5-aminolaevulinate Synthase. Biochem. J. 386 (Pt 2), 381–386. doi:10.1042/BJ20040570
 Di Noia, M. A., Todisco, S., Cirigliano, A., Rinaldi, T., Agrimi, G., Iacobazzi, V., et al. (2014). The Human SLC25A33 and SLC25A36 Genes of Solute Carrier Family 25 Encode Two Mitochondrial Pyrimidine Nucleotide Transporters. J. Biol. Chem. 289 (48), 33137–33148. doi:10.1074/jbc.m114.610808
 Dietz, J. V., Willoughby, M. M., Piel, R. B., Ross, T. A., Bohovych, I., Addis, H. G., et al. (2021). Mitochondrial Contact Site and Cristae Organizing System (MICOS) Machinery Supports Heme Biosynthesis by Enabling Optimal Performance of Ferrochelatase. Redox Biol. 46, 102125. doi:10.1016/j.redox.2021.102125
 Doty, R. T., Yan, X., Lausted, C., Munday, A. D., Yang, Z., Yi, D., et al. (2019). Single-cell Analyses Demonstrate that a Heme-GATA1 Feedback Loop Regulates Red Cell Differentiation. Blood 133 (5), 457–469. doi:10.1182/blood-2018-05-850412
 Drissen, R., von Lindern, M., Kolbus, A., Driegen, S., Steinlein, P., Beug, H., et al. (2005). The Erythroid Phenotype of EKLF-Null Mice: Defects in Hemoglobin Metabolism and Membrane Stability. Mol. Cell Biol. 25 (12), 5205–5214. doi:10.1128/mcb.25.12.5205-5214.2005
 Ducamp, S., and Fleming, M. D. (2019). The Molecular Genetics of Sideroblastic Anemia. Blood 133 (1), 59–69. doi:10.1182/blood-2018-08-815951
 Ducamp, S., Luscieti, S., Ferrer-Cortès, X., Nicolas, G., Manceau, H., Peoc’h, K., et al. (2021). A Mutation in the Iron-Responsive Element of ALAS2 Is a Modifier of Disease Severity in a Patient Suffering from CLPX Associated Erythropoietic Protoporphyria. haematol 106 (7), 2030–2033. doi:10.3324/haematol.2020.272450
 Ebert, P. S., Hess, R. A., Frykholm, B. C., and Tschudy, D. P. (1979). Succinylacetone, a Potent Inhibitor of Heme Biosynthesis: Effect on Cell Growth, Heme Content and δ-aminolevulinic Acid Dehydratase Activity of Malignant Murine Erythroleukemia Cells. Biochem. Biophysical Res. Commun. 88 (4), 1382–1390. doi:10.1016/0006-291x(79)91133-1
 Farrell, C. P., Nicolas, G., Desnick, R. J., Parker, C. J., Lamoril, J., Gouya, L., et al. (2022). ABCB6 Polymorphisms Are Not Overly Represented in Patients with Porphyria. Blood Adv. 6 (3), 760–766. doi:10.1182/bloodadvances.2021005484
 Feng, D., and Lazar, M. A. (2012). Clocks, Metabolism, and the Epigenome. Mol. Cell 47 (2), 158–167. doi:10.1016/j.molcel.2012.06.026
 Fernández-Murray, J. P., Prykhozhij, S. V., Dufay, J. N., Steele, S. L., Gaston, D., Nasrallah, G. K., et al. (2016). Glycine and Folate Ameliorate Models of Congenital Sideroblastic Anemia. PLoS Genet. 12 (1), e1005783. doi:10.1371/journal.pgen.1005783
 Ferreira, G. C., Andrew, T. L., Karr, S. W., and Dailey, H. A. (1988). Organization of the Terminal Two Enzymes of the Heme Biosynthetic Pathway. Orientation of Protoporphyrinogen Oxidase and Evidence for a Membrane Complex. J. Biol. Chem. 263 (8), 3835–3839. doi:10.1016/s0021-9258(18)69000-3
 Froschauer, E. M., Rietzschel, N., Hassler, M. R., Binder, M., Schweyen, R. J., Lill, R., et al. (2013). The Mitochondrial Carrier Rim2 Co-imports Pyrimidine Nucleotides and Iron. Biochem. J. 455 (1), 57–65. doi:10.1042/bj20130144
 Froschauer, E. M., Schweyen, R. J., and Wiesenberger, G. (2009). The Yeast Mitochondrial Carrier Proteins Mrs3p/Mrs4p Mediate Iron Transport across the Inner Mitochondrial Membrane. Biochimica Biophysica Acta (BBA) - Biomembr. 1788 (5), 1044–1050. doi:10.1016/j.bbamem.2009.03.004
 Fukuda, Y., Cheong, P. L., Lynch, J., Brighton, C., Frase, S., Kargas, V., et al. (2016). The Severity of Hereditary Porphyria Is Modulated by the Porphyrin Exporter and Lan Antigen ABCB6. Nat. Commun. 7, 12353. doi:10.1038/ncomms12353
 Furuyama, K., Fujita, H., Nagai, T., Yomogida, K., Munakata, H., Kondo, M., et al. (1997). Pyridoxine Refractory X-Linked Sideroblastic Anemia Caused by a Point Mutation in the Erythroid 5-aminolevulinate Synthase Gene. Blood 90 (2), 822–830. doi:10.1182/blood.v90.2.822.822_822_830
 Galmozzi, A., Kok, B. P., Kim, A. S., Montenegro-Burke, J. R., Lee, J. Y., Spreafico, R., et al. (2019). PGRMC2 Is an Intracellular Haem Chaperone Critical for Adipocyte Function. Nature 576 (7785), 138–142. doi:10.1038/s41586-019-1774-2
 Giancaspero, T. A., Colella, M., Brizio, C., Difonzo, G., Fiorino, G. M., Leone, P., et al. (2015). Remaining Challenges in Cellular Flavin Cofactor Homeostasis and Flavoprotein Biogenesis. Front. Chem. 3, 30. doi:10.3389/fchem.2015.00030
 Girvan, H. M., and Munro, A. W. (2013). Heme Sensor Proteins. J. Biol. Chem. 288 (19), 13194–13203. doi:10.1074/jbc.r112.422642
 Goldfarb, A. N., Freeman, K. C., Sahu, R. K., Elagib, K. E., Holy, M., Arneja, A., et al. (2021). Iron Control of Erythroid Microtubule Cytoskeleton as a Potential Target in Treatment of Iron-Restricted Anemia. Nat. Commun. 12 (1), 1645. doi:10.1038/s41467-021-21938-2
 Gong, J., Kay, C. J., Barber, M. J., and Ferreira, G. C. (1996). Mutations at a glycine Loop in Aminolevulinate Synthase Affect Pyridoxal Phosphate Cofactor Binding and Catalysis. Biochemistry 35 (45), 14109–14117. doi:10.1021/bi961296h
 Grandchamp, B., Phung, N., and Nordmann, Y. (1978). The Mitochondrial Localization of Coproporphyrinogen III Oxidase. Biochem. J. 176 (1), 97–102. doi:10.1042/bj1760097
 Guernsey, D. L., Jiang, H., Campagna, D. R., Evans, S. C., Ferguson, M., Kellogg, M. D., et al. (2009). Mutations in Mitochondrial Carrier Family Gene SLC25A38 Cause Nonsyndromic Autosomal Recessive Congenital Sideroblastic Anemia. Nat. Genet. 41 (6), 651–653. doi:10.1038/ng.359
 Hamfelt, A. (1967). Pyridoxal Phosphate Concentration and Aminotransferase Activity in Human Blood Cells. Clin. Chim. Acta 16 (1), 19–28. doi:10.1016/0009-8981(67)90264-1
 Hamza, I., and Dailey, H. A. (2012). One Ring to Rule Them All: Trafficking of Heme and Heme Synthesis Intermediates in the Metazoans. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1823 (9), 1617–1632. doi:10.1016/j.bbamcr.2012.04.009
 Hayashi, N., Watanabe, N., and Kikuchi, G. (1983). Inhibition by Hemin of In Vitro Translocation of Chicken Liver δ-aminolevulinate Synthase into Mitochondria. Biochem. Biophysical Res. Commun. 115 (2), 700–706. doi:10.1016/s0006-291x(83)80201-0
 Heeney, M. M., Berhe, S., Campagna, D. R., Oved, J. H., Kurre, P., Shaw, P. J., et al. (2021). SLC25A38 Congenital Sideroblastic Anemia: Phenotypes and Genotypes of 31 Individuals from 24 Families, Including 11 Novel Mutations, and a Review of the Literature. Hum. Mutat. 42 (11), 1367–1383. doi:10.1002/humu.24267
 Helias, V., Saison, C., Ballif, B. A., Peyrard, T., Takahashi, J., Takahashi, H., et al. (2012). ABCB6 Is Dispensable for Erythropoiesis and Specifies the New Blood Group System Langereis. Nat. Genet. 44 (2), 170–173. doi:10.1038/ng.1069
 Hildick-Smith, G. J., Cooney, J. D., Garone, C., Kremer, L. S., Haack, T. B., Thon, J. N., et al. (2013). Macrocytic Anemia and Mitochondriopathy Resulting from a Defect in Sideroflexin 4. Am. J. Hum. Genet. 93 (5), 906–914. doi:10.1016/j.ajhg.2013.09.011
 Huang, M. L.-H., Becker, E. M., Whitnall, M., Rahmanto, Y. S., Ponka, P., and Richardson, D. R. (2009). Elucidation of the Mechanism of Mitochondrial Iron Loading in Friedreich's Ataxia by Analysis of a Mouse Mutant. Proc. Natl. Acad. Sci. U.S.A. 106 (38), 16381–16386. doi:10.1073/pnas.0906784106
 Hunter, G. A., and Ferreira, G. C. (2011). Molecular Enzymology of 5-aminolevulinate Synthase, the Gatekeeper of Heme Biosynthesis. Biochimica Biophysica Acta (BBA) - Proteins Proteomics 1814 (11), 1467–1473. doi:10.1016/j.bbapap.2010.12.015
 Jeney, V., Balla, J., Yachie, A., Varga, Z., Vercellotti, G. M., Eaton, J. W., et al. (2002). Pro-oxidant and Cytotoxic Effects of Circulating Heme. Blood 100 (3), 879–887. doi:10.1182/blood.v100.3.879
 Kardon, J. R., Moroco, J. A., Engen, J. R., and Baker, T. A. (2020). Mitochondrial ClpX Activates an Essential Biosynthetic Enzyme through Partial Unfolding. Elife 9. doi:10.7554/eLife.54387
 Kardon, J. R., Yien, Y. Y., Huston, N. C., Branco, D. S., Hildick-Smith, G. J., Rhee, K. Y., et al. (2015). Mitochondrial ClpX Activates a Key Enzyme for Heme Biosynthesis and Erythropoiesis. Cell 161 (4), 858–867. doi:10.1016/j.cell.2015.04.017
 Keel, S. B., Doty, R. T., Yang, Z., Quigley, J. G., Chen, J., Knoblaugh, S., et al. (2008). A Heme Export Protein Is Required for Red Blood Cell Differentiation and Iron Homeostasis. Science 319 (5864), 825–828. doi:10.1126/science.1151133
 Klammt, C., Maslennikov, I., Bayrhuber, M., Eichmann, C., Vajpai, N., Chiu, E. J. C., et al. (2012). Facile Backbone Structure Determination of Human Membrane Proteins by NMR Spectroscopy. Nat. Methods 9 (8), 834–839. doi:10.1038/nmeth.2033
 Knight, S. A. B., Yoon, H., Pandey, A. K., Pain, J., Pain, D., and Dancis, A. (2019). Splitting the Functions of Rim2, a Mitochondrial Iron/pyrimidine Carrier. Mitochondrion 47, 256–265. doi:10.1016/j.mito.2018.12.005
 Kobayashi, M., Kato, H., Hada, H., Itoh-Nakadai, A., Fujiwara, T., Muto, A., et al. (2017). Iron-heme-Bach1 axis Is Involved in Erythroblast Adaptation to Iron Deficiency. Haematologica 102 (3), 454–465. doi:10.3324/haematol.2016.151043
 Koch, M., Breithaupt, C., Kiefersauer, R., Freigang, J., Huber, R., and Messerschmidt, A. (2004). Crystal Structure of Protoporphyrinogen IX Oxidase: a Key Enzyme in Haem and Chlorophyll Biosynthesis. Embo J. 23 (8), 1720–1728. doi:10.1038/sj.emboj.7600189
 Kolluri, S., Sadlon, T. J., May, B. K., and Bonkovsky, H. L. (2005). Haem Repression of the Housekeeping 5-aminolaevulinic Acid Synthase Gene in the Hepatoma Cell Line LMH. Biochem. J. 392 (Pt 1), 173–180. doi:10.1042/BJ20050354
 Kondo, A., Fujiwara, T., Okitsu, Y., Fukuhara, N., Onishi, Y., Nakamura, Y., et al. (2016). Identification of a Novel Putative Mitochondrial Protein FAM210B Associated with Erythroid Differentiation. Int. J. Hematol. 103 (4), 387–395. doi:10.1007/s12185-016-1968-4
 Kory, N., Wyant, G. A., Prakash, G., Uit de Bos, J., Bottanelli, F., Pacold, M. E., et al. (2018). SFXN1 Is a Mitochondrial Serine Transporter Required for One-Carbon Metabolism. Science 362 (6416). doi:10.1126/science.aat9528
 Kramer, M. F., Gunaratne, P., and Ferreira, G. C. (2000). Transcriptional Regulation of the Murine Erythroid-specific 5-aminolevulinate Synthase Gene. Gene 247 (1-2), 153–166. doi:10.1016/s0378-1119(00)00103-7
 Krishnamurthy, P. C., Du, G., Fukuda, Y., Sun, D., Sampath, J., Mercer, K. E., et al. (2006). Identification of a Mammalian Mitochondrial Porphyrin Transporter. Nature 443 (7111), 586–589. doi:10.1038/nature05125
 Kubota, Y., Nomura, K., Katoh, Y., Yamashita, R., Kaneko, K., and Furuyama, K. (2016). Novel Mechanisms for Heme-dependent Degradation of ALAS1 Protein as a Component of Negative Feedback Regulation of Heme Biosynthesis. J. Biol. Chem. 291 (39), 20516–20529. doi:10.1074/jbc.m116.719161
 Lange, H., Kispal, G., and Lill, R. (1999). Mechanism of Iron Transport to the Site of Heme Synthesis inside Yeast Mitochondria. J. Biol. Chem. 274 (27), 18989–18996. doi:10.1074/jbc.274.27.18989
 Lash, T. D. (2005). The Enigma of Coproporphyrinogen Oxidase: How Does This Unusual Enzyme Carry Out Oxidative Decarboxylations to Afford Vinyl Groups?Bioorg. Med. Chem. Lett. 15 (20), 4506–4509. doi:10.1016/j.bmcl.2005.07.010
 Lathrop, J. T., and Timko, M. P. (1993). Regulation by Heme of Mitochondrial Protein Transport through a Conserved Amino Acid Motif. Science 259 (5094), 522–525. doi:10.1126/science.8424176
 Lee, D.-S., Flachsová, E., Bodnárová, M., Demeler, B., Martásek, P., and Raman, C. S. (2005). Structural Basis of Hereditary Coproporphyria. Proc. Natl. Acad. Sci. U.S.A. 102 (40), 14232–14237. doi:10.1073/pnas.0506557102
 Liu, G., Sil, D., Maio, N., Tong, W.-H., Bollinger, J. M., Krebs, C., et al. (2020). Heme Biosynthesis Depends on Previously Unrecognized Acquisition of Iron-Sulfur Cofactors in Human Amino-Levulinic Acid Dehydratase. Nat. Commun. 11 (1), 6310. doi:10.1038/s41467-020-20145-9
 Liu, H., Li, Y., Hung, K. K. H., Wang, N., Wang, C., Chen, X., et al. (2014). Genome-wide Linkage, Exome Sequencing and Functional Analyses Identify ABCB6 as the Pathogenic Gene of Dyschromatosis Universalis Hereditaria. PLoS One 9 (2), e87250. doi:10.1371/journal.pone.0087250
 Lunetti, P., Damiano, F., De Benedetto, G., Siculella, L., Pennetta, A., Muto, L., et al. (2016). Characterization of Human and Yeast Mitochondrial Glycine Carriers with Implications for Heme Biosynthesis and Anemia. J. Biol. Chem. 291 (38), 19746–19759. doi:10.1074/jbc.m116.736876
 Magor, G. W., Tallack, M. R., Gillinder, K. R., Bell, C. C., McCallum, N., Williams, B., et al. (2015). KLF1-null Neonates Display Hydrops Fetalis and a Deranged Erythroid Transcriptome. Blood 125 (15), 2405–2417. doi:10.1182/blood-2014-08-590968
 Maio, N., and Rouault, T. A. (2020). Outlining the Complex Pathway of Mammalian Fe-S Cluster Biogenesis. Trends Biochem. Sci. 45 (5), 411–426. doi:10.1016/j.tibs.2020.02.001
 Marcero, J. R., Cox, J. E., Bergonia, H. A., Medlock, A. E., Phillips, J. D., and Dailey, H. A. (2021). The Immunometabolite Itaconate Inhibits Heme Synthesis and Remodels Cellular Metabolism in Erythroid Precursors. Blood Adv. 5 (23), 4831–4841. doi:10.1182/bloodadvances.2021004750
 Martinez-Guzman, O., Willoughby, M. M., Saini, A., Dietz, J. V., Bohovych, I., Medlock, A. E., et al. (2020). Mitochondrial-nuclear Heme Trafficking in Budding Yeast Is Regulated by GTPases that Control Mitochondrial Dynamics and ER Contact Sites. J. Cell Sci. 133 (10). doi:10.1242/jcs.237917
 McGuire, M. R., Mukhopadhyay, D., Myers, S. L., Mosher, E. P., Brookheart, R. T., Kammers, K., et al. (2021). Progesterone Receptor Membrane Component 1 (PGRMC1) Binds and Stabilizes Cytochromes P450 through a Heme-independent Mechanism. J. Biol. Chem. 297 (5), 101316. doi:10.1016/j.jbc.2021.101316
 Medlock, A. E., Shiferaw, M. T., Marcero, J. R., Vashisht, A. A., Wohlschlegel, J. A., Phillips, J. D., et al. (2015). Identification of the Mitochondrial Heme Metabolism Complex. PLoS One 10 (8), e0135896. doi:10.1371/journal.pone.0135896
 Mon, E. E., Wei, F.-Y., Ahmad, R. N. R., Yamamoto, T., Moroishi, T., and Tomizawa, K. (2019). Regulation of Mitochondrial Iron Homeostasis by Sideroflexin 2. J. Physiol. Sci. 69 (2), 359–373. doi:10.1007/s12576-018-0652-2
 Morgan, R. R., Errington, R., and Elder, G. H. (2004). Identification of Sequences Required for the Import of Human Protoporphyrinogen Oxidase to Mitochondria. Biochem. J. 377 (Pt 2), 281–287. doi:10.1042/BJ20030978
 Mühlenhoff, U., Braymer, J. J., Christ, S., Rietzschel, N., Uzarska, M. A., Weiler, B. D., et al. (2020). Glutaredoxins and Iron-Sulfur Protein Biogenesis at the Interface of Redox Biology and Iron Metabolism. Biol. Chem. 401 (12), 1407–1428. doi:10.1515/hsz-2020-0237
 Nakamura, J., Fujikawa, M., and Yoshida, M. (2013). IF1, a Natural Inhibitor of Mitochondrial ATP Synthase, Is Not Essential for the Normal Growth and Breeding of Mice. Biosci. Rep. 33 (5). doi:10.1042/BSR20130078
 Nilsson, R., Schultz, I. J., Pierce, E. L., Soltis, K. A., Naranuntarat, A., Ward, D. M., et al. (2009). Discovery of Genes Essential for Heme Biosynthesis through Large-Scale Gene Expression Analysis. Cell Metab. 10 (2), 119–130. doi:10.1016/j.cmet.2009.06.012
 Ogawa, K., Sun, J., Taketani, S., Nakajima, O., Nishitani, C., Sassa, S., et al. (2001). Heme Mediates Derepression of Maf Recognition Element through Direct Binding to Transcription Repressor Bach1. Embo J. 20 (11), 2835–2843. doi:10.1093/emboj/20.11.2835
 Paradkar, P. N., Zumbrennen, K. B., Paw, B. H., Ward, D. M., and Kaplan, J. (2009). Regulation of Mitochondrial Iron Import through Differential Turnover of Mitoferrin 1 and Mitoferrin 2. Mol. Cell Biol. 29 (4), 1007–1016. doi:10.1128/mcb.01685-08
 Paterson, J. K., Shukla, S., Black, C. M., Tachiwada, T., Garfield, S., Wincovitch, S., et al. (2007). Human ABCB6 Localizes to Both the Outer Mitochondrial Membrane and the Plasma Membrane. Biochemistry 46 (33), 9443–9452. doi:10.1021/bi700015m
 Paul, B. T., Tesfay, L., Winkler, C. R., Torti, F. M., and Torti, S. V. (2019). Sideroflexin 4 Affects Fe-S Cluster Biogenesis, Iron Metabolism, Mitochondrial Respiration and Heme Biosynthetic Enzymes. Sci. Rep. 9 (1), 19634. doi:10.1038/s41598-019-55907-z
 Peoc'h, K., Nicolas, G., Schmitt, C., Mirmiran, A., Daher, R., Lefebvre, T., et al. (2019). Regulation and Tissue-specific Expression of δ-aminolevulinic Acid Synthases in Non-syndromic Sideroblastic Anemias and Porphyrias. Mol. Genet. Metabolism 128 (3), 190–197. doi:10.1016/j.ymgme.2019.01.015
 Phillips, J. D., Whitby, F. G., Warby, C. A., Labbe, P., Yang, C., Pflugrath, J. W., et al. (2004). Crystal Structure of the Oxygen-Dependant Coproporphyrinogen Oxidase (Hem13p) of Saccharomyces cerevisiae. J. Biol. Chem. 279 (37), 38960–38968. doi:10.1074/jbc.m406050200
 Phillips, J., Farrell, C., Wang, Y., Singal, A. K., Anderson, K., Balwani, M., et al. (2019). Strong Correlation of Ferrochelatase Enzymatic Activity with Mitoferrin-1 mRNA in Lymphoblasts of Patients with Protoporphyria. Mol. Genet. Metabolism 128 (3), 391–395. doi:10.1016/j.ymgme.2018.10.005
 Piel, R. B., Shiferaw, M. T., Vashisht, A. A., Marcero, J. R., Praissman, J. L., Phillips, J. D., et al. (2016). A Novel Role for Progesterone Receptor Membrane Component 1 (PGRMC1): A Partner and Regulator of Ferrochelatase. Biochemistry 55 (37), 5204–5217. doi:10.1021/acs.biochem.6b00756
 Poli, A., Schmitt, C., Moulouel, B., Mirmiran, A., Puy, H., Lefèbvre, T., et al. (2021). Iron, Heme Synthesis and Erythropoietic Porphyrias: A Complex Interplay. Metabolites 11 (12). doi:10.3390/metabo11120798
 Prades, E., Chambon, C., Dailey, T. A., Dailey, H. A., Brière, J., and Grandchamp, B. (1995). A New Mutation of the ALAS2 Gene in a Large Family with X-Linked Sideroblastic Anemia. Hum. Genet. 95 (4), 424–428. doi:10.1007/BF00208968
 Proulx, K. L., Woodard, S. I., and Dailey, H. A. (1993). In Situ conversion of Coproporphyrinogen to Heme by Murine Mitochondria: Terminal Steps of the Heme Biosynthetic Pathway. Protein Sci. 2 (7), 1092–1098. doi:10.1002/pro.5560020703
 Qin, X., Sun, L., Wen, X., Yang, X., Tan, Y., Jin, H., et al. (2010). Structural Insight into Unique Properties of Protoporphyrinogen Oxidase from Bacillus Subtilis. J. Struct. Biol. 170 (1), 76–82. doi:10.1016/j.jsb.2009.11.012
 Qin, X., Tan, Y., Wang, L., Wang, Z., Wang, B., Wen, X., et al. (2011). Structural Insight into Human Variegate Porphyria Disease. FASEB J. 25 (2), 653–664. doi:10.1096/fj.10-170811
 Quigley, J. G., Yang, Z., Worthington, M. T., Phillips, J. D., Sabo, K. M., Sabath, D. E., et al. (2004). Identification of a Human Heme Exporter that Is Essential for Erythropoiesis. Cell 118 (6), 757–766. doi:10.1016/j.cell.2004.08.014
 Rhee, H.-W., Zou, P., Udeshi, N. D., Martell, J. D., Mootha, V. K., Carr, S. A., et al. (2013). Proteomic Mapping of Mitochondria in Living Cells via Spatially Restricted Enzymatic Tagging. Science 339 (6125), 1328–1331. doi:10.1126/science.1230593
 Richardson, C. L., Delehanty, L. L., Bullock, G. C., Rival, C. M., Tung, K. S., Kimpel, D. L., et al. (2013). Isocitrate Ameliorates Anemia by Suppressing the Erythroid Iron Restriction Response. J. Clin. Invest. 123 (8), 3614–3623. doi:10.1172/jci68487
 Robinson, J. B., and Srere, P. A. (1985). Organization of Krebs Tricarboxylic Acid Cycle Enzymes in Mitochondria. J. Biol. Chem. 260 (19), 10800–10805. doi:10.1016/s0021-9258(19)85153-0
 Rondelli, C. M., Perfetto, M., Danoff, A., Bergonia, H., Gillis, S., O'Neill, L., et al. (2021). The Ubiquitous Mitochondrial Protein Unfoldase CLPX Regulates Erythroid Heme Synthesis by Control of Iron Utilization and Heme Synthesis Enzyme Activation and Turnover. J. Biol. Chem. 297 (2), 100972. doi:10.1016/j.jbc.2021.100972
 Rouault, T. A., and Maio, N. (2017). Biogenesis and Functions of Mammalian Iron-Sulfur Proteins in the Regulation of Iron Homeostasis and Pivotal Metabolic Pathways. J. Biol. Chem. 292 (31), 12744–12753. doi:10.1074/jbc.r117.789537
 Rouault, T. A. (2019). The Indispensable Role of Mammalian Iron Sulfur Proteins in Function and Regulation of Multiple Diverse Metabolic Pathways. Biometals 32 (3), 343–353. doi:10.1007/s10534-019-00191-7
 Seguin, A., Jia, X., Earl, A. M., Li, L., Wallace, J., Qiu, A., et al. (2020). The Mitochondrial Metal Transporters Mitoferrin1 and Mitoferrin2 Are Required for Liver Regeneration and Cell Proliferation in Mice. J. Biol. Chem. 295 (32), 11002–11020. doi:10.1074/jbc.ra120.013229
 Seguin, A., Takahashi-Makise, N., Yien, Y. Y., Huston, N. C., Whitman, J. C., Musso, G., et al. (2017). Reductions in the Mitochondrial ABC Transporter Abcb10 Affect the Transcriptional Profile of Heme Biosynthesis Genes. J. Biol. Chem. 292 (39), 16284–16299. doi:10.1074/jbc.m117.797415
 Shah, D. I., Takahashi-Makise, N., Cooney, J. D., Li, L., Schultz, I. J., Pierce, E. L., et al. (2012). Mitochondrial Atpif1 Regulates Haem Synthesis in Developing Erythroblasts. Nature 491 (7425), 608–612. doi:10.1038/nature11536
 Shaw, G. C., Cope, J. J., Li, L., Corson, K., Hersey, C., Ackermann, G. E., et al. (2006). Mitoferrin Is Essential for Erythroid Iron Assimilation. Nature 440 (7080), 96–100. doi:10.1038/nature04512
 Shimizu, T., Huang, D., Yan, F., Stranava, M., Bartosova, M., Fojtíková, V., et al. (2015). Gaseous O2, NO, and CO in Signal Transduction: Structure and Function Relationships of Heme-Based Gas Sensors and Heme-Redox Sensors. Chem. Rev. 115 (13), 6491–6533. doi:10.1021/acs.chemrev.5b00018
 Shimizu, T., Lengalova, A., Martínek, V., and Martínková, M. (2019). Heme: Emergent Roles of Heme in Signal Transduction, Functional Regulation and as Catalytic Centres. Chem. Soc. Rev. 48 (24), 5624–5657. doi:10.1039/c9cs00268e
 Silva, P. J., and Ramos, M. J. (2011). Computational Characterization of the Substrate-Binding Mode in Coproporphyrinogen III Oxidase. J. Phys. Chem. B 115 (8), 1903–1910. doi:10.1021/jp110289d
 Srivastava, G., Borthwick, I. A., Brooker, J. D., Wallace, J. C., May, B. K., and Elliott, W. H. (1983). Hemin Inhibits Transfer of Pre-δ-aminolevulinate Synthase into Chick Embryo Liver Mitochondria. Biochem. Biophysical Res. Commun. 117 (1), 344–349. doi:10.1016/0006-291x(83)91582-6
 Sun, J., Brand, M., Zenke, Y., Tashiro, S., Groudine, M., and Igarashi, K. (2004). Heme Regulates the Dynamic Exchange of Bach1 and NF-E2-Related Factors in the Maf Transcription Factor Network. Proc. Natl. Acad. Sci. U.S.A. 101 (6), 1461–1466. doi:10.1073/pnas.0308083100
 Sun, S., Liu, J., Zhao, M., Han, Y., Chen, P., Mo, Q., et al. (2017). Loss of the Novel Mitochondrial Protein FAM210B Promotes Metastasis via PDK4-dependent Metabolic Reprogramming. Cell Death Dis. 8 (6), e2870. doi:10.1038/cddis.2017.273
 Surinya, K. H., Cox, T. C., and May, B. K. (1997). Transcriptional Regulation of the Human Erythroid 5-Aminolevulinate Synthase Gene. J. Biol. Chem. 272 (42), 26585–26594. doi:10.1074/jbc.272.42.26585
 Suzuki, H., Tashiro, S., Hira, S., Sun, J., Yamazaki, C., Zenke, Y., et al. (2004). Heme Regulates Gene Expression by Triggering Crm1-dependent Nuclear Export of Bach1. EMBO J. 23 (13), 2544–2553. doi:10.1038/sj.emboj.7600248
 Tahara, T., Sun, J., Nakanishi, K., Yamamoto, M., Mori, H., Saito, T., et al. (2004). Heme Positively Regulates the Expression of β-Globin at the Locus Control Region via the Transcriptional Factor Bach1 in Erythroid Cells. J. Biol. Chem. 279 (7), 5480–5487. doi:10.1074/jbc.m302733200
 Taketani, S., Adachi, Y., and Nakahashi, Y. (2000). Regulation of the Expression of Human Ferrochelatase by Intracellular Iron Levels. Eur. J. Biochem. 267 (15), 4685–4692. doi:10.1046/j.1432-1327.2000.01519.x
 Tallack, M. R., Whitington, T., Shan Yuen, W., Wainwright, E. N., Keys, J. R., Gardiner, B. B., et al. (2010). A Global Role for KLF1 in Erythropoiesis Revealed by ChIP-Seq in Primary Erythroid Cells. Genome Res. 20 (8), 1052–1063. doi:10.1101/gr.106575.110
 Tanimura, N., Liao, R., Wilson, G. M., Dent, M. R., Cao, M., Burstyn, J. N., et al. (2018). GATA/Heme Multi-Omics Reveals a Trace Metal-dependent Cellular Differentiation Mechanism. Dev. Cell 46 (5), 581–594. e4. doi:10.1016/j.devcel.2018.07.022
 Tian, Q., Li, T., Hou, W., Zheng, J., Schrum, L. W., and Bonkovsky, H. L. (2011). Lon Peptidase 1 (LONP1)-dependent Breakdown of Mitochondrial 5-aminolevulinic Acid Synthase Protein by Heme in Human Liver Cells. J. Biol. Chem. 286 (30), 26424–26430. doi:10.1074/jbc.m110.215772
 Troadec, M.-B., Warner, D., Wallace, J., Thomas, K., Spangrude, G. J., Phillips, J., et al. (2011). Targeted Deletion of the Mouse Mitoferrin1 Gene: from Anemia to Protoporphyria. Blood 117 (20), 5494–5502. doi:10.1182/blood-2010-11-319483
 von und zu Fraunberg, M., Nyrönen, T., and Kauppinen, R. (2003). Mitochondrial Targeting of Normal and Mutant Protoporphyrinogen Oxidase. J. Biol. Chem. 278 (15), 13376–13381. doi:10.1074/jbc.m300151200
 Wang, C., Cao, C., Wang, N., Wang, X., Wang, X., and Zhang, X. C. (2020). Cryo- Electron Microscopy Structure of Human ABCB6 Transporter. Protein Sci. 29 (12), 2363–2374. doi:10.1002/pro.3960
 Wang, L., He, F., Bu, J., Liu, X., Du, W., Dong, J., et al. (2012). ABCB6 Mutations Cause Ocular Coloboma. Am. J. Hum. Genet. 90 (1), 40–48. doi:10.1016/j.ajhg.2011.11.026
 Wang, Y., Langer, N. B., Shaw, G. C., Yang, G., Li, L., Kaplan, J., et al. (2011). Abnormal Mitoferrin-1 Expression in Patients with Erythropoietic Protoporphyria. Exp. Hematol. 39 (7), 784–794. doi:10.1016/j.exphem.2011.05.003
 Wang, Y., Yen, F. S., Zhu, X. G., Timson, R. C., Weber, R., Xing, C., et al. (2021). SLC25A39 Is Necessary for Mitochondrial Glutathione Import in Mammalian Cells. Nature 599 (7883), 136–140. doi:10.1038/s41586-021-04025-w
 Weeks, A., Lund, L., and Raushel, F. (2006). Tunneling of Intermediates in Enzyme-Catalyzed Reactions. Curr. Opin. Chem. Biol. 10 (5), 465–472. doi:10.1016/j.cbpa.2006.08.008
 Whittaker, M. M., Penmatsa, A., and Whittaker, J. W. (2015). The Mtm1p Carrier and Pyridoxal 5′-phosphate Cofactor Trafficking in Yeast Mitochondria. Archives Biochem. Biophysics 568, 64–70. doi:10.1016/j.abb.2015.01.021
 Wilkinson, N., and Pantopoulos, K. (2014). The IRP/IRE System In Vivo: Insights from Mouse Models. Front. Pharmacol. 5, 176. doi:10.3389/fphar.2014.00176
 Wong, P., Hattangadi, S. M., Cheng, A. W., Frampton, G. M., Young, R. A., and Lodish, H. F. (2011). Gene Induction and Repression during Terminal Erythropoiesis Are Mediated by Distinct Epigenetic Changes. Blood 118 (16), e128–e138. doi:10.1182/blood-2011-03-341404
 Wu, C.-K., Dailey, H. A., Rose, J. P., Burden, A., Sellers, V. M., and Wang, B.-C. (2001). The 2.0 A Structure of Human Ferrochelatase, the Terminal Enzyme of Heme Biosynthesis. Nat. Struct. Biol. 8 (2), 156–160. doi:10.1038/84152
 Yamamoto, M., Arimura, H., Fukushige, T., Minami, K., Nishizawa, Y., Tanimoto, A., et al. (2014). Abcb10 Role in Heme Biosynthesis In Vivo : Abcb10 Knockout in Mice Causes Anemia with Protoporphyrin IX and Iron Accumulation. Mol. Cell Biol. 34 (6), 1077–1084. doi:10.1128/mcb.00865-13
 Yamamoto, M., Hayashi, N., and Kikuchi, G. (1982). Evidence for the Transcriptional Inhibition by Heme of the Synthesis of δ-aminolevulinate Synthase in Rat Liver. Biochem. Biophysical Res. Commun. 105 (3), 985–990. doi:10.1016/0006-291x(82)91067-1
 Yamauchi, K., Hayashi, N., and Kikuchi, G. (1980). Translocation of Delta-Aminolevulinate Synthase from the Cytosol to the Mitochondria and its Regulation by Hemin in the Rat Liver. J. Biol. Chem. 255 (4), 1746–1751. doi:10.1016/s0021-9258(19)86095-7
 Ye, H., Jeong, S. Y., Ghosh, M. C., Kovtunovych, G., Silvestri, L., Ortillo, D., et al. (2010). Glutaredoxin 5 Deficiency Causes Sideroblastic Anemia by Specifically Impairing Heme Biosynthesis and Depleting Cytosolic Iron in Human Erythroblasts. J. Clin. Invest. 120 (5), 1749–1761. doi:10.1172/jci40372
 Yien, Y. Y., Ducamp, S., van der Vorm, L. N., Kardon, J. R., Manceau, H., Kannengiesser, C., et al. (2017). Mutation in Human CLPX Elevates Levels of δ-aminolevulinate Synthase and Protoporphyrin IX to Promote Erythropoietic Protoporphyria. Proc. Natl. Acad. Sci. U. S. A. 114 (38), E8045–E52. doi:10.1073/pnas.1700632114
 Yien, Y. Y., Robledo, R. F., Schultz, I. J., Takahashi-Makise, N., Gwynn, B., Bauer, D. E., et al. (2014). TMEM14C Is Required for Erythroid Mitochondrial Heme Metabolism. J. Clin. Invest. 124 (10), 4294–4304. doi:10.1172/jci76979
 Yien, Y. Y., Shi, J., Chen, C., Cheung, J. T. M., Grillo, A. S., Shrestha, R., et al. (2018). FAM210B Is an Erythropoietin Target and Regulates Erythroid Heme Synthesis by Controlling Mitochondrial Iron Import and Ferrochelatase Activity. J. Biol. Chem. 293 (51), 19797–19811. doi:10.1074/jbc.ra118.002742
 Yu, M., Riva, L., Xie, H., Schindler, Y., Moran, T. B., Cheng, Y., et al. (2009). Insights into GATA-1-Mediated Gene Activation versus Repression via Genome-wide Chromatin Occupancy Analysis. Mol. Cell 36 (4), 682–695. doi:10.1016/j.molcel.2009.11.002
 Zenke-Kawasaki, Y., Dohi, Y., Katoh, Y., Ikura, T., Ikura, M., Asahara, T., et al. (2007). Heme Induces Ubiquitination and Degradation of the Transcription Factor Bach1. Mol. Cell Biol. 27 (19), 6962–6971. doi:10.1128/mcb.02415-06
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yien and Perfetto. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-895521-t001.jpg
Housekeeping
protein

ABCB6

ABCB10

Aconitase 2
AKAP10
ATPIF
CLPP
CLPX

FLVCR1b

Lonp1

MICOS complex
PGRMC1
PGRMC2
SFXN1

SFXN2

SFXN4

SLC25A37 (MFRN1)
SLC25A38
SLC25A39/Mtm1

SLC25a33/36/Rim2
TMEM14c

Role
in heme synthesis

Possible, but uniikely, porphyrin transporter

Stabilizes SLC25A37 and regulates ALA export

Integration of iron status with erythroid development
Regulates PKA mediated FECH activity

Regulates FECH activity (?)

ALAS tumover

ALAS tumover, PPOX and FECH regulation; ALAS
activation in yeast

Mitochondrial heme exporter

ALAS proteolysis

Regulates FECH activity

Regulates FECH activity

Exports heme

FeS cluster metabolism Serine import
Mitochondrial iron metabolism and regulation of
OXPHOS

Cellular respiration; iron regulation
Mitochondrial iron import

Giycine import

Possible mitochondrial PLP import and glutathione
reguiation

Pyrimidine and iron transporter

PPgenlX import

Citations

(Krishnamurthy et al., 2006; Paterson et al., 2007; Helias et al., 2012; Wang et al., 2012;
Chavan et al., 2013; Liu et ., 2014; Fukuda et al., 2016; Wang et al., 2020; Farrel et al.
2022)

(Chen et al., 2009; Chen et al., 2010; Bayeva et al., 2013; Yamamoto et al., 2014; Seguin
etal., 2017)

(Bullock et al., 2010; Richardson et al., 2013; Goldfarb et al., 2021)

Chung et al. (2017)

(Shah et al., 2012; Nakamura et al., 2013)

(Kubota et al., 2016; Rondeli et al., 2021)

(Peoc'h et al., 2019; Phillps et al., 2019; Yien et al., 2017; Ducamp et al., 2021; Kubota
et al,, 2016; Rondeli et al., 2021; Kardon et al., 2015; Brown et al., 2018; Kardon et al.
2020)

(Quigley et al., 2004; Keel et al., 2008; Chiabrando et al., 2012; Doty et al., 2019)

(Tian et al., 2011; Kubota et al., 2016)

Dietz et al. (2021)

Piel et . (2016)

Galmozzi et al. (2019)

(Kory et al., 2018; Acoba et al., 2021; Bao et al., 2021)

Mon et al. (2019)

(Hildick-Smith et al., 2013; Paul et al., 2019)

(Shaw et al., 2006; Christenson et al., 2018)

(Guemsey et al., 2009; Fernandez-Murray et al., 2016; Heeney et al., 2021)
(Nilsson et al., 2009; Whittaker et al., 2015; Wang et al., 2021)

(Froschauer et al., 2013; Di Noia et al., 2014; Knight et al., 2019)
(Nilsson et al., 2009; Yien et al., 2014; Clough et al., 2021)





OPS/images/fcell-10-895521-g003.gif





OPS/images/fcell-10-895521-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Regulation of Heme Synthesis by Mitochondrial Homeostasis Proteins		1 Introduction

		2 Heme Synthesis

		3 Regulation of Mitochondrial Heme Synthesis Enzymes		3.1 ALAS

		3.2 CPOX

		3.3 PPOX

		3.4 FECH





		4 Mitochondrial Transport in Heme Synthesis		4.1 Heme Synthesis

		4.2 Heme

		4.3 Mitochondrial Iron Transport





		5 Metabolic Control of Heme Synthesis

		6 Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-895521-g001.gif





OPS/images/fcell-10-895521-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





