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Editorial on the Research Topic 
Protein lipidation in health and disease


Protein lipidation, the attachment of lipids to proteins, influences how proteins fold, their stability, trafficking, interaction with other proteins, and association with specific domains on cellular membranes. Various types of lipids, such as phospholipids, isoprenoids, fatty acids, cholesterol, GPI (glycosylphosphatidylinositol)-anchors, and LDEs (lipid-derived electrophiles), modify proteins covalently. S-palmitoylation or S-acylation is a reversible type of lipidation where a fatty acid called palmitate attaches to specific cysteine residues through a labile thioester bond. N-palmitoylation (via a stable amine bond) and O-palmitoylation (via a stable ester bond) are less common and irreversible kinds of palmitoylation (Chen et al., 2018). S-palmitoylation (called palmitoylation for simplicity in this editorial) is catalysed in mammals by a family of 23–24 proteins called palmitoyl acyltransferases (zDHHC-PATs), and de-acylation is mediated by α/β serine hydrolases and thioesterases, including APT1 (acyl-protein thiosterase 1) and ABHD17 thioesterases, among others (Zhou et al., 2023). Additionally, several PAT-interacting proteins have been identified that regulate their function and localization (Salaun et al., 2020).
The objective of this Research Topic is to compile the most recent insights on the impact of protein lipidation on protein function and explore how alterations in these modifications are linked to the pathophysiology of human diseases, paving the way for the development of novel therapeutic strategies.
One important feature of many post-translational modifications (PTMs) is how they can be regulated by gene-splicing variants. For example, the splice variant of the AMPA scaffolding protein GRIP1, GRIP1b, can be palmitoylated, whereas GRIP1a cannot, affecting its subcellular distribution (Hanley and Henley, 2010). In this line, Wirth and Ponimaskin review the literature describing that the small GTPase Cdc42 splice variant which is palmitoylated (Cdc42-palm) is mainly expressed in the brain, in contrast to its prenylated ubiquitous form (Cdc42-prenyl). It would be interesting to further explore in the future whether these are anecdotal cases or whether the regulation of splice variants and protein isoforms are more widespread modulators of protein palmitoylation.
Recent studies have revealed that numerous immune-associated proteins undergo S-palmitoylation. These findings have shed light on the vital roles played by palmitoylation in immune function, particularly in directing immune signalling proteins to the membrane and lipid rafts. Furthermore, alterations in PAT activity and variations in palmitoylation have been linked to human immunological disorders (Zhang et al., 2021). To strengthen the functional importance of lipidation in the immune system, Wirth and Ponimaskin discuss the possible association between aberrant palmitoylation of Cdc42 and activation of inflammatory responses and autoinflammatory diseases. Furthermore, West et al. introduce PATs as novel regulators of T-cell function in their literature review. For example, zDHHC7 and zDHHC21 have been shown to be critical for T-helper cells differentiation, and key proteins in T-cell signalling such as CD4 and CD8 are palmitoylated. Despite these advances, the role of lipidation in the immune system remains mostly unknown.
Diverse findings point to a complex interrelationship of palmitoylation and other PTMs such as phosphorylation, S-nitrosylation, acetylation and ubiquitination. Thus, for example, palmitoylation may inhibit, compete with, or facilitate another PTM, and palmitoylation/depalmitoylation can also regulate subsequent phosphorylation of certain substrates [reviewed by (Ramzan et al.)]. In the future it will be pivotal to further investigate the crosstalk between lipidation and other PTMs to understand the consequences for protein localization and function, as well as the impact on organelle function.
A fundamental limitation in the lipidation field, is the limited availability of assays to assess palmitoylation. Schek et al. describe a methodological advance for detecting palmitoylated proteins on paraffin-embedded samples. This approach could provide important insights into the role of palmitoylation in the pathology of human diseases and be extended to detect additional PTMs. An additional drawback has been the relatively unexplored pattern of expression of different PATs and their interacting/regulatory proteins. To address this, Wild et al. have generated databases of the expression of palmitoylation and depalmitoylation enzymes, and accessory proteins, in mouse brain (BrainPalmSeq) (Wild et al., 2022) and human cell types (CellPalmSeq). These tools will help both clinicians and researchers to interrogate the implications of palmitoylation in physiology and pathology. CellPalmSeq, described in this Research Topic, is an important resource that will support the field to select the most appropriate cellular models to interrogate how palmitoylation regulates pathways and individual proteins.
Dysregulation of lipid metabolism and protein lipidation is associated with different pathologies, but understanding the underlying molecular mechanisms remains a challenge. This is partly due to limited knowledge regarding how lipidation and its regulating enzymes are controlled by cellular signalling pathways. While lipidation-targeted therapies are being investigated for cancer treatment, for example, their application to other diseases is still largely unexplored. Furthermore, while certain forms of protein lipidation, like S-palmitoylation, have garnered substantial attention in recent years, others, such as N-palmitoylation, remain relatively unexplored. Therefore, it is crucial to advance the knowledge of the regulatory mechanisms that control lipidation, the interplay between lipidation and other post-translational modifications, methodologies to detect, measure, and manipulate protein lipidation, the interplay between lipid metabolism and protein lipidation, and less common or studied varieties of lipidation. Besides, it is worth to highlight the importance of prioritising studies investigating putative sex difference in palmitoylation (Ramzan et al.) and palmitoylation-independent functions of PATs in future studies.
The contribution of aberrant palmitoylation to development of human pathologies is an important consideration for this field. This Research Topic gives a broad overview of the importance of these PTMs in neurodegeneration, X-linked intellectual disability, metabolic disease, cancer, and cardiac pathologies (Lemarié et al.; Main et al.; Nguyen et al.; Pierce and Hougland; Ramzan et al.). Main et al. used publicly-available RNA-seq datasets from patients with heart failure to evaluate how palmitoylation and depalmitoylation pathways remodel in these patients as well as in animal models and clinical biopsies. A complex picture emerges in which the surface-membrane acyl transferase zDHHC5 expression increases significantly during early remodeling but declines once heart failure is established. These expression changes correlate very poorly with substrate palmitoylation, highlighting the continuing paucity in our understanding of how zDHHC-PAT activity is controlled.
With this in mind, the findings of Nguyen et al. that several zDHHC-PATs are stabilised by accessory proteins, is important for the field. Although zDHHC20, the first zDHHC enzyme to be crystallized is clearly functional without such a partner, Nguyen et al. find that zDHHCs 5, 8, 9, 14, and 18 (but not 3 and 20) can be stabilized by GCP16 to support enhanced enzymatic activity. This suggests an additional layer of control for activity of some of these enzymes than has hitherto been under-appreciated. Clearly the expression level of the accessory protein, as well as the expression level of the enzyme itself, will be an important determinant of substrate palmitoylation.
Numerous ion transporters and channels in excitable tissues are regulated by palmitoylation. Congreve et al. focused on the cardiac voltage sensitive ion channel HCN4, which is expressed in the sino atrial node and cardiac conduction system, and has the unique property of being activated by hyperpolarization. HCN4 controls heart rate by controlling the rate of depolarization in nodal tissue, and its activity is significantly enhanced by palmitoylation of two cysteines in the channel’s amino terminus. This raises the intriguing possibility that a fundamental feature of multicellular organisms, the heartbeat, is controlled by the coordinated activities of palmitoylating and depalmitoylating enzymes on a single ion channel.
The scaffolding protein ankyrin B, the small cousin of the giant ankyrin G, controls the localization of ion channels and transporters in numerous tissues. Gupta and Jenkins identified numerous palmitoylation sites in ankyrin B which are palmitoylated by zDHHC17. When ankyrin B is not palmitoylated it loses its ability to correctly localize voltage sensitive sodium channels to dendritic membranes, highlighting the importance of palmitoylation not only of ion channels but also of their targeting partners for the control of tissue excitability.
In the last 20 years, progress has been made in the study of regulatory mechanisms of palmitoylation, the role of this posttranslational modification in physiology and diseases, and the methodology for its study. However, there is still much research to be performed in these aspects and the interplay of the findings with the overall regulation of lipid metabolism in the organism.
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S-palmitoylation is an essential lipid modification catalysed by zDHHC-palmitoyl acyltransferases that regulates the localisation and activity of substrates in every class of protein and tissue investigated to date. In the heart, S-palmitoylation regulates sodium-calcium exchanger (NCX1) inactivation, phospholemman (PLM) inhibition of the Na+/K+ ATPase, Nav1.5 influence on membrane excitability and membrane localisation of heterotrimeric G-proteins. The cell surface localised enzyme zDHHC5 palmitoylates NCX1 and PLM and is implicated in injury during anoxia/reperfusion. Little is known about how palmitoylation remodels in cardiac diseases. We investigated expression of zDHHC5 in animal models of left ventricular hypertrophy (LVH) and heart failure (HF), along with HF tissue from humans. zDHHC5 expression increased rapidly during onset of LVH, whilst HF was associated with decreased zDHHC5 expression. Paradoxically, palmitoylation of the zDHHC5 substrate NCX1 was significantly reduced in LVH but increased in human HF, while palmitoylation of the zDHHC5 substrate PLM was unchanged in all settings. Overexpression of zDHHC5 in rabbit ventricular cardiomyocytes did not alter palmitoylation of its substrates or overall cardiomyocyte contractility, suggesting changes in zDHHC5 expression in disease may not be a primary driver of pathology. zDHHC5 itself is regulated by post-translational modifications, including palmitoylation in its C-terminal tail. We found that in HF palmitoylation of zDHHC5 changed in the same manner as palmitoylation of NCX1, suggesting additional regulatory mechanisms may be involved. This study provides novel evidence that palmitoylation of cardiac substrates is altered in the setting of HF, and that expression of zDHHC5 is dysregulated in both hypertrophy and HF.
Keywords: palmitoylation, hypertrophy, heart failure, ZDHHC5, cardiac muscle, depalmitoylation, ion transporter
INTRODUCTION
Heart failure (HF) represents a major economic and global burden affecting over 26 million people worldwide, with ∼3.6 million patients newly diagnosed every year (Ambrosy et al., 2014; Simmonds et al., 2020). All clinical therapies currently aim to reduce myocardial demand by either reducing peripheral resistance and pre-load [i.e., angiotensin-converting enzyme inhibitors (ACEi)] or ventricular after-load and remodelling (i.e., β-blockers; Shah A. et al., 2017). This largely helps to compensate for reduced ejection fraction and systolic dysfunction [as seen in HF with reduced ejection fraction (HFrEF)] and is therefore more effective for management of HFrEF than for HF with preserved ejection fraction (HFpEF). However, even though improved therapeutic recommendations for HFrEF significantly reduce morbidity and mortality rates in clinical trials, prognosis is still poor in this group with a trial of 40,000 hospitalised HF patients demonstrating a 5-year mortality rate of 75%, independent of LVEF (McMurray et al., 2014; Shah K. S. et al., 2017). As such, there remains a pressing and largely unmet clinical need for HF therapies.
Understanding the molecular basis of HF, in both humans and animal models, is essential to developing and directing appropriate therapies. However, this task is complicated by the fact that compensatory cardiac hypertrophy, leading to normal or even enhanced systolic function and left ventricular (LV) enlargement, often precedes decompensated HF and eventual LV dilatation and dysfunction (Kemp and Conte, 2012). The biochemical and molecular changes in both these phases of the disease are distinct, and currently available animal models are often better at modelling hypertrophy than the complex clinical syndrome of HF (Houser et al., 2012). Interestingly, a key component of cardiac dysfunction associated with both cardiac hypertrophy and HF is the dysregulation in expression, modification and function of proteins involved in excitation contraction coupling (ECC). Many of the pathological changes in protein function in ECC during cardiac disease can be attributed to changes in post-translational modification (PTM) regulation, including phosphorylation (Ramila et al., 2015; Sequeira and Maack, 2018) and redox modifications like S-glutathionylation (Pastore and Piemonte, 2013). The majority of proteins involved in ECC have been reported to be regulated by the lipid post-translational modification palmitoylation (see review by Essandoh et al., 2020) with recent proteomic analysis suggesting over 450 cardiac proteins are palmitoylated (Miles et al., 2021). Palmitoylation is a reversible modification involving the attachment of a fatty acid (most commonly palmitoyl derived from palmitoyl-CoA) to the thiol of a cysteine residue. This has a wide range of physiological effects, including regulating the location of the palmitoylated substrate, altering its conformation and consequently activity, or regulating protein-protein interactions. The modification is catalysed by a group of structurally related zDHHC-palmitoyl acyltransferases (zDHHC-PATs) which are integral membrane proteins located throughout the secretory pathway (Main and Fuller, 2021).
Although important in regulating ECC substrate activity, the role of palmitoylation in cardiac disease and HF remains largely unknown. There have been limited studies conducted in zDHHC knock-out animals, but zDHHCs show redundancy and therefore determining individual enzyme characteristics via this route is challenging (Main and Fuller, 2021). The most well characterised cardiac zDHHC-PAT is cell surface localised zDHHC5 (see review by Woodley and Collins, 2021). NCX1 and Na+/K+ ATPase both interact with zDHHC5 after its fourth transmembrane domain, in a site that also interacts with its accessory proteins Golga7 and Golga7b (Ko et al., 2019; Plain et al., 2020; Woodley and Collins, 2021). zDHHC5 directly palmitoylates ECC substrates NCX1 and PLM (Howie et al., 2014; Gök et al., 2020). ZDHHC5 has attracted attention in cardiac physiology as it is a key contributor to massive endocytosis (MEND) of the cellular membrane in anoxia/reperfusion (A/R) injury, with zDHHC5 knock-out hearts showing enhanced functional recovery from A/R injury (Hilgemann et al., 2013; Lin et al., 2013). In the present study, we evaluated changes in zDHHC5 expression in animal models of left ventricular hypertrophy and heart failure, as well as in human ischaemic heart failure samples. We provide the evidence that palmitoylation of cardiac substrates is altered in the setting of HF, and that expression of zDHHC5 is dysregulated in both hypertrophy and HF.
MATERIALS AND METHODS
Human organ donor and ischaemic heart failure samples
Samples from organ donors (non-failing) and human heart failure patients were obtained from the Gill Cardiovascular Biorepository at the University of Kentucky, of which patients and families of organ donors provided written consent. All procedures were approved by the local IRB and details of the collection procedures have been published previously (Blair et al., 2016). The study conformed with the principles in the Declaration of Helsinki. Samples in this study were taken from the ventricular endocardium of each heart with details in Supplementary Table S1.
Mouse model of cardiac hypertrophy induced by pressure overload
Ventricular hypertrophy was induced by pressure overload via aortic constriction in 6-week old C57BL/6J mice, as has been previously described (Boguslavskyi et al., 2014).
Porcine model of heart failure
Pigs were subjected to left anterior descending artery balloon occlusion to induce a myocardial infarction, as has been described previously (Tilemann et al., 2013). Tissue was harvested for molecular analysis after the development of heart failure (3 months post-MI) along with sham controls.
Ethical statement
Animals were handled in accordance with the UK Animals (Scientific Procedures) Act of 1986. All procedures were approved by the UK Home Office (PP7088535) and Glasgow University Ethics Review Committee. The animal studies were reviewed and approved by the Animal Welfare and Ethical Review Body, University of Glasgow and the Animal Welfare and Ethical Review Body, King’s College London.
Rabbit model of myocardial infarction and heart failure
Adult male New Zealand White rabbits (12 weeks old, ∼3–4 kg) were given premedication with 0.4 ml/kg intramuscular Hypnorm (fentanyl citrate, 0.315 mg/ml: fluanisone 10 mg/ml, Janssen Pharmaceuticals). Anaesthesia was induced with 0.25–0.5 mg/kg midazolam (Hypnovel, Roche) via a cannula in the marginal ear vein. Rabbits were intubated and ventilated using a Harvard small animal ventilator with a 1:1 mixture of nitrous oxide and oxygen containing 1% halothane at a tidal volume of 50 ml and a frequency of 40 min−1. Preoperative antibiotic prophylaxis was given with 1 ml Amfipen (ampicillin 100 mg/ml, Mycofarm UK Ltd.) intramuscularly. A left thoracotomy was performed through the fourth intercostal space. Quinidine hydrochloride (10 mg/kg; Sigma Pharmaceuticals), a class IA antiarrhythmic (potassium channel blocker) was administered intravenously prior to coronary artery ligation to reduce the incidence of ventricular fibrillation. The marginal branch of the left circumflex coronary artery, which supplies most of the LV free wall, was ligated to produce an ischaemic area of 30%–40% of the LV (Nisbet et al., 2016). Animals were maintained for 8 weeks during which ischaemic cardiomyopathy developed (confirmed by echocardiography measurement) before cells were isolated for molecular analysis.
Rabbit cardiomyocyte isolation
Adult rabbit ventricular myocytes (ARVM) were isolated from male New Zealand white rabbits as previously described. Isolation of adult rabbit ventricular cardiomyocytes (ARVM) was completed as described previously (Kettlewell et al., 2013). Briefly, New Zealand White male rabbits (12 weeks old, ∼3–4 kg) were euthanised with a terminal dose of sodium pentobarbital (100 mg/kg) with heparin (500IU), following which the heart was removed and retrogradely perfused on a Langendorff system. Enzymatic digestion of the tissue using a protease and collagenase solution occurred for ∼15 min before heart was removed from the system and cut into sections (left atria, right atria, right ventricle, left ventricle and septal regions) and each was finely dissected in Krafte-Brühe solution. The mixture was then triturated and agitated for 10 min before filtering and the cell suspension was centrifuged manually for a minute before the pellet was re-suspended in fresh KB. For experiments, cells were stepped up to physiological calcium in modified Krebs-Henseleit solution, initially containing 100 µM of CaCl2 and left to settle for before the process was repeated using 200 µM, 500 µM, 1 mM, and 1.8 mM concentrations of CaCl2. Cells were then snap frozen and kept at -80°C or used for functional experiments.
Viral infection
Adenoviruses expressing zDHHC5 and zDHHS5 were produced in house using the AdEasy system (Agilent). Rabbit ARVM were infected for 18–24 h by adding virus directly to the culture medium.
Sucrose gradient fractionation
Rabbit cardiomyocytes were homogenised 18–24 h post-infection in 0.5 M Na2CO3 (pH11) containing Protease Inhibitor Cocktail Set III (1:1,000; #539134, Calbiochem). Samples were sonicated at 5 µm amplitude 3 times in 20 s on/off bursts. The cell lysates were then mixed with an equal volume of 90% sucrose in MES-buffered saline (MBS, 50 mM MES buffer with 1.5 M NaCl, pH 6.5) to make a 45% sucrose component, and 4 ml of this solution was then added to the bottom of a polypropylene centrifuge tube. To this, a layer of 4 ml 35% sucrose in MBS was added by slowly pipetting down the side of the tube, followed by an additional layer of 4 ml 5% sucrose in MBS in a similar fashion. The samples were then centrifuged in a Beckman Optima XL-80k Ultracentrifuge using a SW40.1Ti swinging bucket rotor at 39000RPM for 18 h at 4°C. Following centrifugation, twelve 1 ml fractions were removed from each centrifuge tube. Fractions 4-5 are reported to contain buoyant caveolae membranes where zDHHC5 and Caveolin-3 predominantly localise (Howie et al., 2014), therefore these were combined and the membranes pelleted at 100,000 g for 60 min, and pellet resuspended in SDS-PAGE loading buffer. The same method was used to combine non-caveolae membrane (fractions 8–12).
Acyl-resin assisted capture
Acyl-resin assisted capture was used to purify palmitoylated proteins in a sample and adapted from a method published previously (Forrester et al., 2011). Cultured and pelleted cells were lysed in blocking buffer containing 1% methyl methanethiosulfonate (MMTS) to methylate free cysteines. Proteins were then precipitated using acetone and the resulting pellet subsequently washed using 70% acetone to remove excess MMTS. The pellets were then re-suspended in binding buffer before a portion of the sample was taken (unfractionated sample, total protein). To the remaining solution, 250 mM NH2OH [hydroxylamine (HA), pH 7.5] was added to hydrolyse thioester bonds, with the same concentration of sodium chloride (NaCl, pH 7.5) added in its place for negative control samples. The proteins with free cysteines were the purified using thiopropyl sepharose beads. Palmitoylation of substrates was determined by relative quantity in HA samples compared to unfractionated.
Immunoblotting
Standard western blotting was carried out using 6%–20% gradient gels. The primary antibodies used were as follows: zDHHC5 (1:1,000, Sigma, HPA014670), NCX1 (1:1,000, Swant, R3F1), PLM (FXYD1, 1:1,000, Abcam, ab76597), Flotillin-2 (1:1,000, BD Biosciences, 610383), Caveolin-3 (1:4,000, BD Biosciences, 610420), HA-tag (1:5,000, Roche, 11867423001). The secondary antibodies used were as follows: Rabbit anti-mouse HRP (1:2,000, Jackson ImmunoResearch 111-035-144), Goat anti-rabbit HRP (1:2,000, Jackson ImmunoResearch 315-035-003), Goat anti-rat HRP (1:2,000, Jackson ImmunoResearch, 313-035-003), Donkey anti-guinea pig (1:2,000, Jackson ImmunoResearch, 106-035-003).
Confocal microscopy
Cardiomyocytes on 16 mm glass coverslips were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature. Cells were permeabilised with 0.1% Triton-X100 in PBS for 10 min at room temperature before blocking with 3% BSA in PBS for at least 1 h. Coverslips were incubated with HA-tag primary antibody (1:200, Roche, 11867423001) in 0.1% BSA in PBS for 1 h before subsequent incubation with anti-rat Alexa Fluor 546 secondary antibody (1:400, Thermofisher, A-11081) for an additional hour. Coverslips were then mounted onto glass slides using Dako Fluorescence Mounting Medium with 1 µl/ml 4′,6-diamidino-2-phenylindole (DAPI). Cells were then visualised using a Zeiss LSM 510 META Confocal Microscope with a ×40 objective.
Contractility measurements
CellOPTIQ® is an in vitro system designed by Clyde Biosciences which allows measurements of contractility, voltage and calcium to be carried out in individual adult cardiomyocytes (Clyde Biosciences Ltd.; Glasgow, UK). Following culture and infection of cardiomyocytes for 18–24 h, cells were transferred to a modified Krebs-Henseleit solution containing 1.8 mM CaCl2 and incubated at 37°C using a heated stage. Cells were paced using electrodes with 40 V pulses of 0.2 ms duration at a frequency of 2 Hz. Five second recordings at 100 fps were then taken of individual cells using a ×60 objective. Contractility recordings were analysed using an ImageJ Macro prepared by Dr Francis Burton which analyses the changes in sarcomere length as a measurement of cardiomyocyte contractility by determining the spatial frequency of the intensity profile of sarcomere bands over time. Each recording produced roughly 10 contractile peaks which were averaged to give one trace per cell which was analysed for contractility parameters of amplitude, time to up and down 90% of peak, contractile duration at 50% and 90% of peak and overall time to peak (Rocchetti et al., 2014).
Statistics
Statistical analysis was completed using GraphPad Prism (Version 7; California, United States) and was performed on groups with three biological replicates or more. For comparisons in data sets with more than two groups, a one-way analysis of variance (ANOVA) with a Sidak’s or Dunnett’s post-hoc test was used, with comparisons detailed in the figure legend. For comparisons of two groups, a paired or unpaired Student’s t-test was used. All samples were tested for the presence of significant outliers (Rout’s test). A probability of p < 0.05 was considered to be statistically significant.
RESULTS
Remodelling of the cellular palmitoylation machinery in heart failure
There remains a pressing need to understand the gene and protein expression changes in the failing myocardium in HFpEF and HFrEF in order to tailor existing, and develop new, therapeutic options. Despite the knowledge that zDHHC5 is involved in A/R injury and regulates activity of several important cardiac substrates, the expression or activity of zDHHC5, or any other palmitoylating or depalmitoylating enzymes, has not been investigated in a HF setting. Recently, Hahn and Knotsdottier et al. completed a comprehensive study of RNA transcript changes in HFpEF and HFrEF compared to organ donor controls. To investigate the relevance of palmitoylation as a modification in heart failure, using the available data, we plotted the change in relative abundance in HFpEF and HFrEF compared to organ donor controls of all available palmitoylating enzymes (zDHHC-PATs), depalmitoylating enzymes (LYPLAs, PPTs and ABHDs), accessory proteins [Selenoprotein-K (Fredericks et al., 2017) and Golga7 (Ko et al., 2019)] and proteins involved in fatty acyl CoA production [acyl-CoA synthases (ACSL) and fatty acid synthase (FASN)]. Several of these were found to be both up and down regulated in the failing myocardium, although many to a modest extent, with some changes unique to one phenotype. This included zDHHC5 which was significantly reduced in HFpEF but not HFrEF. Fatty acid and fatty acyl CoA availability have recently emerged as regulators of protein palmitoylation (Main and Fuller, 2021). For example, acyl-CoA synthase (ACSL) isoforms physically associate with zDHHC5, and acyl-CoA synthase activity is required for insulin-induced palmitoylation of NCX1 (Plain et al., 2020; Gök et al., 2022). ACSLs 1 and 4 were significantly downregulated in both HFpEF and HFrEF, with significant changes in all other isoforms and fatty acid synthase in HFpEF only (Figure 1; Hahn et al., 2021).
[image: Figure 1]FIGURE 1 | RNA transcript changes of palmitoylating and depalmitoylating enzymes and accessory proteins in heart failure. Hahn and Knutsdottir et al. (2020) performed RNA sequencing on biopsies from heart failure patients with preserved ejection fraction (HFpEF, n = 41), reduced ejection fraction (HFrEF, n = 30) and donor controls (n = 24). Abundance of transcripts of palmitoylating and depalmitoylating enzymes, including 23 zDHHC-palmitoyl acyltransferases, as well as accessory proteins and proteins involved in fatty acid and fatty acyl-CoA synthesis, were investigated in the available data. HFpEF and HFrEF are plotted relative to control (normalised to 1) in the heat map with relative abundance and p-values detailed in the accompanying table produced using the data repository from Hahn et al. (2021).
zDHHC5 expression and substrate palmitoylation in cardiac hypertrophy
Cardiac hypertrophy and associated remodelling of the left ventricle precedes many forms of cardiac disease, including heart failure, and is recognised as a crucial step in its pathophysiology (Rame and Dries, 2007). Left ventricular hypertrophy (LVH) induced by pressure overload via aortic constriction (“banding”) is commonly used to investigate early molecular changes associated with pathological remodelling. This mouse model (described in Boguslavskyi et al., 2014) displays a 50% increase in LV mass 2 weeks after banding the thoracic aorta and reduced ejection fraction 8 weeks after surgery. We investigated changes in zDHHC5 expression associated with the onset of LVH. Compared to sham operated control mice, zDHHC5 expression was modestly increased from the earliest timepoint investigated (3 days post-banding) and was significantly elevated 2-week and 8-week after surgery. Unexpectedly, whilst zDHHC5 expression was increased 8-week post injury, palmitoylation of zDHHC5 substrate NCX1 was significantly reduced, whilst palmitoylation of its substrate PLM remained unchanged (Figure 2).
[image: Figure 2]FIGURE 2 | (A) Expression of zDHHC5 is increased in mice with left ventricular hypertrophy 2 weeks and 8 weeks post-onset and palmitoylation of NCX1 is reduced at 8-week. Ventricular samples from mice that developed left ventricular hypertrophy (LVH) induced by pressure overload and sham controls were taken at 3 days, 2 weeks, 4 weeks, and 8 weeks post-onset. Expression of zDHHC5 was significantly increased in hypertrophy samples compared to control at 2 weeks and 8 weeks post-onset. (B) Acyl-RAC of samples taken at 8-week post injury revealed palmitoylation of zDHHC5 substrate NCX1 was significantly reduced whilst palmitoylation of PLM remained unchanged. zDHHC5 expression is normalised to loading control GAPDH. Statistical comparisons made by unpaired Student s t-test. Data are mean ± S.E.M. *p < 0.05, **p < 0.01.
As elevated zDHHC5 expression but paradoxically reduced levels of NCX1 palmitoylation were associated with the development of LVH, we investigated whether increasing zDHHC5 expression in cardiomyocytes could be directly contributing to the contractile dysfunction observed in this phenotype. We engineered adenoviruses expressing HA-tagged zDHHC5 and catalytically inactive zDHHS5, and infected adult rabbit ventricular cardiomyocytes, achieving dose dependent increases in zDHHC5 expression levels (Figure 3A). Confocal microscopy revealed localisation of HA-tagged zDHHC5 in intercalated discs, cell surface and perinuclear membrane, whilst sucrose gradient fractionation indicated that virally encoded HA-zDHHC5 localised to buoyant membranes prepared using sucrose gradients alongside Caveolin-3, in a similar manner to endogenous zDHHC5 (Howie et al., 2014; Supplementary Figure S1). Changes in contractile function were investigated using the CellOPTIQ® contractility system (Clyde Biosciences Ltd.), and contractility parameters measured by determining the spatial frequency of the intensity profile of sarcomere bands over time (Supplementary Figure S2; Rocchetti et al., 2014). Overexpression of zDHHC5 or zDHHS5 had no effect on contractile force (as determined by sarcomere shortening (Figure 3B) or on any other parameters of contractility (Supplementary Figure S3). Viral overexpression of zDHHC5 did not lead to changes in palmitoylation of its substrates NCX1 or PLM (Figure 3C).
[image: Figure 3]FIGURE 3 | zDHHC5 overexpression does not alter parameters of rabbit ventricular cardiomyocyte contractility or lead to changes in substrate palmitoylation. (A) Rabbit ventricular cardiomyocytes were cultured for 18–24 h in the presence of either the HA-DHHC5 virus or a HA-DHHS5 dominant-negative virus, at an increasing range of virus particles per cell or multiplicity of infection (MOI; 10, 20, 50, 150, 300). zDHHC5 protein expression was determined via western blot, normalising to housekeeper protein Caveolin-3. HA-DHHC5 and HA-DHHS5 viral infection led to a dose-dependent increase in zDHHC5 expression. Data are expressed as mean ± S.E.M and is a representative image of n = 3–4 biological replicates. (B) Contractility recordings from cells infected with MOI of 10 and 100 were taken using CellOPTIQ®. Viral infection with either zDHHC5 or zDHHS5 at MOI 10 or 100 had no significant effect on altering the parameters of contractility including sarcomere shortening. N = 3 biological replicates for S10, C100, S100 and n = 4 biological replicates for uninfected and C100, with n = 20–51 cells per replicate. Each colour represents cells from one biological replicate. (C) Rabbit ventricular cardiomyocytes overexpressing HA-zDHHC5 (MOI 10 and 100) showed no significant change in NCX1 or PLM palmitoylation. Data are mean ± S.E.M analysed via an unpaired t-test (LVH) and a one-way ANOVA with a Dunnett’s post-hoc test (overexpression) or a Sidak’s post-hoc test (substrate palmitoylation). *p < 0.05.
zDHHC5 expression and substrate palmitoylation in heart failure
We investigated whether the differences in zDHHC5 expression and substrate palmitoylation identified early in cardiac hypertrophy persists in HF by analysing two experimental models (rabbit and pig) of myocardial infarction (MI) induced HF, as well as samples from ischaemic human HF patients (classified as reduced ejection fraction, details in Supplementary Table S1). In contrast to LVH, zDHHC5 expression was unchanged or modestly reduced in post-MI samples compared to control. Additionally, despite RNA sequencing data suggesting zDHHC5 expression levels are reduced in HFpEF but unchanged in HFrEF (Figure 1; Hahn et al., 2021) we found that protein expression of zDHHC5 was significantly reduced in ischaemic HF samples compared to organ donors. Interestingly, whilst PLM palmitoylation remained unchanged in all cases, NCX1 palmitoylation was significantly reduced in animal models of HF but increased in human heart failure (Figure 4).
[image: Figure 4]FIGURE 4 | zDHHC5 expression and substrate palmitoylation in heart failure. In the rabbit model of MI-induced HF (8-week post-MI), zDHHC5 expression was unchanged whilst NCX1 palmitoylation was significantly reduced with no change in PLM or Caveolin-3 palmitoylation. In the pig model of MI-induced HF with reperfusion (3-month post-MI) zDHHC5 expression was modestly reduced (p = 0.0684) whilst NCX1 palmitoylation was significantly reduced with no change in PLM or Flotillin-2 palmitoylation. In samples from patients with ischaemic heart failure, zDHHC5 expression was significantly reduced compared to organ donor controls whilst NCX1 palmitoylation was significantly increased with no change in PLM or Caveolin-3 palmitoylation. zDHHC5 expression was normalised to loading control GAPDH. Data are palmitoylated fraction normalised to total protein (unfractionated, UF). Statistical comparisons made by unpaired Student’s t-test. Data are mean ± S.E.M. *p < 0.05, **p < 0.01.
zDHHC5 palmitoylation in heart failure
The results thus far suggest zDHHC5 expression levels correlate poorly with palmitoylation of its substrates, and that in ventricular muscle changes in zDHHC5 expression alone may not be sufficient to increase changes in palmitoylation of its substrates. ZDHHC5 is the target of PTMs itself, including palmitoylation, which occurs on its active site cysteine during autopalmitoylation before transferring the palmitate to a substrate cysteine (Brigidi et al., 2015). Additionally, zDHHC5 is palmitoylated at additional sites in its C-terminal tail, which is key to mediating its response to β-adrenergic signalling and facilitating its interaction with the Na+/K+ ATPase, which regulates recruitment and palmitoylation of PLM (Yang et al., 2010; Chen et al., 2020; Plain et al., 2020). As such, we investigated whether palmitoylation of zDHHC5 was changed in HF. Interestingly, zDHHC5 palmitoylation was altered in HF in a similar manner to that of NCX1, whereby zDHHC5 palmitoylation was significantly reduced in the pig model (Figure 5A), but modestly (albeit not significantly) increased in human HF samples (Figure 5B).
[image: Figure 5]FIGURE 5 | zDHHC5 palmitoylation is altered in heart failure in a similar manner to NCX1 palmitoylation. (A) In a pig model of MI-induced heart failure, zDHHC5 palmitoylation is significantly reduced, whilst (B) in human heart failure samples, zDHHC5 palmitoylation is modestly increased (p = 0.1133). NCX1 data taken from Figure 4 for comparison. Statistical comparisons made by unpaired Student’s t-test. Data are mean ± S.E.M. *p < 0.05, **p < 0.01.
DISCUSSION
Palmitoylation has emerged over the last decade a crucial regulatory modification for every class of protein, including several involved in cardiac excitation-contraction coupling (Chien et al., 1996; Tulloch et al., 2011; Howie et al., 2013; Gök et al., 2020; Main et al., 2022). As many of these proteins are dysregulated in diseases such as HF, palmitoylation may represent a novel mechanism to manipulate their function for therapeutic benefit (Main and Fuller, 2021). Despite this, studies investigating changes in palmitoylation in a cardiac disease setting have been limited. As such, we focussed our investigation on the most well classified cardiac zDHHC-PAT, zDHHC5, which has been implicated in A/R injury and regulates the palmitoylation of important ion transporters and accessory proteins in the heart (Tulloch et al., 2011; Hilgemann et al., 2013; Lin et al., 2013; Howie et al., 2014; Chen et al., 2020; Gök et al., 2020; Plain et al., 2020). In the present study, we provide novel evidence that zDHHC5 expression and palmitoylation are altered in cardiac disease, although this does not directly correlate with a change in the palmitoylation of its substrates NCX1 and PLM (summarised in Figure 6).
[image: Figure 6]FIGURE 6 | Summary of samples investigated in this study and the changes in zDHHC5 expression and palmitoylation of NCX1 and zDHHC5. Trends or changes are in comparison to relevant controls. EF, ejection fraction.
Firstly, we observed that in a LVH model of cardiac hypertrophy and remodelling, zDHHC5 expression was upregulated as early as 3 days post-onset, and this was maintained until 8 weeks post-injury (Figure 2). Because there was such an acute upregulation of zDHHC5, we investigated the impact of overexpressing zDHHC5 in cardiomyocytes to determine if there was a functional consequence for ventricular contractility, but this had no effect on any contractile parameters investigated (Figure 3; Supplementary Figure S3). In both LVH and virally infected cardiomyocytes, despite increased zDHHC5 expression, there was no correlated increase in substrate palmitoylation, as palmitoylation of PLM remained unchanged, whilst NCX1 palmitoylation was significantly reduced in LVH samples (Figure 3). This suggests that zDHHC5 expression levels are not rate limiting for substrate palmitoylation in ventricular muscle, and implies as-yet unidentified mechanisms control zDHHC5 activity and substrate palmitoylation in the heart. In other settings, availability of palmitoyl-CoA (Lin et al., 2013) and activity of acyl-CoA synthase enzymes (Gök et al., 2022), which may associate with zDHHC-PATs (Plain et al., 2020), have been established to be important determinants of substrate palmitoylation.
We investigated whether the changes in zDHHC5 expression were observed later in disease pathogenesis using models of ischaemic HF (rabbit and pig), as well as samples from ischaemic HF patients. In contrast to cardiac hypertrophy, zDHHC5 expression was either unchanged (rabbit), modestly reduced (pig) or significantly reduced (human) in a HF setting. However, similarly to the LVH model, this was poorly correlated with changes in substrate palmitoylation, such that palmitoylation of NCX1 was significantly reduced in the animal models of HF, but was significantly increased in human HF samples (Figure 4). Throughout this investigation we observed changes in zDHHC5 expression that did not consistently match changes in palmitoylation its substrates NCX1 and PLM. Indeed in the largest cohort examined (human HF and organ donors), no relationship between zDHHC5 expression levels and substrate palmitoylation levels can be detected (Supplementary Figure S4).
ZDHHC5 itself is under the control of several regulatory pathways, including palmitoylation of cysteines in its C-terminal tail which has important functional consequences for substrate recruitment and palmitoylation (Chen et al., 2020; Plain et al., 2020). In addition, its activity may be controlled by the availability of its substrate acyl-CoA, synthesised by ACSL isoforms. Analysis of zDHHC5 palmitoylation revealed that, similar to NCX1, palmitoylation was significantly reduced in the pig model and modestly increased (although not significantly) in the human heart samples (Figure 5). This may suggest there are upstream regulatory pathways driving changes in substrate palmitoylation, including that of zDHHC5. ZDHHC-PATs have been frequently reported to palmitoylate each other, and a proximity biotinylation screen identified DHHC20 as an interactor and palmitoylating enzyme of zDHHC5. Palmitoylation of the zDHHC5 C-terminal tail in response to adrenergic stimulation is required for its own stabilisation at the plasma membrane (Chen et al., 2020; Woodley and Collins, 2021). The zDHHC5 palmitoylation sites lie in an amphipathic helix containing a binding site for the Na+/K+ ATPase and zDHHC5 accessory protein GOLGA7, which controls its membrane localisation (Woodley and Collins, 2019; Plain et al., 2020). Increased zDHHC5 palmitoylation as observed in human HF, or reduced palmitoylation as observed in the pig model, may suggest increased or decreased activity of zDHHC5 either through a change in palmitate loading into the active site or a change in zDHHC20-mediated palmitoylation. We also do not rule out the possibility that the mismatch between zDHHC5 expression and palmitoylation of its substrates is caused changes in zDHHC5 subcellular localisation. Localisation-dependent palmitoylation of zDHHC5 substrates has previously been demonstrated following increased neuronal activity (Brigidi et al., 2015). Although we observe the virally-expressed zDHHC5 to be correctly localised to caveolar membranes in the cells surface (Supplementary Figure S1), it cannot be ruled out that altered zDHHC5 subcellular localisation in disease may change its ability to locate and palmitoylate its substrates. It should also be noted that observation of zDHHC5 expression and substrate palmitoylation in tissue samples (mouse, pig and human) may include a contribution of non-myocyte cells [although cardiomyocytes represent ∼75% of myocardial tissue volume (Vliegen et al., 1991)].
The impact of other zDHHC5 PTMs on its activity will be important to consider in future investigations, as phosphorylation has been observed to inactivate zDHHC5 (Hao et al., 2020; Schianchi et al., 2020), while O-GlycNAcylation of zDHHC5 enhanced PLM association and palmitoylation (Plain et al., 2020; Schianchi et al., 2020). In line with our observations from hypertrophic tissue, but in contrast to the ischaemic human HF results, Miles et al. (2021) report significantly increased levels of zDHHC5 in human HF. However, the samples investigated represent a mixture of ischaemic and non-ischaemic origin (Miles et al., 2021), limiting the value of a comparison to the ischaemic samples used in our investigation. Nevertheless, given RNA-sequencing suggests levels are significantly reduced in HFpEF but not HFrEF (Hahn et al., 2021), further characterisation of zDHHC5 expression should be carried out in additional cohorts of patients.
Steady state protein palmitoylation is controlled by the balanced activities of palmitoylating and depalmitoylating enzymes. Several depalmitoylating enzymes show altered expression in both HFrEF and HFpEF, although not to the same extent as the dysregulated of zDHHC-PAT expression (Figure 1). In comparison to zDHHC-PATs, relatively little is known about the regulation of these enzymes, although APT1 was recently demonstrated to depalmitoylate NCX1 (Gök et al., 2021). However, we did not find a significant change in APT1 protein abundance in the setting of HF, so this likely does not explain the changes in substrate palmitoylation observed (Supplementary Figure S5).
Aside from information of zDHHC5 expression and palmitoylation, this study provides novel evidence that NCX1 palmitoylation is changed in cardiac disease in animal models and humans. Although NCX1 expression is often increased in the setting of LV dysfunction in HF, this does not necessarily lead to increased NCX1 activity (Hobai and O’Rourke, 2000; Quinn et al., 2003), suggesting that altered post-translational regulation of NCX1 contributes to the remodelling of its activity in HF. Increased NCX1 palmitoylation, as observed in human HF, would enhance its inactivation and reduce Ca2+ efflux. Whilst improving systolic function, this would contribute to diastolic impairment, of which NCX1 is a key mediator (Kass et al., 2004). Interestingly, the pattern of NCX1 palmitoylation associated with HF that we report here was recapitulated for cardiac myosin binding protein-C, again suggesting that upstream factors such as a fatty acid and fatty acyl-CoA availability may be responsible for the changes of substrate palmitoylation (Main et al., 2022).
A significant finding, but also a limitation of this study, is the lack of consistency in the changes in zDHHC5 expression and substrate palmitoylation between different animal models and human HF. This makes it challenging to draw definitive conclusion regarding the importance of palmitoylation in cardiac disease. The increased palmitoylation in the human setting may be a result of more developed decompensation compared to the animal models, or as a result of pharmacological intervention. It may also reflect a failure of the animal model to accurately reflect human pathology. Indeed, this is a major limitation of current animal models for HF research, because they rarely include study of novel therapeutic interventions in combination with current optimal clinical care, making translational potential challenging. Interestingly, whilst NCX1 palmitoylation was frequently altered, PLM palmitoylation did not change in any setting (Plain et al., 2020). However, this observation may be as a result of solely characterising palmitoylation using Acyl-RAC. Whilst this method provides a robust mechanism to detect protein palmitoylation, changes in substrate palmitoylation in singly palmitoylated proteins are most likely to be observed using this capture method, as opposed to substrates with multiple palmitoylation sites, where the substrate will still be captured even if only one site remains palmitoylated. Indeed, this may be why NCX1, with one palmitoylation site, is frequently observed to be changed whilst PLM containing two palmitoylation sites did not vary in any disease state (Tulloch et al., 2011; Reilly et al., 2015; Howie et al., 2018). Experimental approaches that measure palmitoylation site occupancy of multiply palmitoylated proteins may provide further insight into the contribution of aberrant protein palmitoylation to the pathogenesis of heart failure.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the University of Kentucky’s Institutional Review Board. The patients/participants provided their written informed consent to participate in this study. The animal studies were reviewed and approved by the Animal Welfare and Ethical Review Body, University of Glasgow and the Animal Welfare and Ethical Review Body, King's College London.
AUTHOR CONTRIBUTIONS
AM: Conceptualization, investigation, formal analysis, writing—original draft WF: Conceptualization, project administration, funding acquisition, supervision, writing—review and editing AB, JH, C-WK, and AR: Resources and methodology RH, FB, GS, GB, KC, and MS: Resources.
FUNDING
We acknowledge financial support from the British Heart Foundation: 4-year PhD studentship to AM, SP/16/3/32317 and PG/18/60/33957 to WF, RG/17/15/33106 to MS and WF, a Centre of Research Excellence award RE/18/6/34217, and NIH HL149164 and HL148785 to KC. Funding: American Heart Association TP135689, NIH1L48785, University of Kentucky Myocardial Recovery Alliance.
ACKNOWLEDGMENTS
We acknowledge the patients and families of organ donors who donated cardiac samples.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2022.1023237/full#supplementary-material
REFERENCES
 Ambrosy A. P., Fonarow G. C., Butler J., Chioncel O., Greene S. J. Vaduganathan M., et al. (2014). The global Health and economic burden of hospitalizations for heart failure: Lessons learned from hospitalized heart failure registries. J. Am. Coll. Cardiol. 63 (12), 1123–1133. doi:10.1016/J.JACC.2013.11.053
 Blair C. A., Haynes P., Campbell S. G., Chung C., Mitov M. I. Dennis D., et al. (2016). A protocol for collecting human cardiac tissue for research. VAD J. 2 (12). doi:10.13023/VAD.2016.12
 Boguslavskyi A., Pavlovic D., Aughton K., Clark J. E., Howie J. Fuller W., et al. (2014). Cardiac hypertrophy in mice expressing unphosphorylatable phospholemman. Cardiovasc. Res. 104 (1), 72–82. doi:10.1093/CVR/CVU182
 Brigidi G. S., Santyr B., Shimell J., Jovellar B., Bamji S. X. (2015). Activity-regulated trafficking of the palmitoyl-acyl transferase DHHC5. Nat. Commun. 6 (1), 8200–8217. doi:10.1038/ncomms9200
 Chen J. J., Marsden A. N., Scott C. A., Akimzhanov A. M., Boehning D. (2020). DHHC5 mediates β-adrenergic signaling in cardiomyocytes by targeting gα proteins. Biophys. J. 118 (4), 826–835. doi:10.1016/J.BPJ.2019.08.018
 Chien A. J., Carr K. M., Shirokov R. E., Rios E., Marlene Hosey M. (1996). Identification of palmitoylation sites within the L-type calcium channel beta2a subunit and effects on channel function. J. Biol. Chem. 271 (43), 26465–26468. doi:10.1074/JBC.271.43.26465
 Essandoh K., Philippe J. M., Jenkins P. M., Brody M. J. (2020). Palmitoylation: A fatty regulator of myocardial electrophysiology. Front. Physiology 11, 108. doi:10.3389/fphys.2020.00108
 Forrester M. T., Hess D. T., Thompson J. W., Hultman R., Moseley M. A. Stamler J. S., et al. (2011). Site-specific analysis of protein S-acylation by resin-assisted capture. J. Lipid Res. 52 (2), 393–398. doi:10.1194/jlr.D011106
 Fredericks G. J., Hoffmann F. W., Hondal R. J., Rozovsky S., Urschitz J., Hoffmann P. R. (2017). Selenoprotein K increases efficiency of DHHC6 catalyzed protein palmitoylation by stabilizing the acyl-DHHC6 intermediate. Antioxidants 7 (1), 4. doi:10.3390/ANTIOX7010004
 Gök C., Main A., Gao X., Kerekes Z., Plain F. Kuo C.-W., et al. (2021). Insights into the molecular basis of the palmitoylation and depalmitoylation of NCX1. Cell Calcium 97, 102408. doi:10.1016/j.ceca.2021.102408
 Gök C., Plain F., Robertson A. D., Howie J., Baillie G. S. Fraser N. J., et al. (2020). Dynamic palmitoylation of the sodium-calcium exchanger modulates its structure, affinity for lipid-ordered domains, and inhibition by XIP. Cell Rep. 31, 107697. doi:10.1016/j.celrep.2020.107697
 Gök C., Robertson A. D., Fuller W. (2022). Insulin-induced palmitoylation regulates the Cardiac Na+/Ca2+ exchanger NCX1. Cell Calcium 104, 102567. doi:10.1016/J.CECA.2022.102567
 Hahn V. S., Knutsdottir H., Luo X., Bedi K., Margulies K. B. Haldar S. M., et al. (2021). Myocardial gene expression signatures in human heart failure with preserved ejection fraction. Circulation 143, 120–134. doi:10.1161/CIRCULATIONAHA.120.050498
 Hao J. W., Wang J., Guo H., Zhao Y. Y., Sun H. H. Li Y. F., et al. (2020). CD36 facilitates fatty acid uptake by dynamic palmitoylation-regulated endocytosis. Nat. Commun. 11 (1), 4765. doi:10.1038/s41467-020-18565-8
 Hilgemann D. W., Fine M., Linder M. E., Jennings B. C., Lin M.-J (2013). Massive endocytosis triggered by surface membrane palmitoylation under mitochondrial control in BHK fibroblasts. ELife 2013 (2), e01293. doi:10.7554/eLife.01293
 Hobai I. A., O’Rourke B. (2000). Enhanced Ca2+-activated Na+-Ca2+ exchange activity in canine pacing-induced heart failure. Circ. Res. 87 (8), 690–698. doi:10.1161/01.RES.87.8.690
 Houser S. R., Margulies K. B., Murphy A. M., Spinale F. G., Francis G. S. Prabhu S. D., et al. (2012). Animal models of heart failure: A scientific statement from the American heart association. Circ. Res. 111, 131–150. doi:10.1161/RES.0B013E3182582523
 Howie J., Reilly L., Fraser N. J., Walker J. M. V., Wypijewski K. J. Ashford M. L. J., et al. (2014). Substrate recognition by the cell surface palmitoyl transferase DHHC5. Proc. Natl. Acad. Sci. U. S. A. 111 (49), 17534–17539. doi:10.1073/pnas.1413627111
 Howie J., Tulloch L. B., Shattock M. J., Fuller W. (2013). Regulation of the cardiac Na(+) pump by palmitoylation of its catalytic and regulatory subunits. Biochem. Soc. Trans. 41 (1), 95–100. doi:10.1042/BST20120269
 Howie J., Wypijewski K. J., Plain F., Tulloch L. B., Fraser N. J., Fuller W. (2018). Greasing the wheels or a spanner in the works? Regulation of the cardiac sodium pump by palmitoylation. Crit. Rev. Biochem. Mol. Biol. 53 (2), 175–191. doi:10.1080/10409238.2018.1432560
 Kass D. A., Bronzwaer J. G. F., Paulus W. J. (2004). What mechanisms underlie diastolic dysfunction in heart failure?Circ. Res. 94 (12), 1533–1542. doi:10.1161/01.RES.0000129254.25507.d6
 Kemp C. D., Conte J. v. (2012). The pathophysiology of heart failure. Cardiovasc. Pathol. 21 (5), 365–371. doi:10.1016/J.CARPATH.2011.11.007
 Kettlewell S., Burton F. L., Smith G. L., Workman A. J. (2013). Chronic myocardial infarction promotes atrial action potential alternans, afterdepolarizations, and fibrillation. Cardiovasc. Res. 99 (1), 215–224. doi:10.1093/cvr/cvt087
 Ko P. J., Woodrow C., Dubreuil M. M., Martin B. R., Skouta R. Bassik M. C., et al. (2019). A ZDHHC5-GOLGA7 protein acyltransferase complex promotes nonapoptotic cell death. Cell Chem. Biol. 26 (12), 1716–1724. e9. doi:10.1016/J.CHEMBIOL.2019.09.014
 Lin M. J., Fine M., Lu J. Y., Hofmann S. L., Frazier G., Hilgemann D. W. (2013). Massive palmitoylation-dependent endocytosis during reoxygenation of anoxic cardiac muscle. ELife 2013 (2), e01295. doi:10.7554/eLife.01295
 Main A., Fuller W. (2021). Protein S-palmitoylation: Advances and challenges in studying a therapeutically important lipid modification. FEBS J. 289, 861–882. doi:10.1111/FEBS.15781
 Main A., Milburn G. N., Balesar R. M. N., Rankin A. C., Smith G. L. Campbell K. S., et al. (2022). Cardiac myosin binding protein-C palmitoylation is associated with increased myofilament affinity, reduced myofilament Ca2+ sensitivity and is increased in ischaemic heart failure. BioRxiv. 2022.06.21.496992. doi:10.1101/2022.06.21.496992
 McMurray J., Packer M., Desai A., Gong J., Lefkowitz M. Rizkala A., et al. (2014). Angiotensin-neprilysin inhibition versus enalapril in heart failure. N. Engl. J. Med. 371 (11), 993–1004. doi:10.1056/NEJMOA1409077
 Miles M. R., Seo J., Jiang M., Wilson Z. T., Little J. Hao J., et al. (2021). Global identification of S-palmitoylated proteins and detection of palmitoylating (DHHC) enzymes in heart. J. Mol. Cell. Cardiol. 155, 1–9. doi:10.1016/J.YJMCC.2021.02.007
 Nisbet A. M., Camelliti P., Walker N. L., Burton F. L., Cobbe S. M. Kohl P., et al. (2016). Prolongation of atrio-ventricular node conduction in a rabbit model of ischaemic cardiomyopathy: Role of fibrosis and connexin remodelling. J. Mol. Cell. Cardiol. 94, 54–64. doi:10.1016/J.YJMCC.2016.03.011
 Pastore A., Piemonte F. (2013). Protein glutathionylation in cardiovascular diseases. Int. J. Mol. Sci. 14 (10), 20845–20876. doi:10.3390/IJMS141020845
 Plain F., Howie J., Kennedy J., Brown E., Shattock M. J. Fraser N. J., et al. (2020). Control of protein palmitoylation by regulating substrate recruitment to a zDHHC-protein acyltransferase. Commun. Biol. 3 (1), 411. doi:10.1038/s42003-020-01145-3
 Quinn F. R., Currie S., Duncan A. M., Miller S., Sayeed R. Cobbe S. M., et al. (2003). Myocardial infarction causes increased expression but decreased activity of the myocardial Na+—Ca2+ exchanger in the rabbit. J. Physiol. 553 (1), 229–242. doi:10.1113/JPHYSIOL.2003.050716
 Rame J. E., Dries D. L. (2007). Heart failure and cardiac hypertrophy. Curr. Treat. Options Cardiovasc. Med. 9 (4), 289–301. doi:10.1007/S11936-007-0024-3
 Ramila K. C., Jong C. J., Pastukh V., Ito T., Azuma J., Schaffer S. W. (2015). Role of protein phosphorylation in excitation-contraction coupling in taurine deficient hearts. Am. J. Physiol. Heart Circ. Physiol. 308 (3), H232–H239. doi:10.1152/AJPHEART.00497.2014
 Reilly L., Howie J., Wypijewski K., Ashford M. L. J., Hilgemann D. W., Fuller W. (2015). Palmitoylation of the Na/Ca exchanger cytoplasmic loop controls its inactivation and internalization during stress signaling. FASEB J. 29 (11), 4532–4543. doi:10.1096/fj.15-276493
 Rocchetti M., Sala L., Rizzetto R., Irene Staszewsky L., Alemanni M. Zambelli V., et al. (2014). Ranolazine prevents INaL enhancement and blunts myocardial remodelling in a model of pulmonary hypertension. Cardiovasc. Res. 104 (1), 37–48. doi:10.1093/CVR/CVU188
 Schianchi F., Glatz J. F. C., Gascon A. N., Nabben M., Neumann D., Luiken J. J. F. P. (2020). Putative role of protein palmitoylation in cardiac lipid-induced insulin resistance. Int. J. Mol. Sci. 21 (24), 9438. doi:10.3390/IJMS21249438
 Sequeira V., Maack C. (2018). Rebalancing protein phosphorylation in heart failure to prevent arrhythmias. Eur. J. Heart Fail. 20 (12), 1686–1689. doi:10.1002/EJHF.1315
 Shah A., Gandhi D., Srivastava S., Shah K. J., Mansukhani R. (2017). Heart failure: A class review of pharmacotherapy. P Trans. 42 (7), 464–472. 
 Shah K. S., Xu H., Matsouaka R. A., Bhatt D. L., Heidenreich P. A. Hernandez A. F., et al. (2017). Heart failure with preserved, borderline, and reduced ejection fraction: 5-Year outcomes. J. Am. Coll. Cardiol. 70 (20), 2476–2486. doi:10.1016/J.JACC.2017.08.074
 Simmonds S. J., Cuijpers I., Heymans S., Jones E. A. V. (2020). Cellular and molecular differences between HFpEF and HFrEF: A step ahead in an improved pathological understanding. Cells 9 (1), E242. doi:10.3390/CELLS9010242
 Tilemann L., Lee A., Ishikawa K., Aguero J., Rapti K. Santos-Gallego C., et al. (2013). SUMO-1 gene transfer improves cardiac function in a large-animal model of heart failure. Sci. Transl. Med. 5 (211), 211ra159. doi:10.1126/scitranslmed.3006487
 Tulloch L. B., Howie J., Wypijewski K. J., Wilson C. R., Bernard W. G. Shattock M. J., et al. (2011). The inhibitory effect of phospholemman on the sodium pump requires its palmitoylation. J. Biol. Chem. 286 (41), 36020–36031. doi:10.1074/jbc.M111.282145
 Vliegen H. W., van der Laarse A., Cornelisse C. J., Eulderink F., vAn der Laarse A. (1991). Myocardial changes in pressure overload-induced left ventricular hypertrophyA study on tissue composition, polyploidization and multinucleation. Eur. Heart J. 12 (4), 488–494. doi:10.1093/OXFORDJOURNALS.EURHEARTJ.A059928
 Woodley K. T., Collins M. O. (2021). Regulation and function of the palmitoyl-acyltransferase ZDHHC5. FEBS J. 288 (23), 6623–6634. doi:10.1111/FEBS.15709
 Woodley K. T., Collins M. O. (2019). S-acylated Golga7b stabilises DHHC5 at the plasma membrane to regulate cell adhesion. EMBO Rep. 20 (10), e47472. doi:10.15252/EMBR.201847472
 Yang W., di Vizio D., Kirchner M., Steen H., Freeman M. R. (2010). Proteome scale characterization of human S-acylated proteins in lipid raft-enriched and non-raft membranes. Mol. Cell. Proteomics 9 (1), 54–70. doi:10.1074/MCP.M800448-MCP200
Conflict of interest: RH was employed by Flagship Pioneering.
The remaining 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 Main, Boguslavskyi, Howie, Kuo, Rankin, Burton, Smith, Hajjar, Baillie, Campbell, Shattock and Fuller. 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.
		REVIEW
published: 16 November 2022
doi: 10.3389/fphys.2022.1040968


[image: image2]
Regulation of T cell function by protein S-acylation
Savannah J. West1,2, Darren Boehning3 and Askar M. Akimzhanov1,2*
1Department of Biochemistry and Molecular Biology, McGovern Medical School, University of Texas Health Science Center at Houston, Houston, TX, United States
2MD Anderson Cancer Center and University of Texas Health Science at Houston Graduate School, Houston, TX, United States
3Department of Biomedical Sciences, Cooper Medical School of Rowan University, Camden, NJ, United States
Edited by:
Rebeca M. Mejias Estevez, Sevilla University, Spain
Reviewed by:
Niall Fraser, University of Dundee, United Kingdom
Geert Van Den Bogaart, University of Groningen, Netherlands
* Correspondence: Askar M. Akimzhanov, Askar.M.Akimzhanov@uth.tmc.edu
Specialty section: This article was submitted to Lipid and Fatty Acid Research, a section of the journal Frontiers in Physiology
Received: 09 September 2022
Accepted: 02 November 2022
Published: 16 November 2022
Citation: West SJ, Boehning D and Akimzhanov AM (2022) Regulation of T cell function by protein S-acylation. Front. Physiol. 13:1040968. doi: 10.3389/fphys.2022.1040968

S-acylation, the reversible lipidation of free cysteine residues with long-chain fatty acids, is a highly dynamic post-translational protein modification that has recently emerged as an important regulator of the T cell function. The reversible nature of S-acylation sets this modification apart from other forms of protein lipidation and allows it to play a unique role in intracellular signal transduction. In recent years, a significant number of T cell proteins, including receptors, enzymes, ion channels, and adaptor proteins, were identified as S-acylated. It has been shown that S-acylation critically contributes to their function by regulating protein localization, stability and protein-protein interactions. Furthermore, it has been demonstrated that zDHHC protein acyltransferases, the family of enzymes mediating this modification, also play a prominent role in T cell activation and differentiation. In this review, we aim to highlight the diversity of proteins undergoing S-acylation in T cells, elucidate the mechanisms by which reversible lipidation can impact protein function, and introduce protein acyltransferases as a novel class of regulatory T cell proteins.
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1 INTRODUCTION
Protein S-acylation is the reversible post-translational lipidation of cysteine residues via a labile thioester bond. It was discovered in 1979 when Schmidt and Schlesinger used thin-layer and gas-liquid chromatography to identify the post-translational addition of palmitic acid to the glycoprotein of the vesicular stomatitis virus (Schmidt and Schlesinger, 1979). Since many subsequent studies used tritiated palmitic acid or other palmitic acid analogs to monitor protein S-acylation, it is also often referred to as S-palmitoylation or, simply, palmitoylation. However, palmitate is not the only long-chain fatty acid that can reversibly modify cysteine residues. It has been found that a variety of saturated (myristate and stearate), monounsaturated (oleate), and polyunsaturated (arachidonate and eicosapentanoate) fatty acids can also modify proteins via the same thioester bond (Fujimoto et al., 1993; Muszbek and Laposata, 1993; Hallak et al., 1994; DeMar and Anderson, 1997; Montigny et al., 2014). Due to the recent advances in proteomics approaches to detect protein S-acylation, the number of S-acylated proteins is rapidly growing and it has been estimated that at least 20% of the total human proteome (and more than 50% of transmembrane T cell proteins) is targeted by this modification (Morrison et al., 2015; Blanc et al., 2019).
S-acylation is a distinct form of protein lipidation since unlike other types, such as N-myristoylation or prenylation, it is reversible and the modified proteins can undergo multiple cycles of S-acylation and de-acylation (Chamberlain and Shipston, 2015). The reversible nature of the thioester bond suggests that this modification can serve as a unique signaling mechanism coordinating propagation of a signaling cascade through rapid changes in protein hydrophobicity. Indeed, we and others demonstrated the essential role of S-acylation in regulation of the critical proximal components of the T cell receptor (TCR) signaling machinery, such as Lck, Fyn, ZAP-70, LAT, and Orai1/STIM1 (further discussed below).
Although S-acylation was discovered in 1979, there have been several limitations that have hindered the progression of the field until somewhat recently, including identification of the enzymes that catalyze reactions of S-acylation and de-acylation, and the lack of efficient methods to detect protein S-acylation. It was not until 20 years after the discovery of S-acylation that the proteins facilitating this modification, protein acyltransferases, were identified in yeast. Work in Saccharomyces cerevisiae was critical for the field when it was uncovered that Erf2/Erf4 and Akr1 were responsible for the S-acylation of Ras2 and Yck2, respectively (Bartels et al., 1999; Lobo et al., 2002; Roth et al., 2002). These enzymes were found to have cysteine-rich domains along with a catalytic consensus sequence of Asp-His-His-Cys, giving them the name zDHHC enzymes. The discovery of zDHHC enzymes in yeast then led to studies finding them conserved in all eukaryotic organisms. Yeast have up to seven zDHHC family protein acyltransferases, while C. elegans and Drosophila are predicted to have twenty, mice have twenty-four, and humans express twenty-three zDHHC enzymes (Roth et al., 2002; Ohno et al., 2006; Bannan et al., 2008).
Another limitation the field faced was the lack of identified de-acylating enzymes. In 1993, almost twenty years after the discovery of S-acylation, Camp and Hofmann found that palmitoyl protein thioesterase 1 (PPT1) enzymatically removes the acyl group from S-acylated H-Ras (Camp and Hofmann, 1993). However, it was later shown that PPT1 primarily removes fatty acids from proteins being broken down in the lysosomal lumen, and was not localized to the cytosol where zDHHC-mediated S-acylation occurs (Verkruyse and Hofmann, 1996). Even though this enzyme contains a thioesterase signature, including a Ser-His-Asp catalytic sequence and an α/β hydrolase fold, it was not a candidate for protein de-acylation (Camp et al., 1994; Bellizzi et al., 2000), and the enzymes mediating de-acylation remained enigmatic. Then in 1998, it was found that acyl-protein thioesterase 1 (APT1), a member of the metabolic serine hydrolase superfamily, is a cytosolic enzyme and can de-acylate Gαs in vivo (Duncan and Gilman, 1998). APT1 was the first verified enzyme that reverses protein S-acylation. Following the finding of APT1, bioinformatics studies were done to search for other APTs. They led to the discovery of APT2 which de-acylates proteins such as growth associated protein 43 (GAP-43) and H-Ras (Tomatis et al., 2010; Lin and Conibear, 2015), and for several years, APT1/2 were the only enzymes known to reverse S-acylation. In 2015, Lin and Conibear, used a combination of elegant biochemical approaches to demonstrate that members of the ABHD17 family (also part of the metabolic serine hydrolase superfamily) can de-acylate N-Ras and PSD-95 proteins (Lin et al., 2015). This finding was independently confirmed by another group which showed that ABHD17 thioesterases control PSD-95 S-acylation and its synaptic function (Yokoi et al., 2016). These observations indicate that the family of de-acylating enzymes is likely much larger than originally thought and more work is expected to be done in identifying the enzymes responsible for protein de-acylation.
The final problem that delayed the S-acylation field was the lack of effective assays. Although S-acylation was discovered in 1979, it was not until the early 2000’s that there were safe and efficient ways to assay protein S-acylation. Prior to this, it was mostly assayed using radioactively labeled fatty acids and autoradiography to visualize fatty acid incorporation (Schlesinger et al., 1980). This involved using radiation and exposure times that could last weeks to months. Now, we have much safer and faster assays including metabolic labeling (Hannoush and Sun, 2010), PEG-shift (Burgoyne et al., 2013), acyl-biotin exchange (Drisdel and Green, 2004), and acyl-resin assisted capture (Tewari et al., 2020). Additionally, although there is no consensus sequence to fully predict protein S-acylation, there are databases containing information on S-acylated proteins, such as SwissPalm and CSS-Palm, as well as a bioinformatics study that used machine learning algorithms to identify potential S-acylation sites (Ren et al., 2008; Blanc et al., 2019; Li et al., 2021). However, since these approaches and others, have been recently reviewed in depth (Chen et al., 2021), they will not be thoroughly discussed here.
Despite the initial obstacles which delayed the advancements of the field, it has now become clear that S-acylation is a widespread post-translational modification with a broad range of important regulatory functions. Dysfunctions of zDHHC enzymes have been shown to cause a variety of human disorders, such as Huntington disease, cystic fibrosis, schizophrenia, and several types of cancer [reviewed in (De and Sadhukhan, 2018)]. Recently, it has been found that S-acylation is required for the proper function of the immune system. For example, several key signaling T cell receptor proteins were identified as S-acylated, and this modification has been found to be critical for proper protein localization, function, and propagation of T cell receptor signaling in response to antigenic stimulation (Tewari et al., 2021; Fan et al., 2020; Shayahati et al., 2021). Although a lot of progress has been made in the S-acylation field in the last decade, the full extent of S-acylation in T cells is still not fully understood or appreciated. This review aims to demonstrate a broad variety of S-acylated T cell proteins, elucidate the effects of S-acylation on protein function and TCR signaling, and introduce zDHHC/APT enzymes as novel regulators of the immune system.
2 PROXIMAL T CELL SIGNALING AND THE IMMUNOLOGICAL SYNAPSE
T cells are activated when the TCR and its co-receptor (CD4/CD8) recognize antigen peptides presented by the major histocompatibility complex (MHC) expressed on the antigen presenting cell (APC) (Brownlie and Zamoyska, 2013) (Figure 1). Upon TCR stimulation, Lck is activated and then phosphorylates the immunoreceptor tyrosine-based activation motifs (ITAMs) of the TCR-associated CD3 and ζ-chains (Ladygina et al., 2011; Brownlie and Zamoyska, 2013; Hwang et al., 2020). ITAMs then act as a docking site for ζ-chain associated protein-70 (ZAP-70) which is subsequently phosphorylated and activated by Lck. Activated ZAP-70 then phosphorylates LAT and SLP-76, which are critical scaffolding proteins necessary for the recruitment, both direct and indirect, of downstream effectors, such as phospholipase C-γ1 (PLC-γ1), and subsequent Ca2+ release from the ER stores (Smith-Garvin et al., 2009; Brownlie and Zamoyska, 2013). The proper initiation of these signaling events is required for the activation of several downstream signaling pathways, such as the NFAT, MAPK, and NF-κB pathways, which are responsible for T cell effector functions, cytokine production, cell differentiation, and cell proliferation (Ladygina et al., 2011; Brownlie and Zamoyska, 2013; Hwang et al., 2020).
[image: Figure 1]FIGURE 1 | S-acylation in the proximal TCR signaling pathway. An antigen peptide, bound to an MHC of an antigen presenting cell (APC), engages and stimulates the TCR while its co-receptor (CD4/CD8) binds to the MHC, resulting in the activation of several signaling cascades, subsequently leading to T cell activation. Upon TCR stimulation, PAG/Cbp is de-phosphorylated, and disassociates from Csk, allowing for the recruitment of Lck to the TCR. Lck is then activated, and phosphorylates the ITAMs of the TCR-associated CD3 and ζ-chains. These phosphorylated ITAMs then act as a docking site for ZAP-70, which is then phosphorylated by Lck. ZAP-70 then phosphorylates and activates the scaffolding protein LAT, which is a docking site for several proteins, including SLP-76, PLC-γ1, and GRB2. These are then able to be phosphorylated and activated, many by ZAP-70. The activation of PLC-γ1 leads to the formation of IP3 and DAG from PIP2. IP3 then binds to the IP3R on the ER membrane, leading to the depletion of the ER Ca2+ stores. This activates STIM1, which then binds to Orai1 at ER-PM junctions, forming an activated CRAC channel, and allowing for Ca2+entry into the cell (shown as red dots). This then leads to the activation of the NFAT pathway. DAG activates both the NFκB pathway and the Ras pathway. These pathways result in the activation of transcription factors, ultimately leading to gene expression and T cell activation. Proteins in red are reported to be S-acylated. APC- antigen presenting cell; TCR- T cell receptor; MHC- major histocompatibility complex; ITAMs-immunoreceptor tyrosine-based activation motifs. Created with BioRender.com.
These important signaling cascades are initiated at the immunological synapse (IS)—the interface between the APC and the T cell, which is highly regulated, both spatially and temporally (Bijlmakers, 2009; Dustin and Groves, 2012). Upon TCR stimulation, membrane proteins begin to reorganize into microdomains at the IS (Davis and Van Der Merwe, 2006; Ladygina et al., 2011; Dustin and Groves, 2012). These microdomains move dynamically and form concentric rings of proteins around the TCR, and the key signaling proteins are concentrated at the IS to promote T cell activation (Delon et al., 2001; Freiberg et al., 2002). A growing number of studies recognize the importance of the IS microdomains in spatial organization of pre-activated TCR signaling proteins and amplification of the specific antigenic stimuli (Burroughs et al., 2006; Seminario and Bunnell, 2008; Dustin and Depoil, 2011; Dustin and Groves, 2012; Klammt and Lillemeier, 2012). However, the mechanisms underlying antigen-induced changes in lateral movement and selective compartmentalization of the TCR signaling proteins at the IS are still not well understood.
Since lipidation is known to promote protein partitioning into the specialized liquid-ordered PM subdomains (Lucero and Robbins, 2004; Jury et al., 2007), changes in S-acylation could provide a molecular basis for protein re-organization and formation of signaling clusters at the IS upon TCR stimulation. Indeed, recent work has shown that TCR engagement leads to the S-acylation of several key T cell signaling proteins, such as ZAP-70, Lck, Orai1, and LAT, without which, these proteins do not contribute to T cell effector function (Hundt et al., 2006; Akimzhanov and Boehning, 2015; Tewari et al., 2021; Fan et al., 2020; West et al., 2022). Thus, antigen-induced protein S-acylation can be potentially explored as a novel signal transduction mechanism supporting propagation of the TCR signaling cascade at the plasma membrane.
3 S-ACYLATED T CELL PROTEINS
3.1 Receptors
3.1.1 CD4/CD8
Both CD4 and CD8 are PM-localized glycoproteins that act as TCR co-receptors by binding, respectively, to class II and class I MHC ligands, and enhancing TCR activation. In 1992, Crise and Rose discovered that CD4 is S-acylated at two cysteine residues located near the junction of the transmembrane and cytoplasmic domains (Crise and Rose, 1992; Fragoso et al., 2003). They also found that the remaining three cytoplasmic cysteines are not S-acylated. However, the effect of CD4 S-acylation on its trafficking to membrane subdomains and further signaling remains controversial. Some groups state that CD4 S-acylation is required for CD4 recruitment into plasma membrane subdomains and may help to activate tyrosine phosphorylation, however, it is not sufficient to induce TCR/protein kinase C clustering and further CD4 signaling (Fragoso et al., 2003; Balamuth et al., 2004). Other groups report that S-acylation does not affect CD4 trafficking to subdomains (Del Real et al., 2002; Popik and Alce, 2004). Unfortunately, there have not been any further studies done on the effects of CD4 S-acylation on membrane subdomain recruitment and subsequent T cell effector function. More detailed studies utilizing super resolution microscopy to investigate the effects of CD4 S-acylation on its co-localization with the TCR at PM subdomains should be done. Additionally, the impact of CD4 S-acylation on T cell activation and effector function should be determined using the acylation-deficient version of the CD4 receptor.
Similar to CD4, CD8 is also S-acylated (Arcaro et al., 2000; Arcaro et al., 2001). It has been reported that the ß chain of CD8 is S-acylated on its cytoplasmic tail, however, a specific purpose for this S-acylation is not yet clear. One study reported that murine CD8β S-acylation supports its trafficking to PM subdomains and enhances downstream TCR signaling (Arcaro et al., 2000). However, another study found that S-acylation of human CD8β does not regulate PM subdomain targeting, but rather promotes more efficient CD8/Lck interaction and activation of Lck, and more constitutive association of CD8 with the TCR-CD3 complex (Dick et al., 2007). It has also been found that another CD8 chain, CD8α, is not S-acylated and does not partition into the PM subdomains, leading to CD8αα homodimers having reduced associations with Lck, and therefore, diminished TCR signaling, as compared to CD8αβ heterodimers (Gangadharan and Cheroutre, 2004; Dick et al., 2007). Thus, these observations indicate that S-acylation of CD8 could be used as a regulatory mechanism fine-tuning the TCR activation threshold through protein-protein interactions.
3.1.2 Fas receptor
Fas receptor (FasR), also referred to as CD95, is a key transmembrane receptor for facilitating apoptosis and activation induced cell death in T cells (Zhang et al., 2001; Arakaki et al., 2014). When Fas ligand (FasL) binds to FasR, FasR oligomerizes and interacts with several other proteins, forming the death-inducing signaling complex (DISC). The DISC is then internalized, leading to the activation of effector caspases and subsequent downstream apoptotic signaling (Kaufmann et al., 2012). It has been shown that in order to induce apoptotic signaling, FasR must aggregate in PM subdomains (Kischkel et al., 1995). Chakrabandhu et al. (2007) and Feig et al. (2007) demonstrated that FasR S-acylation at Cys199 is required for its PM aggregation, and, therefore, is required for optimal apoptosis initiation. The loss of FasR S-acylation resulted in inhibited FasR internalization and suppressed activation of the downstream caspase cascade (Chakrabandhu et al., 2007; Feig et al., 2007). It has also been shown that FasL is S-acylated, as shown in a B cell lymphoma cell line (Guardiola-Serrano et al., 2010). S-acylation of FasL also enhances recruitment to PM subdomains where it can more efficiently interact with the FasR on another cell. Additionally, cells expressing acylation-deficient FasL had significantly lower levels of soluble FasL (Guardiola-Serrano et al., 2010). Overall, S-acylation of both FasR and its ligand leads to enhanced Fas-mediated apoptosis, while a loss of S-acylation in either protein impairs apoptosis (Guardiola-Serrano et al., 2010). FasR and FasL are important examples demonstrating a critical role of S-acylation in regulation of the receptor function, and its significant physiological outcomes.
3.2 Kinases
3.2.1 Lck
Lymphocyte-specific protein tyrosine kinase (Lck) is a member of the Src family of non-receptor tyrosine kinases that plays a critical role in early stages of T cell activation. Upon antigen stimulation, Lck is localized to the TCR-CD3 complex where it phosphorylates the ITAMs and, subsequently, activates recruited ZAP-70 to promote the signaling cascade (Lo et al., 2018). The kinase activity of Lck is largely controlled by phosphorylation and dephosphorylation of the tyrosine residue within the catalytic domain, and a significant fraction of Lck is constitutively activated even in quiescent T cells (Boggon and Eck, 2004; Nika et al., 2010). Interestingly, the amount of activated Lck did not change upon TCR engagement (Nika et al., 2010), indicating that dynamic regulation of Lck activity during TCR signaling is not achieved solely through its phosphorylation, but rather supported by a different mechanism.
In 1993, it was found that Lck is N-myristoylated at Gly2 and dually S-acylated at Cys3 and Cys5 (Paige et al., 1993). Although the individual impact of these cysteines is debated, it has been suggested that S-acylation of Lck, but not N-myristoylation, is required for its recruitment to the plasma membrane and propagation of TCR signaling (Yurchak and Sefton, 1995; Kabouridis et al., 1997). Using subcellular fractionation and confocal microscopy, Kabouridis, et al. (1997) demonstrated that without dual S-acylation Lck does not fully localize to the PM. Another group used total internal reflection fluorescence microscopy (TIRFM) to find that acylation-deficient Lck mutants were not detectable at the PM of Jurkat cells (Zimmermann et al., 2010). However, we have shown, using confocal microscopy, that S-acylation-deficient Lck does still localize to the Jurkat cell PM (Akimzhanov and Boehning, 2015). Despite these contrasting localization results, all of these groups concluded that Lck S-acylation is required for its proper function. Despite acylation-deficient mutants of Lck being still catalytically active (indicated by an in vitro assay), they failed to promote a calcium response upon TCR stimulation resulting in loss of NFAT activation, and lack of IL-2 cytokine production and CD69 surface expression, important markers of T cell activation (Kabouridis et al., 1997). Importantly, S-acylation of Lck is agonist-dependent; stimulation of either T cell or Fas receptors triggers extremely rapid (within minutes) and transient increase in S-acylation of Lck (Akimzhanov and Boehning, 2015; Fan et al., 2020; Bieerkehazhi et al., 2022). These findings suggest that activity of Lck in stimulated T cells could be regulated by S-acylation which serves as a molecular basis for dynamic spatial reorganization of pre-activated Lck molecules. Furthermore, this model implies that two classes of enzymes, zDHHC PATs and protein thioesterases, could be recognized as an essential part of the proximal TCR signaling machinery.
3.2.2 Fyn
Fyn, another member of the Src kinase family, is also involved in the early stages of T cell activation and has many of the same phosphorylation targets as Lck. Similar to Lck, Fyn is both N-myristoylated and dually S-acylated. It was found that, like Lck, N-myristoylation of the N-terminal glycine residue is a prerequisite for S-acylation at Cys3 and Cys6 (Alland et al., 1994). It is likely that N-myristoylation of Fyn increases accessibility to a Fyn-specific protein acyltransferase, allowing for the addition of two acyl chains to the protein. Although Fyn can be S-acylated at two cysteine residues, it has been shown that the majority of Fyn protein is singly S-acylated at Cys3, and lipidation of this residue is sufficient for protein localization to the PM and further partitioning into the specialized PM subdomains, such as the IS (Van ’t Hof and Resh, 1997; Honda et al., 2000; Liang et al., 2001). Similar to Lck, the lack of PM-associated Fyn also results in decreased calcium fluxes and cell proliferation upon TCR activation, but is much less severe than that of S-acylation deficient Lck, probably due to a significant degree of redundancy between the two kinases (Ladygina et al., 2011). An important distinction of Fyn and Lck regulation is the requirement of N-myristoylation prior to S-acylation, illustrating a possible interplay between S-acylation and other types of protein lipidation.
3.2.3 ZAP-70
ZAP-70 is a key signaling protein of the proximal TCR pathway. Upon TCR activation, it is recruited from the cytoplasm to ITAMs where it is phosphorylated by Lck. Activated ZAP-70 is then released from ITAMs and proceeds to target its effectors, primarily membrane-bound scaffolding proteins LAT and SLP-76 (Courtney et al., 2018). Recently, our group demonstrated TCR-dependent S-acylation of ZAP-70 at a single cysteine residue, Cys564, localized within the C-terminal part of the protein (Tewari et al., 2021). Interestingly, a homozygous mutation of this lipidation site (c.1690T>C; p. C564R) was reported to be associated with severe combined immunodeficiency in a human patient (Ren et al., 2008), indicating that impaired S-acylation of T cell proteins could be implicated in a pathogenesis of immune system disorders.
Similar to Lck, the acylation-deficient mutant of ZAP-70 was still catalytically active, however, it failed to phosphorylate its substrates resulting in disrupted TCR signaling thus preventing T cell activation (Tewari et al., 2021). Interestingly, biochemical and imaging approaches showed that loss of S-acylation did not disrupt ZAP-70 recruitment to the PM and subsequent activation by Lck (Tewari et al., 2020b). Although the reason why the acylation-deficient ZAP-70 was still unable to phosphorylate its downstream targets is not entirely clear, these observations indicate that TCR-induced S-acylation can mediate translocation of the activated ZAP-70 into spatially segregated PM subdomains containing its downstream effectors. In this scenario, PM recruitment and activation of ZAP-70 is a prerequisite for a zDHHC-mediated S-acylation that drives its subsequent migration into the LAT and SLP-76-containing lateral compartments.
3.3 Adaptor proteins
3.3.1 LAT
After phosphorylation by ZAP-70, linker for activation of T cells, LAT, acts as a docking site for several T cell signaling proteins, such as SLP-76 and phospholipase Cγ-1 (PLC-γ1). The binding of these proteins to LAT is required for their proper activation and subsequent signaling. LAT is a transmembrane protein and requires S-acylation at Cys26 and Cys29 for its localization to the PM and its interaction with the TCR (Zhang et al., 1998; Tanimura et al., 2006). Upon isolation of the IS, it was found that the TCR and S-acylated LAT form a scaffold for TCR signal transduction proteins, while acylation-deficient LAT was unable to co-localize with the TCR (Harder and Kuhn, 2000), due to its retention to the Golgi (Tanimura et al., 2006). Additionally, S-acylation of LAT and subsequent partitioning into PM subdomains is essential for efficient LAT activation, as S-acylation deficient LAT mutants were substantially less phosphorylated compared to WT LAT upon TCR stimulation in Jurkat cells (Zhang et al., 1998; Tanimura et al., 2006). S-acylation was also shown to support stability of LAT protein, as acylation-deficient LAT is more susceptible to premature degradation than WT LAT, suggesting that LAT S-acylation contributes to protein stability (Tanimura et al., 2006). Importantly, it has also been shown that impairment of LAT S-acylation in murine CD4+ T cells was linked to a state of functional unresponsiveness known as T cell anergy, further supporting that S-acylation of T cell proteins has important physiological implications (Hundt et al., 2006).
3.3.2 PAG/cbp
Phosphoprotein associated with GEMs (glycosphingolipid-enriched microdomains) (PAG)/Csk-binding protein (Cbp) is another S-acylated T cell adaptor protein (Posevitz-Fejfár et al., 2008). In resting T cells, Fyn-phosphorylated PAG/Cbp recruits Csk to the PM (Yasuda et al., 2002). When bound to PAG/Cbp, Csk inhibits Src family kinases, Lck and Fyn through phosphorylation of carboxyl terminal tyrosine residues. Upon TCR stimulation, PAG/Cbp becomes dephosphorylated and dissociates from Csk. Lck and Fyn are then dephosphorylated by the protein tyrosine phosphatase CD45 and are able to be activated through phosphorylation of tyrosine residues within their respective kinase domains (Brdicka et al., 2000; Davidson et al., 2016). As a negative regulator of Lck and Fyn, PAG/Cbp plays an important role in preventing aberrant T cell activation (Hořejší, 2004).
Using radiolabeled palmitate, it was found that PAG/Cbp is S-acylated (Brdicka et al., 2000). This protein has a CxxC motif next to its transmembrane domain, making those two cysteines the most likely sites for S-acylation, however, the S-acylation site has not yet been confirmed using acylation assays. Mutating the CxxC to AxxA resulted in a presumably acylation-deficient PAG/Cbp which was used to investigate the effects of lipidation on PAG/Cbp function (Posevitz-Fejfár et al., 2008). Under normal circumstances, PAG/Cbp localizes to GEMs. While PAG/Cbp (AxxA) maintains localization to the PM, it does not localize to the GEMs. However, it is still phosphorylated by Fyn and recruits Csk to non-GEM fractions, further confirming that PAG/Cbp-Csk binding is a phosphorylation-dependent event (Kischkel et al., 1995). Although PAG/Cbp (AxxA) still binds to Csk, this mutation does affect the protein function. It was found that the AxxA mutant results in increased Lck and ZAP-70 phosphorylation, however it is not yet known if this is due to PAG/Cbp being constitutively active when localized to non-GEM domains. Lastly, Jurkat T cells over-expressing PAG/Cbp (AxxA) experienced enhanced migration in response to stromal cell-derived factor 1 (SDF-1), which is reported to preferentially signal from within GEMs (Nguyen and Taub, 2002; Posevitz-Fejfár et al., 2008). These data highlight the importance of PAG/Cbp and Csk recruitment to GEMs, and suggest that S-acylation plays an important role in this protein recruitment and further downstream signaling.
3.4 Ion channels
3.4.1 IP3R
The inositol 1,4,5-trisphosphate receptor (IP3R) is an ER-localized Ca2+ channel playing a critical role in the initiation of the TCR pathway. Engagement of the TCR leads to PLC-γ1 activation and production of IP3 which binds and activates the IP3R channel. IP3R-mediated depletion of the ER Ca2+ stores triggers store-operated Ca2+ entry (SOCE) and, consequently, orchestrates a variety of downstream signaling events in T cells (Hirota et al., 1998; Trebak and Kinet, 2019). Mass spectrophotometry of the IP3R protein revealed S-acylation of two cysteines (Cys56, 849) and bioinformatic analysis predicted S-acylation of a third residue (Cys2214). Decreased S-acylation of the IP3R resulted in reduced Ca2+ influx, likely due to premature lysosomal degradation and decreased protein expression, but did not affect localization to the ER (Fredericks et al., 2014). This same study found that IP3R is S-acylated by zDHHC6 which forms a complex with selenoprotein K (SelK), further discussed below. Interestingly, prior to this discovery, this same group found that SelK KO mice have reduced T cell calcium fluxes in response to αCD3 and chemokine stimulation, as well as reduced T cell proliferation and migration, presumably due to the lack of IP3R S-acylation (Verma et al., 2011). These data taken together suggest that S-acylation regulates the function of IP3R through stabilizing protein expression.
3.4.2 Orai1/STIM1
SOCE is a central component of intracellular signaling pathways, including TCR responses in T cells. It is triggered upon receptor engagement and consequent depletion of ER Ca2+ stores thorough the IP3R Ca2+ channel. In T cells, SOCE is mediated by the Ca2+ release-activated calcium (CRAC) channels formed primarily by STIM1 and Orai1 proteins (Feske et al., 2006; Soboloff et al., 2006; Vig et al., 2006; Zhang et al., 2006). STIM1 serves as a Ca2+ sensor that detects depletion of the ER stores via EF hands on the luminal portion of the protein. Upon store depletion, STIM1 undergoes a conformational change which allows its SOAR/CAD activation domain to bind Orai1 and gate the channel to allow Ca2+ entry (Kim and Muallem, 2011). Both Orai1 and STIM1 are critical for T cell immunity as evident from loss of function mutations of Orai1 or STIM1 which eliminate SOCE and result in impaired cytokine production, abrogated T cell activation, and severe combined immunodeficiency in patients (Feske et al., 2006; Gwack et al., 2008; Oh-Hora et al., 2008; Picard et al., 2009).
The critical step in activation of the CRAC channel is STIM1 translocation into large clusters (“puncta”) at ER-plasma membrane junctions where it interacts with Orai1 subunits (Liou et al., 2005; Stathopulos et al., 2006; Pani et al., 2008; Stathopulos et al., 2008; Shaw et al., 2013; Yazbeck et al., 2017). In particular, the enhanced localized Ca2+ influx was observed at the T cell/APC contact area, indicating that in T cells Orai1/STIM1-mediated SOCE preferentially occurs within the IS (Barr et al., 2008; Lioudyno et al., 2008; Cahalan and Chandy, 2009). Using acyl-biotin exchange (ABE)-based screening, we found that both major components of the T cell CRAC channel, Orai1 and STIM1, are S-acylated proteins (West et al., 2022). We found that TCR stimulation results in rapid increase in Orai1 S-acylation at Cys143, and that modification of this residue is critical for Orai1 co-localization with STIM1, puncta formation, and SOCE (West et al., 2022). Our findings were independently confirmed by another group which showed that lack of Orai1 S-acylation also decreased NFATC1 translocation to the nucleus and led to diminished IL-2 production in Jurkat T cells (Carreras-Sureda et al., 2021). Similarly, we found that STIM1 undergoes TCR-dependent S-acylation (Kodakandla et al., 2022). Disruption of the STIM1 S-acylation site (Cys437) did not affect its ER localization, but was critical for the assembly of STIM1 into puncta with Orai1 and proper CRAC channel formation. Altogether, these data demonstrate that dynamic stimulus-dependent S-acylation of CRAC channel components is a critical regulator of Ca2+ signaling in T cells, and, consequently, can have significant implications for T cell function.
3.5 Other proteins
3.5.1 Ras
Ras proteins are ubiquitously expressed small GTPases critically regulating a variety of T cell processes including T cell development, differentiation, and function (Ladygina et al., 2011; Lapinski and King, 2012). Upon TCR stimulation, Ras proteins are activated by GTP exchange and promote downstream signaling cascades leading to T cell activation and proliferation (Downward et al., 1990; Ebinu et al., 2000; Genot and Cantrell, 2000; Lapinski and King, 2012). Although three Ras isoforms, H-Ras, K-Ras and N-Ras, are closely related and share conserved effector binding domains, their hypervariable C-terminal regions are subjected to different lipid modifications. All isoforms are irreversibly modified with a 15-carbon farnesyl moiety, however, only H-Ras, N-Ras and a K-Ras4B splice variant of K-Ras are S-acylated (Eisenberg et al., 2013). While farnesylation itself is not sufficient for a stable membrane association, additional single (N-Ras and K-Ras4B) or dual (H-Ras) S-acylation promotes Ras recruitment from endomembranes such as the Golgi and ER through vesicular transport, and PM association of non-acylated K-Ras4B is supported by an electrostatic interaction of its polybasic motif (Hancock et al., 1990; Rubio et al., 2010). The ability of Ras to undergo dynamic cycles of S-acylation and de-acylation plays the essential role in regulation of Ras signaling function. S-acylation increases Ras recruitment the PM, and de-acylation promotes rapid retrograde trafficking back to the Golgi, thus preventing Ras over-activation (Rocks et al., 2003). Acylation-deficient N/H-Ras mutants are retained in endomembranes and are not activated upon TCR stimulation (Rubio et al., 2010). Interestingly, non-acylated K-Ras4B is targeted to into cholesterol-independent PM subdomains that do not overlap with H-Ras partitions (Niv et al., 2002; Prior et al., 2003), further supporting the observation that S-acylation can serve as a molecular basis for selective signaling at the PM.
3.5.2 STAT3
Signal transducer and activator of transcription 3 (STAT3) is another prime example of a protein who’s function is regulated by the S-acylation/de-acylation cycle. This transcription factor is recruited to the PM upon activation of cytokine receptors where it is phosphorylated by JAK2, a member of the Janus activating kinases family. Activated STAT3 is then translocated to the nucleus where it induces transcription of its target genes, including RORC and IL17A which drive differentiation of the T helper 17 (Th17) cells (Capone and Volpe, 2020). Recently, Zhang, et al. (2020) found that STAT3 is S-acylated at Cys108. They determined that the S-acylation of STAT3 is required for the PM recruitment and activation by JAK2, however, phosphorylated STAT3 needs to be de-acylated to be translocated to the nucleus. Even though STAT3 was still able to form homodimers and was present in the nucleus, disruption of the S-acylation/de-acylation cycle of STAT3 in mouse splenocytes prevented its PM recruitment, resulting in inhibited Th17 differentiation (Zhang et al., 2020). This study reveals a unique mechanism controlling STAT3 signal transduction and indicates that S-acylation can potentially serve as a molecular switch between the classical transcriptional function of STAT3 and its non-canonical role in the cytoplasm. Since aberrant function of STAT3 is associated with a variety of human disorders, such as inflammatory diseases and cancer, this study further highlights the therapeutic potential of targeting S-acylation.
3.5.3 VAMP7
VAMP7 belongs to a ubiquitously expressed family of SNARE proteins known as mediators of the vesicular fusion. In T cells, SNAREs have been shown to be involved in TCR recycling to the IS, and it has been found that VAMP7 is particularly important for T cell activation as it is required for LAT recruitment to TCR activation sites, LAT phosphorylation, and downstream T cell signaling (Larghi et al., 2013). It has been shown that S-acylation of VAMP7 at Cys183 is required for its localization to the Golgi under resting conditions. Acylation-deficient VAMP7 instead localizes to the cytosol, presumably in vesicles, and is not properly recruited to the IS upon TCR activation (Morrison et al., 2020). Although the effects of VAMP7 mislocalization on activation of LAT were not assessed in the study, it is likely that loss of VAMP7 S-acylation has significant consequences for downstream TCR signaling.
4 ZDHHC ENZYMES IN T CELLS
The zDHHC family of protein acyltransferases are typically four-pass transmembrane proteins with the zDHHC (Asp-His-His-Cys) catalytic sequence and the C-terminal tail located within the cytosol. The majority of zDHHC acyltransferases were shown to be localized to the Golgi and endoplasmic reticulum (ER) membranes; others were identified as PM- and ER-localized enzymes (Gorleku et al., 2011; Abrami et al., 2017). However, localization of zDHHC enzymes was in many cases examined using proteins overexpressed in HEK293 and HeLa cell lines, therefore, further studies should be done to verify localization of endogenously expressed proteins (Ohno et al., 2006).
A 2012 study revealed the “ping-pong” enzymatic mechanism of the S-acylation reaction indicating that zDHHC enzymes employ a two-step mechanism to modify their protein substrates (Jennings and Linder, 2012). During the first step, an acyl group from acyl-CoA is first transferred to the cysteine residue within the catalytic core of the zDHHC enzyme, forming an acyl-enzyme intermediate. This is then followed by the transfer of the acyl group to a cysteine on the target protein (Figure 2) (Jennings and Linder, 2012). Consistent with the diversity of acyl chains added to substrate proteins, zDHHCs also show some level of acyl chain specificity, likely determined at the acyl-enzyme intermediate step. The first evidence of lipid substrate specificity among these enzymes was reported by Jennings and Linder (Jennings and Linder, 2012), who observed a difference in acyl-CoA preferences between zDHHC3 and zDHHC2 in a competition assay. They found that zDHHC2 is capable of transferring palmitate (C16:0) and longer fatty acids (C18:0, C20:0, C20:4) to a substrate peptide with comparable efficiency, while zDHHC3 showed strong preference for C14 and C16 fatty acids. A more recent study used chemically synthesized azide and alkyne fatty acid probes to compare the lipid substrate specificity of zDHHC3 and zDHHC7 (Greaves et al., 2017). Although these enzymes share close similarity in the primary sequence, the study showed that zDHHC7 has a greater ability to incorporate C18:0 chains compared with zDHHC3. Importantly, the preference for shorter fatty acids was linked to a single amino acid, Ile182, localized in the transmembrane domain 3 of zDHHC3 (Greaves et al., 2017). This indicates that the selectivity of zDHHCs is not decided by availability of the Acyl-CoA substrate, but likely defined at the structural level. This observation is supported by the recent insights into the structure and mechanisms of two closely related enzymes, zDHHC15 and zDHHC20, which revealed that the fatty acyl chain fits into a cavity composed of the four transmembrane helices (Rana et al., 2018a). The residues lining this cavity define its chemical properties and, consequently, the ability to accommodate fatty acyl chains of different length. The sequence analysis of the zDHHC members indicates that the cavity lining residues vary between different zDHHC enzymes indicating that the fatty acyl chain selectivity of zDHHC enzymes is likely determined at the structural level, rather than availability of Acyl-CoA species (Rana et al., 2018b). Although the biological significance of differential fatty S-acylation is still not fully understood, it is possible that attachment of different fatty acid species can selectively drive proteins into PM domains with various degrees of membrane order. It has been shown that when cells are incubated with polyunsaturated fatty acids (PUFAs), Fyn is S-acylated with those PUFAs, resulting in decreased localization to PM subdomains and decreased MAP kinase activation (Liang et al., 2001). It is not known if this happens in a more physiologically relevant context, but does illustrate the ability of zDHHC enzymes to S-acylate proteins with fatty acids other than the often-studied palmitic acid. Thus, zDHHC protein acyltransferases could serve as enzymes controlling the threshold of T cell activation by targeting signaling proteins in and out of TCR microdomains.
[image: Figure 2]FIGURE 2 | The two-step “ping pong” mechanism of zDHHC-mediated protein S-acylation: 1) The acyl group from an acyl-CoA molecule is transferred to the catalytic cysteine residue of the ZDHHC enzyme within the cytosolic loop between transmembrane domains two and three, forming an acyl-enzyme intermediate. 2) The acyl group is subsequently transferred to a free cysteine residue of a target protein, resulting in an S-acylated protein. Created with BioRender.com.
The following section describes PATs that have known roles in T cell signaling. While this is not a full list of zDHHCs expressed in T cells, it does describe zDHHC enzymes known to S-acylate key T cell proteins.
4.1 DHHC6
zDHHC6, permanently localized to the ER membrane, is implicated in T cell signaling due to its ability to S-acylate and stabilize the IP3R (Fredericks et al., 2014). In Jurkat T cells, shRNA-induced knockdown of zDHHC6 reduced S-acylation and protein expression of the IP3R leading to decreased Ca2+ flux upon TCR stimulation (Fredericks et al., 2014). It was also found that in order to facilitate S-acylation of the IP3R, zDHHC6 forms a complex with an ER-localized selenium-containing selenoprotein K (SelK), a protein previously reported to be involved in regulation of SOCE (Fredericks and Hoffmann, 2015; Fredericks et al., 2018). Similarly, SelK promotes S-acylation of CD36, the fatty acid transporter, also known to play important roles in T cell biology (Zamora et al., 2013; Wang et al., 2020; Xu et al., 2021). S-acylation of CD36 was shown to be mediated by zDHHC5, however, it is unclear whether SelK forms a complex with zDHHC5 as well. In addition to SelK, the enzymatic function of zDHHC6 can be regulated through the S-acylation of its SH3 domain by another protein acyltransferase, zDHHC16, suggesting the existence of S-acylation cascades (Fredericks et al., 2014; Abrami et al., 2017). Interestingly, S-acylation of zDHHC6 can occur at three different sites leading to potentially eight different zDHHC6 species defined by acyl site occupancy (Abrami et al., 2017), indicating that localization, stability and function of zDHHC6 can be fine-tuned through the actions of upstream protein acyltransferases and thioesterases.
4.2 zDHHC7
zDHHC7 mediates S-acylation of two proteins playing prominent roles in regulation of the T cell function: the FasR and STAT3. zDHHC7 knockdown reduced both total expression of the FasR and its PM localization preventing proper activation of Fas-induced cell death (Rossin et al., 2015). At the molecular level, zDHHC7-mediated S-acylation supports optimal cell surface expression of FasR by protecting it from premature lysosomal degradation, thus maintaining cellular sensitivity to apoptotic signals (Chakrabandhu et al., 2007; Rossin et al., 2015).
zDHHC7 is also responsible for the S-acylation of STAT3 as evidenced by a lack of STAT3 S-acylation in zDHHC7 knockout cells (Zhang et al., 2020). Furthermore, re-expression of zDHHC7 in the knockout cells resulted in a significant increase in STAT3 S-acylation that was not present when the knockout cells expressed a catalytically inactive form of zDHHC7. Since increased STAT3 activation and Th17 cell population are markers of inflammatory bowel disease (IBD) (Britton et al., 2019), the expression of Zdhhc7 and STAT3 target genes were studied in patients with IBD. It was found that, compared to healthy individuals, patients with IBD have increased Zdhhc7 mRNA, pointing to a correlation between dysregulated STAT3 S-acylation and IBD (Zhang et al., 2020). To further investigate this, the authors used Zdhhc7 knockout mice in an intestinal colitis model, and found that these mice had reduced Th17 cell differentiation and were somewhat protected from colitis. This study highlights the importance of zDHHC enzymes as potential therapeutic targets for IBD and other inflammatory diseases (Zhang et al., 2020).
4.3 zDHHC21
Our group has found that PM-localized zDHHC21 is a critical signaling protein in both human and murine T cells. In Jurkat T cells, zDHHC21 knockdown resulted in the inhibition of Fas-mediated phosphorylation of Lck, ZAP-70, and LAT, as well as the inhibition of calcium release through the IP3R after FasL stimulation (Akimzhanov and Boehning, 2015). Stimulation of EL-4 murine T cells with cross-linked αCD3/CD28 led to an increased association of zDHHC21 with both Lck and Fyn, while zDHHC21 knockdown led to decreased Lck and Fyn S-acylation, suggesting that zDHHC21 interacts with and either directly or indirectly S-acylates Lck and Fyn (Fan et al., 2020). However, it should be noted that another group suggests that zDHHC2 is responsible for Lck S-acylation (Zeidman et al., 2011). Given that zDHHC enzymes often demonstrate a significant degree of promiscuity (Huang et al., 2009; Greaves and Chamberlain, 2011), it is possible that both zDHHC2 and zDHHC21 could play a role in Lck S-acylation. Furthermore, zDHHC21 knockdown in primary naive murine CD4+ T cells resulted in decreased effector cytokine production, as well as cellular activation and differentiation (Fan et al., 2020). These results indicate a requirement of zDHHC21 for proper activation of TCR signaling proteins and T cell effector function.
The depilated mouse strain (Zdhhc21(dep/dep); dep mice) further demonstrates the importance of zDHHC21 (Mayer et al., 1093). Dep mice have a spontaneous recessive three base pair deletion in the Zdhhc21 gene resulting in an in-frame deletion of Phe233 of zDHHC21. This mutation results in decreased enzymatic activity without significantly affecting expression levels of the enzyme (Mayer et al., 1093; Mill et al., 2009). The depilated mutation results in a loss of Fyn S-acylation, and therefore, mislocalization. Since Fyn is a key signaling protein in keratinocyte development, this affects the epidermis and causes disoriented, fragmented, and misshapen hair follicles and shafts, resulting in the gross phenotype of thin, short, matted, and greasy hair, giving the mouse strain the name, depilated (Mayer et al., 1093). Since zDHHC21 is expressed in several different cell types, the dep phenotype goes beyond just the epidermis. Dep mice also experience endothelial dysfunction and decreased endothelial inflammation after injury, indicating the functional effects of this zDHHC21 mutation (Beard et al., 2016).
Recently, we found that the dep phenotype extends to T cells as well (Bieerkehazhi et al., 2022). The deletion of F233 in zDHHC21 causes the loss of a canonical Ca2+/calmodulin binding motif, which disrupts calmodulin binding to the C-terminal tail of zDHHC21 in dep CD4+ T cells. This suggests that the dysfunctional nature of ΔF233 zDHHC21 is likely due to the inability of the mutated enzyme to respond to stimulation-induced Ca2+ release, suggesting that it is regulated by changes in cytosolic Ca2+ concentration and subsequent calmodulin binding. When testing to determine if ΔF233 zDHHC21 affects S-acylation of zDHHC21 substrates, we found that under resting conditions there were no differences in S-acylation of signaling proteins between CD4+ T cells from WT and dep mice. However, when the cells were co-stimulated with αCD3/CD28, WT cells showed an increase in Lck, PLC-γ1, and Erk1/2 S-acylation, while dep CD4+ T cells showed no changes in S-acylation. This indicates that zDHHC21 is required for TCR stimulation-induced S-acylation, but not basal S-acylation. Additionally, it was found that dep CD4+ T cells had reduced phosphorylation of Lck, ZAP-70, LAT, Erk1/2, PLC-γ1, Jnk, and p38 upon TCR stimulation. Consistent with decreased PLC-γ1 phosphorylation, dep T cells also had reduced calcium release from the ER stores upon stimulation with anti-CD3. Lastly, we found that ΔF233 zDHHC21 does not affect T cell development, but it does disrupt T cell activation and differentiation into Th subtypes, as evidenced by decreased cytokine production and expression of transcription factors specific to Th1, Th2, and Th17 lineages (Bieerkehazhi et al., 2022). These data together, suggest that zDHHC21-mediated S-acylation may be one of the earliest signaling events after TCR stimulation, and demonstrate that zDHHC21-mediated S-acylation is a key part of the early TCR signal transduction cascade. Due to the changes in stimulation-induced S-acylation but not basal S-acylation observed in dep mice, ΔF233 zDHHC21 provides an opportunity to test the effects of transient agonist-induced S-acylation on cell signaling, which is not possible in conventional knockdown and knockout models.
5 CONCLUSION
Despite the early discovery of protein S-acylation in 1979 (Schmidt and Schlesinger, 1979), its role in the immune system remained largely unexplored. Recent development of robust biochemical techniques to detect protein S-acylation, frequently coupled with advanced proteomics approaches, resulted in a rapidly growing number of newly discovered S-acylated proteins. Among them, there is a broad variety of proteins with pivotal roles in T cell signaling, including receptors (CD4, CD8, FasR), enzymes (Lck, ZAP-70, PLC-γ1), adaptor proteins (LAT, PAG/Cbp), calcium channels (Orai1, IP3R), and even a transcription factor (STAT3). Given the significant impact of S-acylation on protein function, these findings indicate that S-acylation is a widespread post-translational modification playing a vital role in the T cell-mediated immune responses.
The addition of a long-chain fatty acid moiety is known to affect either protein localization to the PM, or, while at the PM, partitioning into liquid ordered, cholesterol and sphingolipid enriched PM fractions, functionally designated as PM domains or lipid rafts. These domains, including the immunological synapse in T cells, serve to confine signaling proteins and, consequently, promote specific protein-protein interactions. Although kinetics of S-acylation is not often assessed, several examples, such as kinases Lck and ZAP-70, or CRAC channel proteins, demonstrate the extremely dynamic nature of S-acylation in T cells. These observations indicate a potentially important function of S-acylation as a signal transduction mechanism mediating rapid assembly of the TCR signaling machinery at the IS in response to antigenic stimulation.
S-acylation of Lck was discovered more than two decades ago. However, until recently, enzymes that catalyze S-acylation of Lck and other T cell proteins, remained enigmatic. Although we are just beginning to understand the role of zDHHC enzymes in T cells, recent reports showing that zDHHC21 and zDHHC7 are critical for Th differentiation demonstrate that characterization of protein acyltransferases can potentiate the discovery of novel immunoregulatory pathways. These early findings provide first evidence that zDHHC enzymes can play critical functions in regulation of the adaptive immune system.
Much more work still needs to be done to further identify and characterize S-acylated T cell proteins, and define the role of zDHHC protein acyltransferases and thioesterases in regulation of T cell function. However, we hope that this review provides a sufficient insight into the importance of protein S-acylation for T cell function and demonstrates that this modification and mediating enzymes could be promising therapeutic targets in the diseases associated with altered T cell homeostasis.
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The protein cell division cycle 42 (Cdc42) is a small GTPase of the Rho family regulating a plethora of physiological functions in a tissue, cell and subcellular-specific manner via participating in multiple signaling pathways. Since the corresponding signaling hubs are mainly organized along the cellular membranes, cytosolic proteins like Cdc42 need to be properly targeted and held at the membrane. Here, lipid modifications come into play: Cdc42 can be associated with membranes by different lipid anchors including prenylation (Cdc42-prenyl) and palmitoylation (Cdc42-palm). While Cdc42-prenyl is ubiquitously expressed, Cdc42-palm splicing variant in mainly expressed in the brain. Mechanisms underlying Cdc42 lipidation as well as its regulation are the main topic of this review. Furthermore, we will discuss the functional importance of Cdc42 lipid modifications with the focus on the role of different lipids in regulating defined Cdc42 functions. Finally, we will provide an overview of the possible implementation of Cdc42 lipidation in pathological conditions and different diseases.
Keywords: Cdc42, small GTPase, palmitoylation, prenylation, lipidation
STRUCTURE AND DISTRIBUTION OF CDC42 SPLICING VARIANTS
The protein cell division cycle 42 (Cdc42) was initially purified from the placental membranes during isolation of small molecular weight GTP hydrolyzing proteins (Evans et al., 1986). This protein was termed Gp (Gp = placental G protein). When later researchers investigated the interplay between cell cycle events (e.g., DNA replication) and cytosolic/membrane events (e.g., budding) in yeast Saccharomyces cerevisiae, they identified a mutant that was able to continue DNA synthesis and nuclear division while the emergence of buds was blocked. The responsible gene was named CDC42, in relation to another budding-involved gene, namely CDC24 (Adams et al., 1990). In the same year, Shinjo et al. isolated the cDNA clone for Gp (or G25K) and found that it has the highest degree of sequence identity (more than 80%) with the CDC42. Therefore, the corresponding human placental protein was designated Cdc42Hs. Using different probes, authors not only isolated cDNA for the Cdc42Hs, but also found a second protein with the same size but different C-terminal sequence (Gp’), concluding that these might be another reading frame within the same gene (Shinjo et al., 1990).
Today, we know that these two cDNAs refer to two alternatively spliced isoforms of Cdc42 mapping to chromosome 1p36.1 in humans (Nicole et al., 1999) and to chromosome 4 in mice (Marks and Kwiatkowski, 1996). The first isoform is also referred as G25K, Gp, Cdc42a, Cdc42-prenyl, Cdc42E7, Cdc42u or Cdc42-v1, while the second—as Gp’, Cdc42-palm, Cdc42E6, Cdc42b, bCdc42, Cdc42-v2. To simplify the reading, we will mark the first isoform as Cdc42-prenyl and the second one as Cdc42-palm in the further text. The CDC42 gene consists of 7 exons, and the last two exons can be alternatively spliced (Figure 1; Marks and Kwiatkowski, 1996; Nicole et al., 1999; Yap et al., 2016). The common Cdc42 structure consists of five α-helices, six β-strands and two highly mobile switch regions with the switch I region resided between α1 and β2 loops, and switch II region within β3 and β4 loops (Figure 1). These regions are important for the substrate recognition and interaction together with the P-loop, which is also involved in binding a phosphate group of guanine nucleotides. Even though the structure of GTP and GDP-bound Cdc42 does not significantly differ, effector proteins are still able to bind to the activated form, inducing conformational changes within switch I and switch II loops, leading to initiation of the downstream signaling (Phillips et al., 2008).
[image: Figure 1]FIGURE 1 | Schematic representation of the structure of Cdc42 alternatively spliced exons as well as protein and its lipid modifications. Two flexible switch regions are highlighted in yellow. The two different C-termini of Cdc42-palm (red background) and Cdc42-prenyl (blue background) isoforms together with their possible post-translational lipid modifications are shown. DHHC, palmitoyl acyl-transferase harboring a cysteine-rich domain containing a conserved DHHC (Asp-His-His-Cys) motif; FTase, farnesyltransferase; GGTase, geranylgeranyltransferase.
Initial analysis performed by Marks et al. revealed that Cdc42-prenyl is broadly distributed within multiple tissues including uterus, thymus, gut, kidney and lung, whereas Cdc42-palm expression was restricted to the brain, where this isoform was expressed at relative low levels (Figure 2; Marks and Kwiatkowski, 1996). In the ensuing study, Olenik and colleagues investigated the expression of both Cdc42 isoforms in developing rat neocortices. They have shown that Cdc42-prenyl localizes to the proliferation zone, whereas Cdc42-palm was restricted to the cortical zone—a place in which neurons differentiate and settle, but do not proliferate anymore (Olenik et al., 1999). A recent study by Yap et al. shed light on the regulatory mechanisms of the alternative splicing of the CDC42 gene transcripts in developing embryonic stem cells, differentiating into glutamatergic neurons as well as into hippocampal neurons (Yap et al., 2016). They reported about a polypyrimidine tract-binding protein 1 (Ptbp)-dependent splicing switch, leading to the production of equal amounts of Cdc42-palm Cdc42-prenyl transcripts from day in vitro 7 onwards in neurons, but not astrocytes. A more recent study by Ciolli Mattioli and colleagues demonstrated that Cdc42-prenyl mRNA was enriched in neurites of mESC-derived and primary cortical neurons. In contrast, mRNA transcripts of Cdc42-palm isoform were predominantly localized to the cell somata (Ciolli Mattioli et al., 2019). Such compartmentalization of Cdc42-prenyl and Cdc42-palm splice variants seem to be preserved also within the peripheral nervous system. Indeed, Cdc42-prenyl mRNA has been shown to be specifically enriched in axons of sensory neurons of the dorsal root ganglion (Lee et al., 2021). In contrast, Kang and colleagues reported a dendritic localization of both isoforms in cultured hippocampal neurons (Kang et al., 2008). They also showed that GFP-tagged Cdc42-prenyl is distributed throughout the whole dendrite, including spines and shaft-like structures, whereas Cdc42-palm was restricted to dendritic spines.
[image: Figure 2]FIGURE 2 | Schematic representation of the distribution and functions of Cdc42-palm (red background) and Cdc42-prenyl (blue background) isoforms. mTORC1, mammalian target of rapamycin complex 1; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells.
Of note, our understanding of the physiological functions of both Cdc42 isoforms is still incomplete. The full deletion of Cdc42 in germline is embryonically lethal at E6.5, which points to its biological relevance (Chen et al., 2000). A conditional deletion of Cdc42 in the developing cortex of mice at E9.5 causes mislocalization of adherens junctions due to missing cellular polarization, usually maintained by Cdc42-Par complex interaction (Cappello et al., 2006) and a telencephalon-specific knockout leads to holoprosencephaly—a incomplete bifurcation of cerebral hemispheres (Chen et al., 2006).
CDC42 SPLICING VARIANTS: WHAT IS DIFFERENT?
At the protein level, Cdc42 isoforms differ in their C-terminal amino acid sequences: Cdc42-palm possesses a non-canonical CCaX motif (CCIF; in which C is cysteine, a—preferably aliphatic amino acid and X is any amino acid), whereas Cdc42-prenyl is terminated by a CaaX-box (CVLL) (Shinjo et al., 1990). In addition, alternative splicing of the exons 6 and 7 results in an altered polybasic region (PBR) and an exchange of lysine to arginine at position 163 (Figure 1). Whereas Cdc42-prenyl bears a di-lysine di-arginine motif separated by a serine (-KKSRR-), Cdc42-palm’s PBR consists only of a lysine-arginine-lysine (-KRK-) motif (Figure 1; Marks and Kwiatkowski, 1996). The polybasic region is involved in a variety of biological processes, especially in protein-protein interaction. Moreover, PBR-motifs seem to play a crucial role for the membrane sorting, including localization at different membrane compartments (e.g., plasma membrane and endo-membranes) (reviewed in Williams, 2003).
The di-lysine motif (Lys-183 and Lys-184) within Cdc42-prenyl has been shown to be involved in interaction of Cdc42-prenyl with the γCOP subunit of the coat proteins I (COPI) complex, playing a role in regulating intracellular trafficking (Wu et al., 2000). The di-arginine motif of Cdc42-prenyl (i.e., Arg-186 and Arg-187) was shown to be responsible for its association with phosphatidylinositol 4,5-bisphosphate, which correlates with the ability of this isoform to induce oncogenic transformation (Johnson et al., 2012). In contrast, the polybasic sequence Lys-185, Arg-186, Lys-187 within Cdc42-palm (Figure 1) leads to localization of this isoform into phosphatidylinositol (3,4,5)-triphosphate microdomains (Endo and Cerione, 2022), where it can act as a tumor suppressor, at least in ovarian cancer cells (He et al., 2015). Another consequence of the alternative splicing of the CDC42 gene transcripts is the presence of a canonical nuclear localization sequence KKSR exclusively within the Cdc42-prenyl isoform (Williams, 2003).
CDC42 PRENYLATION
Based on sequence homology of the C-terminus of Cdc42 and Ras proteins, Johnson und Pringle predicted that Cdc42-prenyl might undergo posttranslational prenylation (Johnson and Pringle, 1990). Protein prenylation is an irreversible post-translational modification, which is involved in the regulation of localization, functions, and protein-protein interactions of multiple small GTPases, including the Ras superfamily (Zhang and Casey, 1996). Prenylation implies covalent attachment of either a farnesyl (15 carbon atoms) or a geranylgeranyl (20 carbon atoms) isoprenoid group catalyzed by different prenyltransferases, including farnesyltransferase (FTase), geranylgeranyltransferase type I (GGTase-I), Rab geranylgeranyltransferase (GGTase-II), and geranylgeranyltransferase type III (GGTase-III) (Marchwicka et al., 2022). The isoprene derivative is linked to the cysteine residue of the C-terminal CaaX-box via irreversible thioether bond (Casey and Seabra, 1996). In general, prenylated proteins are further processed at the cytoplasmic face of the endoplasmic reticulum (ER) by a two-step process: 1) Trimming of the last three amino acids by Ras carboxyl CAAX endopeptidase I (RceI), and 2) methylation of the newly exposed prenylated cysteine residue by isoprenylcysteine carboxyl O-methyltransferase (Icmt) (Garcia-Mata et al., 2011). Isoprenylation of Cdc42-prenyl was experimentally confirmed by Maltese and Sheridan in cultured murine erythroleukemia (MEL) cells after radioactive labelling with [³H]-mevalonate (Maltese and Sheridan, 1990). Later on, cysteine residue 188 of Cdc42-prenyl was identified as prenylation site (Ziman et al., 1993). Same authors also demonstrated redistribution of Cdc42-prenyl to cytosolic fractions in a GGTaseI mutant strain in yeast, which draws the conclusion that Cdc42-prenyl is preferentially geranylgeranylated. This finding stays also true for the human Cdc42-prenyl, which prenylation was completely blocked by the inhibition of GGTaseI (Wilson et al., 1998). Interestingly, we and others reported that also the Cdc42-palm splice variant can undergo prenylation (Nishimura and Linder, 2013; Wirth et al., 2013). Our study and experiments by Nishimura and colleagues revealed that at least a small fraction of Cdc42-palm can bypass endopeptidase cleavage and carboxymethylation, resulting in a dually lipidated Cdc42-palm. In this case, cysteine residue 188 becomes geranylgeranylated, while cysteine residue 189 undergoes palmitoylation (Nishimura and Linder, 2013).
One additional observation of our study was that Cdc42-palm can be modified by both GGTaseI and FTase with similar efficiency and thus might accepts both C15 and C20 isoprenoids (Figure 1). A possible reason for different isoprenoid prevalence of Cdc42-prenyl and Cdc42-palm can be the differences in their C-terminal amino acid sequences. Indeed, composition of the CaaX box has been shown to be critically involved in the determination of the nature of prenylation reaction. C-terminal CaaX motif of Cdc42-prenyl contains CVLL amino acids, with leucine at the last position being responsible for its preferential prenylation with GGTaseI. In contrast, FTase can accept multiple amino acids at the last position of the CaaX motif (Moores et al., 1991). This can be a reason, why the C-terminal tail of Cdc42-palm (CCIF) is recognized by both GGTaseI and FTase.
CDC42 PALMITOYLATION
Already in 1996, Marks and colleagues speculated that due to the differences in their C-terminal CaaX-motifs Cdc42-palm and Cdc42-prenyl can be differently lipidated (Marks and Kwiatkowski, 1996). This suggestion was experimentally confirmed only in 2008, when Kang and co-workers showed that Cdc42-palm is palmitoylated (Kang et al., 2008). The authors demonstrated palmitoylation of Cdc42-palm, both in cultured rat embryonic cortical neurons as well as in purified synaptosomal membrane fractions extracted from the whole adult rat brain. Moreover, using cultured cortical neurons as a model, they showed that palmitoylation of Cdc42-palm is a dynamic modification.
Nishimura and colleagues confirmed this finding and analyzed the lipid modification of the CCaX-box of Cdc42-palm in more detail. From their experiments, they concluded that Cdc42-palm gets first prenylated at cysteine residue 188 followed by palmitoylation at cysteine residue 189 (Nishimura and Linder, 2013). Nishimura and colleagues also demonstrated that upon inhibition of prenylation the palmitoylation was decreased too, suggesting that prenylation of Cys-188 might be necessary for subsequent palmitoylation of Cys-189 (Nishimura and Linder, 2013). At the same time, we studied palmitoylation of the brain-specific Cdc42-palm isoform and found that both cysteine residues, Cys-188 and Cys-189, can be palmitoylated (Wirth et al., 2013). In contrast to Nishimura’s data, we demonstrated that palmitoylation of Cdc42-palm was significantly increased in the presence of a GGTase inhibitor, pointing to the ability of Cys-188 to accept the modification with palmitate (Wirth et al., 2013). Dual lipid modifications by both prenylation and palmitoylation have previously been demonstrated for Rac1 as well as for several members of the Ras protein family, including N-Ras and H-Ras (Brunsveld et al., 2009). However, in all these proteins, the cysteine residues within the CaaX-motif are solely prenylated, while palmitoylated cysteine residues are localized upstream of the CaaX box. Moreover, the aaX sequence should undergo methylation-mediated cut before the protein can be palmitoylated. Therefore, Cdc42-palm represents the unique example with cysteine residue 188 modified by either prenylation or by palmitoylation, while the palmitoylated cysteine 189 resides within the untypical CaaX box (CCIF) and should thus bypass methylation excision (Figure 1).
Our finding that Cdc42-palm can undergo dual lipidation suggests the existence of two Cdc42-palm populations in the cell. The first one could consist of Cdc42-palm prenylated at cysteine 188 and palmitoylated at cysteine 189. In the second population, both cysteine residues might be palmitoylated. A prenylated population can arise by the initial modification of cysteine 188 either by GGTaseI or FTase. This will result in increased membrane affinity and thereby facilitate palmitoylation of cysteine 189 by specific palmitoyl acyl-transferases (PATs), which reside either in the Golgi compartment or at the plasma membrane (see below). Since the CCIF sequence of Cdc42-palm represents a non-canonical CaaX motif, a part of Cdc42-palm will be not recognized by prenylating enzymes, resulting in palmitoylation of both cysteine residues (i.e., Cys-188 and Cys-189). Since prenylation and palmitoylation possess different affinity for lipid bilayers (Roy et al., 2005) and can thus target Cdc42-palm to different membrane subdomains, the dual lipidation can represent a mechanism to regulate the intracellular distribution and functions of Cdc42-palm.
More recently, we performed a detailed analysis of palmitoylation stoichiometry for Cdc42-palm isoforms by applying acyl-PEGyl exchange gel shift (APEGS) assays (Kanadome et al., 2019). Using this assay, we unexpectedly found that i) only a relatively small fraction of Cdc42-palm isoform exists in palmitoylated form, and ii) Cdc42-palm overexpressed in N1E-115 cells as well as Cdc42-palm endogenously expressed in primary rat hippocampal neurons seem to be palmitoylated only at one cysteine residue. In the same study, we identified DHHC5 as a prominent Cdc42 PAT (Wirth et al., 2022). In addition, DHHC10 and DHHC17 can also be involved in Cdc42 palmitoylation. Interestingly, among these three Cdc42-palm specific PATs, only DHHC5 is residing at the plasma membrane (Brigidi et al., 2015). This might have an important implication for the regulation of Cdc42-palm functions at different intracellular compartments.
Although the molecular mechanisms of Cdc42-palm recognition by DHHC5 is not elucidated in detail, one possibility is the activation of DHHC5 via palmitoylation. Previously, it has been shown that DHHC5 could be palmitoylated at C-terminal cysteine residues outside of its catalytic core (Yang et al., 2010). This might result in conformational changes within the DHHC5 protein, leading to increased substrate specificity (Woodley and Collins, 2019). We have previously reported a reduced palmitoylation of Cdc42 in a mouse model of 22q11.2 deletion syndrome, in which DHHC8 is among the deleted genes (Moutin et al., 2017). Since overexpression of DHHC8 did not facilitate palmitoylation of Cdc42-palm (Wirth et al., 2022), DHHC8 could thus regulate enzymatic activity of DHHC5 towards Cdc42-palm via DHHC5 palmitoylation.
Moreover, palmitoylation of Cdc42-palm can be hierarchical organized in space and time. Indeed, Golgi-resided DHHC10 and/or DHHC17 can be responsible for the initial Cdc42 palmitoylation at Cys-188 immediately after synthesis. This will prevent prenylation and target Cdc42 to the plasma membrane. Our data revealed the increasing ratio of DHHC5 to Cdc42-palm in the brain during development, which could result in facilitation of Cdc42 palmitoylation within dendritic spines, which in turn will boost spinogenesis and spine maturation (see below).
Since palmitoylation is a dynamic and reversible process, Cdc42-palm can also undergo depalmitoylation. So far, only a few published works investigated the Cdc42 depalmitoylation. Cdc42-palm was shown to maintain asymmetric protein localization during cell division by coordinated interplay with catalytic active acyl protein thioesterase 1 (APT1) in breast cancer cells (MDA-MB-231) (Stypulkowski et al., 2018). The palmitoyl-protein thioesterases 1 (PPT1) was also found to be in favor of depalmitoylating Cdc42 (Gorenberg et al., 2022). However, the spatiotemporal palmitoylation/depalmitoylation pattern of Cdc42-palm remains elusive.
PHYSIOLOGICAL ROLE OF CDC42 LIPIDATION: DIFFERENT LIPIDS—DIFFERENT FUNCTIONS?
Cdc42 is highly conserved from yeast to mammals and plays an important role in the regulation of a plethora of cellular processes, including phagocytosis, cell polarization, chemotaxis, cell-migration and division (Etienne-Manneville and Hall, 2002; Cerione, 2004). Cdc42 is also critically involved in the organ and tissue homeostasis and has been associated with vascularization, immune system regulation, eye and skin development as well as cardiac and pancreatic organogenesis (for review see Melendez et al., 2011). Of note, all these organs ubiquitously express the Cdc42-prenyl isoform, while Cdc42-palm—so far—represents a brain specific isoform under physiological conditions. Therefore, the best-studied organ in terms of isoform-specific functions is the brain. It might be possible, however, that Cdc42-palm was overlooked in other tissues, since the majority of investigations published before the work by Kang and co-workers (Kang et al., 2008) did not discriminate between Cdc42 isoforms. Furthermore, in many publications describing Cdc42 knockdown, authors applied shRNAs targeting non-specific sites such as exon 2, which leads to the knockdown of both isoforms. On the other hand, starting from 2008, there is growing evidence demonstrating that Cdc42 isoforms are strictly distinguished in their functions, especially in neurons. Even though the possible mechanisms responsible for functional differences between both alternatively spliced variants are far from being completely understood, there are different hypothesis explaining how the proteins, differing only in their short C-terminal sequences, might possess different functions and thereby regulate distinct signaling pathways. One of them arises by the idea that palmitoylated proteins are enriched in membrane subdomains like lipid rafts, whereas isoporenylated proteins are excluded from these microdomains (Levental et al., 2010). Indeed, protein palmitoylation represents one of the best-characterized lipid raft targeting signals (Moffett et al., 2000; Zacharias et al., 2002). Detection of numerous signaling proteins within the lipid rafts led to the assumption that these structures represent a scaffolding platform or signaling hub, which boosts signal transduction by spatially recruiting signaling components and by preventing an inappropriate cross-talk between signaling pathways. This can also be true for Cdc42 isoforms, which specific lipidation (i.e., prenylation vs. palmitoylation) might contribute to a separated/different localization of both Cdc42 isoforms along the lipid membranes, leading to different downstream interaction partners and ultimately to initiation of different signaling cascades.
An important physiological function of Cdc42 is the activation of transcription factors such as NFκB, STAT3 and SRF (Perona et al., 1997; Wu et al., 2008). In particular, SRF-mediated transcription of many immediate early genes plays a crucial role for neuronal outgrowth and differentiation (Scandaglia et al., 2015). We have previously shown a higher specificity of Cdc42-palm towards activation of SRF-pathway in comparison with Cdc42-prenyl (Wirth et al., 2013). Noteworthy, such specificity is not mediated by changes in the intrinsic Cdc42 activation between isoforms, because expression of constitutively active mutants resulted in similar activation of SRF signaling. One possible explanation therefore could be a specific localization of Cdc42-palm in lipid rafts, which will result in its sustained interaction with raft-resided downstream-effectors such as Pak1, WASP or p38 leading to specific modulation of SRF-mediated signaling. This is supported by the observation that, although the mutation of palmitoylated Cys-189 does not affect proper localization of Cdc42-palm at the plasma membrane, it significantly reduced activation of SRF pathway to the level comparable with Cdc42-prenyl isoform (Wirth et al., 2013).
Kang and colleagues also investigated the functional consequences of the different lipid modifications of Cdc42 (Kang et al., 2008). Among others, they demonstrated that a constitutively active (CA) mutant of Cdc42-palm was more effective in inducing dendritic spine formation than Cdc42-prenyl CA mutant, and that the ability of Cdc42-palm CA to induce dendritic spines was abolished either by mutating the two C-terminal cysteine residues or by chemically inhibiting the palmitoylation by 2-bromopalmitate. More importantly, the authors showed that palmitoylation of Cdc42-palm isoform is dynamically regulated by neuronal activity. Upon glutamate treatment of cortical cultures, Cdc42-palm was very rapidly (i.e., within 5 min) de-palmitoylated and dislocated from dendritic spines. In contrast, triggering a seizure-like activity in the mouse brain by injection of kainic acid in vivo resulted in a significant increase of Cdc42 palmitoylation (Kang et al., 2008). Different intracellular expression patterns and, as consequence, functions of the Cdc42 splice variants were confirmed by Yap and co-authors. They found that Cdc42-palm (Cdc42E6) was critically involved in the formation of dendritic spines, whereas Cdc42-prenyl (Cdc42E7) was associated with axonogenesis (Yap et al., 2016). This observation was further confirmed by a study by Lee and colleagues, who found an enrichment of Cdc42-prenyl encoding mRNA in the axons of dorsal root ganglion neurons, where it was involved in regulating the increase in axon length. In contrast, Cdc42-palm mRNA was rather enriched in dendritic spines. Functional specificity of Cdc42 isoforms was demonstrated by the fact that global knock-down of CDC42 gene followed by rescue with Cdc42-palm was not able to facilitate an axonal outgrowth, while increased dendritic length (Lee et al., 2021).
On the other hand, our data suggest that both Cdc42 splice variants might be involved in the formation of dendritic protrusions and spines, since expression of either Cdc42-palm or Cdc42-prenyl in hippocampal neurons was able to rescue the inhibitory effect of the shRNA-mediated Cdc42 knock-down (Wirth et al., 2013). This is further supported by experiments in Drosophila demonstrating that fly Cdc42, which is homolog to mammalian Cdc42-prenyl, is required for multiple aspects of dendritic morphogenesis (Scott et al., 2003). The authors demonstrated that loss-of-function mutation of endogenous Cdc42 did not affect dendritic complexity but resulted in increased dendritic length accompanied by app. 50% reduction in dendritic spine density.
Detailed analysis of acylation-deficient mutants of Cdc42 revealed different roles of cysteine residues within Cdc42-palm C-terminus: If cysteine residue 188 was available as lipid acceptor, Cdc42-palm induced long dendritic protrusions only. Mutation of Cys-189 did not affect formation of long dendritic protrusions, while the number of short dendritic protrusion, which are thought to be spine precursors, was significantly reduced (Wirth et al., 2013). Together with the observation that Cdc42-palm undergoes palmitoylation in human brains, this suggests the importance of Cdc42 lipidation for the growth of new synapses as well as for activity-dependent structural and functional plasticity, including learning and long-term memory in human.
Another interesting aspect of lipid-specific regulation of Cdc42 functions is the finding that Cdc42-prenyl is essential for forming neuroprogenitor cells by activation of mTORC1 and thereby up-regulation of tissue-specific transcription factors, whereas Cdc42-palm drives the transition of neuroprogenitor cells into neurons by inhibiting mTORC1 signaling via activated Cdc42-associated kinase (ACK) (Endo et al., 2020). In the follow-up study, the authors identified the epidermal growth factor (EGF) receptor as an additional target of Cdc42-palm and ACK, which is down-regulated by their combined actions during neurogenesis. Thus, by down-regulating EGF receptor signaling, Cdc42-palm and ACK might determine the timing of terminal differentiation of neural progenitor cells into neurons. Mechanistically, Cdc42-palm and ACK-mediated EGF receptor degradation boost autophagy, which in turn protects neuronal progenitor from apoptosis and thus triggers their differentiation into neurons (Endo and Cerione, 2022). This idea is also in line with the accumulation of Cdc42-palm in the cortical plate, a place where neurons differentiate rather than proliferate (Olenik et al., 1999).
CAN CDC42 LIPIDATION BE INVOLVED IN PATHOLOGICAL CONDITIONS?
Many de novo mutations within the CDC42 gene result in heterogeneous phenotypes with highly variable symptoms including facial dysmorphism, dysregulation of growth, haematological as well as immunological and neurodevelopmental abnormalities such as Takenouchi-Kosaki syndrome (TKS) (Martinelli et al., 2018; Su and Orange, 2020). However, there is only a restricted amount of data directly demonstrating pathological contribution of the Cdc42 lipidation.
In 2019, Gernez and colleagues reported about four patients carrying CDC42 gene mutations affecting the last three to five C-terminal amino acids of Cdc42-prenyl (i.e., part responsible for lipidation). These mutations were associated with severe auto-inflammatory symptoms including anemia, cytopenia, rashes, facial dysmorphisms and are associated with increased ferritin, C-reactive protein, and interleukin IL-18 levels. In addition, patients carrying these mutations were predisposed to the development of macrophage activation syndrome and hemophagocytic lymphohistiocytosis. Of note, the novel C-terminal variants in Cdc42 all occur within or in close spatial proximity to the C-terminal di-arginine motif implicated in membrane binding and lipidation of Cdc42-prenyl. One patient had a mutation within the CDC42 coding region leading to a replacement of the stop codon by a cysteine residue, resulting in a read-through and 24 additional amino acids (*192C*24). Another patient carried the R186C mutation. The other two patients carried a C188Y mutation, which unfortunately were not further characterized in detail (Gernez et al., 2019). Therefore, we can only speculate, that mutation of cysteine 188, which is particularly important for the post-translational modification and thus the spatial organization of Cdc42, might lead to mislocalization within cells and thus aberrant signaling.
Using whole exome sequencing, Bekhouche and co-authors detected a heterozygous mutation in a patient affecting only Cdc42-prenyl, resulting in the exchange of arginine in position 186 to a cysteine residue (R186C). The main clinical characteristics of this mutation include severe neonatal dermatitis accompanied by acute episodes of hepatomegaly with cytolysis, mild facial dysmorphy, and a permanent inflammatory syndrome with occasional monocytosis (Bekhouche et al., 2020). Detailed biochemical analysis revealed that R186C mutation leads to non-physiological palmitoylation at Cys-186 (Figure 2). This results in a misbalanced regulation of Cdc42-prenyl by the GDP dissociation inhibitor, GDI1, which specifically binds to the geranylgeranylated wild-type form of Cdc42-prenyl. Due to the artificial palmitoylation upstream of the isoprenylation site, Cdc42-prenyl-GDI1-interaction was impaired and the R186C mutant was abnormally anchored in the Golgi apparatus. One consequence of such aberrant localization was decreased actin filament polymerization: the patient carrying the R186C mutation contained around 30% less F-actin than normal. Moreover, authors reported a strong NF-κB hyper-activation, which relied on the palmitoylation-dependent Golgi apparatus retention of the Cdc42-prenyl R186C mutant. This in turn resulted in increased IL-8 and IL1β levels, which can explain the pathophysiology of the disease (Bekhouche et al., 2020).
Recently, Nishitani-Isa and colleagues further analyzed molecular details of autoinflammatory pathology evoked by R186C Cdc42-prenyl mutation. Using induced-pluripotent stem cells (iPSCs)-derived myeloid and macrophages cell lines established from the patients carrying this mutation, they reported that patient-derived cells secreted larger amounts of IL-1β in response to pyrin-activating stimuli (Nishitani-Isa et al., 2022). Noteworthy, pharmacological blockade of palmitoylation released R186C mutant from the Golgi apparatus and damped the IL-1β secretion to the wild-type levels. Similar results were also obtained for another patient mutation, *192C*24. This mutant was also aberrantly palmitoylated at the newly introduced Cys-192, leading to trapping at the Golgi apparatus and over-activation of the pyrin inflammasome (Figure 2). In contrast to results obtained by Bekhouche and co-authors, Nishitani-Isa and colleagues did not obtain any changes in GTPase activity of R186C mutant or its binding affinity towards GDIs, pointing out palmitoylation-mediated aberrant localization of Cdc42-prenyl in the Golgi apparatus as main driving force for pathological activation of the pyrin inflammasome.
These combined results not only demonstrate an unexpected association between aberrant palmitoylation of Cdc42-prenyl and activation of inflammatory responses, but also suggest that this pathway might represent a novel target for treatment of autoinflammatory diseases. Moreover, results of these studies suggest that although Cdc42-prenyl is ubiquitously expressed, pathological effects of its aberrant palmitoylation seem to be related to the Cdc42-prenyl population expressed outside of the brain tissue.
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Full-length huntingtin is palmitoylated at multiple sites and post-translationally myristoylated following caspase-cleavage
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Introduction: Huntington disease is an autosomal dominant neurodegenerative disorder which is caused by a CAG repeat expansion in the HTT gene that codes for an elongated polyglutamine tract in the huntingtin (HTT) protein. Huntingtin is subjected to multiple post-translational modifications which regulate its cellular functions and degradation. We have previously identified a palmitoylation site at cysteine 214 (C214), catalyzed by the enzymes ZDHHC17 and ZDHHC13. Reduced palmitoylation level of mutant huntingtin is linked to toxicity and loss of function. Moreover, we have described N-terminal myristoylation by the N-myristoyltransferases of a short fragment of huntingtin (HTT553-586) at glycine 553 (G553) following proteolysis at aspartate 552 (D552).
Results: Here, we show that huntingtin is palmitoylated at numerous cysteines: C105, C433, C3134 and C3144. In addition, we confirm that full-length huntingtin is cleaved at D552 and post-translationally myristoylated at G553. Importantly, blocking caspase cleavage at the critical and pathogenic aspartate 586 (D586) significantly increases posttranslational myristoylation of huntingtin. In turn, myristoylation of huntingtin promotes the co-interaction between C-terminal and N-terminal huntingtin fragments, which is also protective.
Discussion: This suggests that the protective effect of inhibiting caspase-cleavage at D586 may be mediated through post-translational myristoylation of huntingtin at G553.
Keywords: huntingtin, HTT, huntington disease, fatty acylation, myristoylation and palmitoylation, post-translational modification (PTM)
1 INTRODUCTION
Huntington disease (HD) is an autosomal dominant neurodegenerative disorder characterized clinically by behavioral changes and a progressive deterioration of motor function and cognitive ability that ultimately leads to death (Ghosh and Tabrizi, 2018). The genetic cause of HD is a CAG trinucleotide repeat expansion (>35 repeats) in the huntingtin gene (HTT) resulting in an abnormally long polyglutamine (polyQ) stretch near the N-terminal region of the huntingtin (HTT) protein. Wild-type HTT is a 3,144 amino acid long scaffold protein that plays a critical role in brain development, neuronal health and connectivity (Harjes and Wanker, 2003; Reiner et al., 2003; McKinstry et al., 2014; Dragatsis et al., 2018; Mehler et al., 2019; Burrus et al., 2020). Through interactions with its numerous protein partners, HTT is involved in many cellular processes, including endocytosis, vesicle/organelle transport and recycling, autophagy, and DNA transcription (Ochaba et al., 2014; Saudou and Humbert, 2016; Maiuri et al., 2017).
The wild-type HTT protein undergoes a large variety of post-translational modifications (PTMs) including phosphorylation (Humbert et al., 2002; Warby et al., 2005; Schilling et al., 2006; Aiken et al., 2009; Watkin et al., 2014), ubiquitination (Kalchman et al., 1996), SUMOylation (Steffan et al., 2004), acetylation (Jeong et al., 2009), proteolysis (Graham et al., 2006) and fatty acylation (Yanai et al., 2006; Martin et al., 2014). The role of the identified PTMs has mainly been studied in relation to the toxicity and aggregation of mutant HTT, but their effects on wild-type HTT functions remain elusive.
PTMs likely regulate different aspects of wild-type HTT scaffolding function, including subcellular localization and protein-protein interactions (Ehrnhoefer et al., 2011). Many PTMs of HTT are altered in the presence of the polyQ expansion, impacting mutant HTT clearance and aggregation which, in turn, modulate mutant HTT toxicity (Atwal et al., 2007; 2011; Caron et al., 2013; Kratter et al., 2016; Cariulo et al., 2017; Lontay et al., 2020).
S-palmitoylation of proteins refers to the reversible addition of long-chain fatty acids, commonly the 16-carbon palmitic acid, onto a cysteine residue via a thioester bond (Martin B. R et al., 2011). This PTM increases the hydrophobicity of proteins and plays a key role in protein trafficking, stability, membrane association and protein-protein interactions (Fukata and Fukata, 2010). We have initially described the palmitoylation of HTT at cysteine 214 (C214) by ZDHHC17 and 13 (also known as HIP14 and HIP14L) (Yanai et al., 2006). Mutant HTT is less palmitoylated compared to wild-type HTT in multiple experimental models of HD (Yanai et al., 2006; Lemarié et al., 2021). Transient expression of mutant HTT carrying a palmitoylation-resistant mutation (C214 to serine, C214S) in immortalized cell lines and primary neurons leads to increased mutant HTT aggregation and nuclear inclusion formation, cell death, and susceptibility to excitotoxicity (Yanai et al., 2006). Importantly, modulating palmitoylation by inhibiting depalmitoylating acyl-protein thioesterases (APTs) is protective in HD cells (immortalized cell lines, primary neurons, iPSC-derived neurons) and in the HdhCAG140/+ knock-in mouse model (Lemarié et al., 2021; Virlogeux et al., 2021).
N-myristoylation corresponds to the irreversible addition of the 14-carbon myristic acid via a covalent amide bond to the N-terminal glycine residue of proteins, catalyzed by two N-myristoyltransferases (NMTs) (Martin D. D. O et al., 2011; Giglione and Meinnel, 2022). Myristoylation occurs either co-translationally, following the removal of the initiator methionine residue, or post-translationally, when a previously internal glycine residue becomes exposed by proteolytic cleavage (Martin D. D. O et al., 2011). We previously identified the post-translational myristoylation of a short fragment of huntingtin (HTT553-586) at glycine 553 (G553), following caspase-3 cleavage of HTT1-588-YFP at aspartate 552 (D552) (Martin et al., 2012; Martin et al., 2014). Overexpressed myristoylated HTT553-586 fragment robustly induced autophagy, which is defective in HD (Martinez-Vicente et al., 2010; Ochaba et al., 2014). In addition, while studying a novel caspase-cleavage site in HTT1-588, we noted that blocking proteolysis of wild-type and mutant huntingtin at the pathogenic site D586 promoted the generation of post-translationally myristoylated HTT (Martin et al., 2018a). In turn, we recently found that the protective effect of preventing mutant HTT proteolysis at amino acid 586 by caspases 6 and 8 in the YAC128 mouse model (C6R mouse line) makes mutant HTT a better substrate for autophagy while also promoting global autophagy (Ehrnhoefer et al., 2018). Conversely, transient expression of wild-type HTT1-588 carrying a human mutation that blocks myristoylation (G553E) was toxic and induced apoptosis in HD striatal-like cells (STHdh111) suggesting that post-translational myristoylation is protective in HD (Martin et al., 2018b). Finally, HTT proteolysis at multiple sites is toxic, while proteolysis at one site is not, which promotes the interaction of N- and C-terminal HTT fragments (El-Daher et al., 2015). This led us to propose a PTM crosstalk model in which impairing D586 cleavage promotes D552 cleavage and post-translational myristoylation of HTT at G553 (Graham et al., 2006; Wong et al., 2015; Ehrnhoefer et al., 2018).
The study of HTT PTMs has mostly been restricted to the N-terminal region of HTT (1–600 amino acid region), and little is known about the modifications located in the remaining protein (600–3,144 amino acids). With advances in the detection of palmitoylation, it has become apparent that there are likely additional palmitoylation sites within HTT, as the mutation of the C214 residue (C214S) reduces but does not abrogate HTT palmitoylation. Here, we investigate and identify the existence of additional palmitoylation sites within the full-length HTT protein and further characterize post-translational myristoylation in the context of full-length HTT.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Reagents and chemicals
Table 1 lists the reagents and chemicals used for this study along with the application, manufacturer and catalogue number or bibliographic reference.
TABLE 1 | List of reagents and chemicals used.
[image: Table 1]2.1.2 Antibodies
Table 2 displays the list of antibodies used for this study along with the application, concentrations and experimental conditions.
TABLE 2 | List of antibodies used and application.
[image: Table 2]2.1.3 Plasmids
15Q-HTT1-548(C105S): gBlock® gene fragment coding for 15Q-HTT carrying the C105S mutation and including EcoRI and PspXI restriction sites were designed and ordered from IDT. The gBlock® gene fragment and the pCI-neo 15Q-HTT1-548 construct [15Q 1955; NM_002111; (Wellington et al., 1998)] were digested with EcoRI and PspXI restriction enzymes, gel-purified using the QIAquick gel extraction kit and ligated using Quick Ligation Kit followed by transformation of MAX Efficiency Stbl2 competent cells (Figure 1C). 15Q-HTT1-548(C433S): gBlock® gene fragment coding for carrying the C433S mutation and the flanking PshAI and EcoRV restriction sites were designed and ordered from IDT. The gBlock® gene fragment and the pCI-neo 15Q-HTT1-548 construct were digested with PshAI and EcoRV restriction enzymes, gel-purified and ligated (Figure 1C). 15Q-HTT1-548(C105/214/433S): The 15Q-HTT1-548(C214S), (C105S) and (C433S) plasmids were digested with PspXI, PshAI, EcoRV and EcoRI restriction enzymes to isolate on agarose gel and purify fragments and open vector containing each CS mutations that were then ligated (Figure 1C). 15Q-HTT1-1212(C1027/1028S): gBlock® gene fragment coding for an HTT fragment carrying the C1027S and C1028S mutations and including PciI and XbaI restriction sites were designed and ordered from IDT. The gBlock® fragment and the pCI-neo 15Q-HTT1-1212 construct [15Q 3949; NM_002111; (Warby et al., 2009)] were digested with PciI and XbaI restriction enzymes, purified and ligated, followed by transformation of MAX Efficiency Stbl2 competent cells (Figure 1C). 15Q-HTT1-3144(C3134S) and (C3144S): The plasmids were generated using PCR based site directed mutagenesis using primers carrying the C3134S or C3144S mutations followed by ligation at the SalI sites in full-length HTT (15Q-HTT) (Wellington et al., 2000) (Figure 1C). C-term HTT553-3144-EGFP WT, G553A and mCherry-23Q and 100Q-HTT1-3144-EGFP WT, G553A, TEV586 and TEV552: Dr. Saudou kindly shared the mCherry-23Q and 100Q-HTT1-3144-EGFP with and without caspase cleavage sites at D552 and D586 replaced with Tobacco Etch virus (TEV) proteolytic sites (El-Daher et al., 2015). The G553A myristoylation-resistant mutation was introduced in the mCherry-23Q and 100Q-HTT1-3144-EGFP WT by TOP Gene Technologies (Quebec, Canada). The HTT553-3144-EGFP WT and G553A constructs were generated by TOP Gene Technologies, by excising the mCherry-23Q and 100Q-HTT1-552 fragments from the mCherry-23Q and 100Q-HTT1-3144-EGFP WT and G553A plasmids, and by introducing a N-terminal methionine (Figures 4A, C; Figure 5A). All the constructs were verified by DNA sequencing (CMMT facility).
[image: Figure 1]FIGURE 1 | Potential new palmitoylation sites of huntingtin. (A) CSS-Palm 3.0 palmitoylation site prediction of full-length HTT, (B) palmitoylation site of HTT (in blue: C214) and potential new palmitoylation sites investigated in this study (in light grey: C105, C433, C1027, C1028, C3134 and C3144), (C) cysteine-to-serine mutant DNA constructs generated to investigate the potential new palmitoylation sites of huntingtin. Point mutations were introduced in N-terminal HTT1-548, HTT1-1212 or full-length HTT1-3144 at C105, C214, C433, C105/214/433, C1027/C1028, C3134 and C3144.
2.1.4 Experimental models (cell lines)
HeLa, HEK293 and COS-7 cells were grown at 37°C using in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 2 mM GlutaMAX and 10 units/mL of penicillin and 10 μg/mL of streptomycin. Cells were grown in 75 cm2 flasks at 37°C and 5% CO2, and were split using a 0.25% trypsin-EDTA solution (1:10 dilution) when cells were ∼90% confluent by microscopy.
2.2 Methods
2.2.1 Plasmid transfection
Cells were seeded in 6-well or 10-cm plates overnight at 37°C and 5% CO2. The next day, cells were transfected with cDNA constructs encoding for 15Q-HTT1-548, HTT1-1212 and full-length HTT1-3144, mCherry-23Q or 100Q-HTT1-3144-EGFP and HTT553-3144-EGFP using X-tremeGENE 9 DNA transfection reagent (ratio 3:1 or 6:1, reagent (μL): DNA (μg)) or calcium phosphate transfection (Graham and van der Eb, 1973). Cells were treated or harvested 18–48 h post-transfection.
2.2.2 Palmitoylation assays
2.2.2.1 Bio-orthogonal labeling assay using alkyne-palmitate (click chemistry)
To measure the dynamic palmitoylation level of HTT, cells transiently transfected with HTT constructs for 18 h were incubated for 1 h in DMEM supplemented with 5% charcoal-stripped FBS, to deprive the cells of lipids. Cells were subsequently metabolically labeled with 100 µM alkyne-palmitate in fatty acid-free bovine serum albumin (BSA) for 6 h. Cells were lifted from plates in phosphate-buffered saline (PBS) using cell scrapers, pelleted by centrifugation (500 × g, 5 min, +4°C) and subsequently lysed in EDTA-free RIPA buffer (150 mM NaCl2, 50 mM HEPES pH 7.4, 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) in water, EDTA-free cOmplete protease inhibitors) for 10 min on ice, 5 min at 4°C on rotator and were centrifuged (16,000 × g, 10 min, +4°C). Protein concentrations were assessed using the DC protein assay. HTT was immunoprecipitated from cell lysates by overnight incubation with Dynabeads Protein G and appropriate antibodies (Table 2). Bio-orthogonal click chemistry of alkyne-palmitate with biotin azide was performed on cell lysates, as previously described (Yap et al., 2010; Liao et al., 2021). The immunoprecipitated proteins were adjusted to 1% SDS and incubated with 100 mM tris (benzyltriazolylmethyl)amine (TBTA), 1 mM CuSO4, 1 mM tris-carboxyethylphosphine (TCEP) and 100 mM biotin azide (PEG4 carboxamide-6-Azidohexanyl biotin) at 37°C in darkness for 30 min. Total HTT and palmitoylated HTT were detected by western blot analysis.
2.2.2.2 Acyl-biotin exchange assay on immunoprecipitated proteins (IP-ABE)
The IP-ABE assay was performed as previously described to measure the global palmitoylation level of HTT (Drisdel and Green, 2004; Huang et al., 2009). Briefly, cells transiently expressing HTT constructs for 48 h were lifted from plates in PBS using cell scrapers and then pelleted by centrifugation (500 × g, 5 min, +4°C). Subsequently, cell pellets were lysed on ice in lysis buffer (150 mM NaCl, 50 mM tris, 5 mM EDTA, 0.1% SDS, 1% Triton X-100, pH 7.4) containing 100 mM N-ethylmaleimide (NEM). Homogenates were sonicated to shear DNA, and the insoluble material was removed by centrifugation (20,000 × g, 15 min, +4°C). Protein concentrations in lysates were assessed by DC protein assay. HTT was immunoprecipitated from cell lysates by overnight incubation with Dynabeads Protein G and appropriate antibodies (Table 2). Beads were then washed and split into two and treated with neutral pH hydroxylamine in lysis buffer (HAM+) or just lysis buffer (HAM-) for 2 h. Following HAM treatment, beads were washed and treated with 2.5 µM EZ-Link BMCC-Biotin in pH 6.2 lysis buffer for 1 h at 4°C. At the end of the BMCC-Biotin treatment, beads were washed and then heated for 10 min at 70°C with NuPAGE LDS sample buffer and 100 mM dithiothreitol (DTT) to elute proteins. Total HTT and palmitoylated HTT were detected by western blot analysis.
2.2.3 Myristoylation assay (bio-orthogonal labeling assay using alkyne-myristate)
Myristoylation of HTT was detected as previously described (Yap et al., 2010; Martin et al., 2012; Martin et al., 2014; Martin et al., 2018b; Liao et al., 2021). HEK293 cells were transiently transfected with the HTT553-3144-EGFP WT and G553A plasmids using the calcium phosphate transfection protocol. The following day, the cells were starved of lipids in DMEM supplemented with 5% charcoal-stripped FBS for 30 min, and then treated with 100 µM alkyne-myristate in fatty acid-free BSA for 4 h. HeLa cells were transiently transfected with mCherry-23Q and 100Q-HTT1-3144-EGFP WT, G553A, TEV552 and TEV586 plasmids using X-tremeGENE 9 as per the manufacturer’s directions. HeLa cells transfected for 40 h were washed in PBS and starved in DMEM supplemented with 5% charcoal-stripped FBS for 30 min. HeLa cells were then incubated with 100 µM alkyne-myristate in fatty acid-free BSA for 30 min, prior to the addition of 1 µM staurosporine (STS) to promote caspase activity, and cycloheximide (CHX) at 5 μg/mL to inhibit protein synthesis for 4 h. HEK293 and HeLa cells were lysed in modified EDTA-free RIPA buffer (50 mM HEPES pH 7.4, 0.5% sodium deoxycholate, 150 mM NaCl, 1% Igepal, 0.1% SDS, 2 mM MgCl2) supplemented with PMSF, pepstatin A and caspase inhibitor I (Z-VAD-FMK). Proteins were immunoprecipitated from cell lysates by overnight incubation with Protein G Dynabeads and goat anti-GFP antibodies, and subsequently subjected to click chemistry, as previously described in the section ‘Bio-orthogonal labeling assay using alkyne-palmitate’. Sample denaturation was conducted in NuPAGE LDS sample buffer and 100 mM DTT for 10 min at 70°C. Total HTT and myristoylated HTT were detected by western blot analysis.
2.2.4 Co-immunoprecipitation (Co-IP)
HeLa cells were seeded in 6-well plates and transfected with the mCherry-23Q-HTT1-3144-EGFP WT, TEV552, TEV586 or G553A using X-tremeGENE 9 Transfection reagent for 46 h, and treated for 2 h with 5 µM STS and 5 μg/mL cycloheximide (STS/CHX). Cells were then lysed in SDP lysis buffer (50 mM tris pH 8.0, 150 mM NaCl, 1% Igepal, 10 mM NaF, 40 mM β-glycerophosphate) supplemented with fresh protease inhibitors (cOmplete protease inhibitor cocktail, 1 mM sodium orthovanadate, 1 µM pepstatin A, and 5 µM Z-VAD-FMK), homogenized using an Eppendorf homogenizer, rotated at 4°C for 20 min and centrifuged (16,000 × g, 12 min, +4°C). Protein concentrations in the supernatants were assessed by DC assay. Lysates were pre-cleared with 10 µL Dynabeads Protein G for 30 min at 4°C. Full-length and C-terminal HTT-EGFP were immunoprecipitated from lysates by overnight incubation with Dynabeads Protein G and goat anti-GFP antibodies. Proteins were eluted from beads and denatured in NuPAGE LDS sample buffer with 100 mM DTT for 15 min at 70°C. Immunoblots for N-terminal HTT fragments were conducted with HTT [MAB2166/1HU-4C8, amino acid ∼443–457 (Cong et al., 2005)], or mCherry antibodies. Immunoblots for full-length and C-terminal HTT fragments were conducted with rabbit anti-GFP antibodies.
2.2.5 Western blot analysis
For the palmitoylation assays, denatured protein samples were run on NuPAGE 3%–8% tris-acetate gradient protein gels in tris-acetate SDS running buffer (50 mM tricine, 50 mM tris base, 0.1% SDS, pH 8.24). Proteins were transferred to 0.45 μm nitrocellulose membranes, in NuPAGE transfer buffer supplemented with 5% methanol. For the myristoylation assay, the lysates from HEK293 cells expressing C-terminal HTT553-3144-EGFP were run on tris-glycine gels (7%) in SDS-tris-glycine running buffer (25 mM tris base, 190 mM glycine, 3.5 mM SDS). Lysates from HeLa cells expressing mCherry-HTT-EGFP were run on 10% low bis acrylamide (1:200 bis-acrylamide:acrylamide) gels (without β-mercaptoethanol) in SDS-tris-glycine running buffer (Carroll et al., 2011; Caron et al., 2021). Proteins were transferred to 0.45 μm PVDF membranes, in NuPAGE transfer buffer supplemented with 5% methanol. For the co-immunoprecipitation assay, denatured HeLa lysates were run on large tris-glycine gels (10%) in SDS-tris-glycine running buffer using the Bio-Rad PROTEAN II xi Cell system. Proteins were transferred to 0.45 μm nitrocellulose membranes, in NuPAGE transfer buffer supplemented with 5% methanol.
PVDF and nitrocellulose membranes were blocked in 3%–5% BSA in tris-buffered saline (TBS) supplemented with 0.1%–0.5% Tween-20 (T). Primary antibody dilutions in 3%–5% BSA TBST were applied to the immunoblots at room temperature for 1-2 h or overnight at 4°C (Table 2). Membranes were washed in PBST or TBST (4 × 5 min, room temperature). The appropriate secondary antibodies and Alexa Fluor 680 conjugated streptavidin were then applied in 3%–5% BSA TBST for 1-2 h at room temperature. Membranes were washed in TBST (4 × 5 min, room temperature) and imaged using the LI-COR Odyssey Infrared Imaging System (LI-COR Biosciences). To perform membrane stripping, PVDF membranes were washed with PBS, submerged in Re-blot plus strong solution and incubated at 55°C for 30 min with intermittent agitation. The membranes were washed twice in TBST (2 × 10 min, room temperature), blocked for 1 h in 3% BSA in TBST, and re-probed with primary and secondary antibodies. Densitometry was quantified using the LI-COR Image Studio Lite software and median signal intensity following background subtraction was used for analysis. Acylation was analyzed as a ratio of myristoylation or palmitoylation signal (streptavidin) to total immunoprecipitated protein signal and normalized to the control. All the uncropped immunoblots are displayed in Supplementary Figures S1–S10.
2.2.6 Statistical analysis
GraphPad Prism 9 (9.4.1) was used for all statistical analyses and graph preparation. Figures were generated in Adobe Illustrator 2020. All data are presented as mean ± SEM. Biological replicates (n) are displayed on each graph, or indicated in the captions. Student’s t-test or 1, 2, or 3-way ANOVA statistical tests with post-hoc analysis (Sidak, Tukey, Bonferroni) were used for all experiments.
3 RESULTS
3.1 Identification of new palmitoylation sites of huntingtin within its N-terminal region
We have previously shown that HTT is palmitoylated at cysteine 214 (C214), using radioactive labeling techniques (Yanai et al., 2006). With recent advances in the detection of palmitoylation it has become apparent that there are likely additional palmitoylation sites within HTT, as the C214S mutation only reduces HTT palmitoylation levels by 30%–40% (unpublished data; displayed in Figures 2, 3). To identify these potential palmitoylation sites, the HTT amino acid sequence was run through the CSS-Palm 3.0 prediction program to determine which cysteines are predicted to be palmitoylated (Figure 1A) (Zhou et al., 2006). Cysteine residues with a prediction score higher than 1.2 were prioritized for testing as potential palmitoylation sites (3144, 1028, 3134, 1027 and 433). We also included the cysteine 105 as it is localized in the N-terminal 548 amino acid fragment, which contains the interaction domain of HTT with ZDHHC17 and 13 (Sanders et al., 2014) (Figure 1B).
[image: Figure 2]FIGURE 2 | Huntingtin is palmitoylated at cysteines 105 and 433. (A) COS-7 cells transiently expressing 15Q-HTT1-548 WT or carrying cysteine-to-serine mutations at residues 214 (C214S), 105 (C105S) or 433 (C433S) were harvested 48 h post-transfection, and subjected to the IP-ABE assay. Mock transfections were included to determine baseline background levels. Proteins were immunoprecipitated from lysates using N-terminal HTT antibodies (H7540). Palmitoylated HTT labeled with biotin was detected by western blot analysis using streptavidin, and total HTT with MAB2166 antibodies. The palmitoylation signal (palm-HTT, HAM+) and the negative control treatment (palm-HTT, HAM-) are shown in the top panels, the total HTT protein immunoprecipitated are presented in the corresponding middle panels, and the overlay of the two are displayed in the bottom panels. The western blot images are composites of different lanes from the same image (Supplementary Figure S1), (B) HTT palmitoylation level was calculated as the ratio of palmitoylation over total HTT protein signal, and expressed relative to 15Q-HTT1-548 WT (n = 7–15), (C) COS-7 cells transiently expressing 15Q-HTT1-548 WT or C214S, C105S and C443S were labeled with alkyne-palmitate for 6 h, and harvested 48 h post-transfection. Proteins were immunoprecipitated from lysates with H7540 antibodies, and bio-orthogonally labeled with azido-biotin by click chemistry. Palmitoylated HTT1-548 (top panel) labeled with biotin was detected with streptavidin, and total HTT (corresponding middle panel) was detected with HTT antibodies (MAB2166). The overlay of the two is displayed in the bottom panel. The western blot images are composites of different lanes from the same image (Supplementary Figure S2) (D) HTT palmitoylation level was calculated as the ratio of palmitoylated HTT over total HTT protein signal, and expressed relative to 15Q-HTT1-548 WT (n = 5–7) (E) Palmitoylation of 15Q-HTT1-548 WT, C214S, C105/214/433S expressed in COS-7 cells was measured as described in (A, B), by IP-ABE assay (n = 7–11) (F) Palmitoylation of 15Q-HTT1-548 WT, C214S, C105/214/433S expressed in COS-7 cells was measured as described in (C, D), by bio-orthogonal labeling following metabolic labeling with alkyne-palmitate (n = 5–6). The western blot images are composites of different lanes from the same image (Supplementary Figures S3, S4). Statistical analysis: (B) 1-way ANOVA: C to S mutations, ****p < .0001. Tukey’s multiple comparisons test: WT vs. C214S, **p = .0084; WT vs. C105S, *p = .040; WT vs. C433S, ****p < .0001. (D) 1-way ANOVA: C to S mutations, ***p = .0009. Tukey’s multiple comparisons test: WT vs. C214S, ***p = .0003; WT vs. C105S, *p = .024; WT vs. C433S, p = .23. (E) 1-way ANOVA: C to S mutations, ****p < .0001. Tukey’s multiple comparisons test: WT vs. C214S, *p = .044; WT vs. C105/214/433S, ****p < .0001; C214S vs. C105/214/433S, ****p < .0001. (F) 1-way ANOVA: C to S mutations, ****p < .0001. Tukey’s multiple comparisons test: WT vs. C214S, ****p < .0001; WT vs. C105/214/433S, ****p < .0001; C214S vs. C105/214/433S, **p = .0058.
[image: Figure 3]FIGURE 3 | Huntingtin is palmitoylated at cysteines 3134 and 3144. (A) COS-7 cells transiently expressing 15Q-HTT1-1212 WT or carrying two cysteine-to-serine mutations at residues 1027 and 1028 (C1027/1028S) were harvested 48 h post-transfection, and subjected to the IP-ABE assay. Proteins were immunoprecipitated from lysates using N-terminal HTT antibodies (H7540). Palmitoylated HTT labeled with biotin was detected by western blot analysis using streptavidin, and total HTT with MAB2166 antibodies. The palmitoylation signal (palm-HTT, HAM+) and the negative control treatment (HAM-) are shown in the top panels, the total HTT protein immunoprecipitated is presented in the corresponding middle panels, and the overlay of the two is displayed in the bottom panels. Uncropped blots are displayed in Supplementary Figure S5, (B) HTT palmitoylation level was calculated as the ratio of palmitoylated HTT over total HTT protein signal, and represented relative to 15Q-HTT1-1212 WT (n = 7), (C) COS-7 cells transiently expressing 15Q-HTT1-1212 WT or C1027/1028S were labeled with alkyne-palmitate for 6 h, and harvested 48 h post-transfection. Proteins were immunoprecipitated from lysates with H7540 antibodies, and bio-orthogonally labeled with azido-biotin by click chemistry. Palmitoylated HTT1-1212 (top panel) labeled with biotin was detected with streptavidin, and total HTT (corresponding middle panels) was detected with HTT antibodies (MAB2166). The overlay of the two is displayed in the bottom panels. Uncropped blots are displayed in Supplementary Figure S5, (D) HTT palmitoylation level was calculated as the ratio of palmitoylated HTT over total HTT protein signal, and represented relative to 15Q-HTT1-1212 WT (n = 7), (E) HeLa cells transiently expressing 15Q-HTT1-3144 WT, C214S, C3134S and C3144S were labeled with alkyne-palmitate for 6 h, and harvested 48 h post-transfection. Proteins were immunoprecipitated from lysates with HTT (MAB2166) antibodies, and bio-orthogonally labeled with azido-biotin by click chemistry. Palmitoylated HTT1-3144 (top panel) labeled with biotin was detected with streptavidin, and total HTT (corresponding middle panels) was detected with HTT antibodies (D7F7). The overlay of the two is displayed in the bottom panels. The western blot images are composites of different lanes from the same image (Supplementary Figure S6), (F) HTT palmitoylation level was calculated as the ratio of palmitoylated HTT over total HTT protein signal, and represented relative to 15Q-HTT1-3144 WT (n = 7–8). Statistical analysis: (B) Unpaired t-test: p = .11. (C) Unpaired t-test: **p = .0058. (F) 1-way ANOVA: C to S mutations, **p = .0024. Bonferroni’s multiple comparisons test: WT vs. C214S, **p = .0090; WT vs. C3134S, **p = .0073; WT vs. C3144S, **p = .0031.
In order to reduce the number of potential sites detected, we first sought to identify new palmitoylated residues within the N-terminal 548 amino acid fragment (Figure 1C and Figure 2; uncropped blots displayed in Supplementary Figures S1–S4). The palmitoylation level of 15Q-HTT1-548 WT, carrying a cysteine-to-serine mutation at C214 (C214S), C105 (C105S) or C433 (C433S) was measured in COS-7 cells using the IP-ABE assay (Figure 2A). The palmitoylation level of HTT C214S was significantly decreased compared to the WT control (by 30%; 1-way ANOVA: p < .0001; Tukey’s test: WT vs. C214S, p = .0084), but not abrogated (Figure 2B). Palmitoylation levels of 15Q-HTT carrying the C105S or C433S mutations were significantly lower than the WT control, by 20% and 40%, respectively (Tukey’s test: WT vs. C105S, p = .040; WT vs. C433S, p < .0001). This result supports that C214 is not the only palmitoylated residue of HTT, and that C105 and C433 are two palmitoylation sites within the huntingtin protein.
The dynamic palmitoylation level of 15Q-HTT1-548 WT, C214S, C105S and C433S was also measured in COS-7 cells by bio-orthogonal labeling following metabolic labeling with alkyne-palmitate (Figure 2C). As expected, the HTT C214S palmitoylation level was significantly reduced compared to the WT control (by 40%; 1-way ANOVA: p = .0009; Tukey’s test: WT vs. C214S, p = .0003) (Figure 2D). The palmitoylation level of 15Q-HTT C105S was significantly decreased compared to the WT control (by 30%; Tukey’s test: WT vs. C105S, p = .024). The data support that the residue C105 of the HTT protein is dynamically palmitoylated, similar to C214. While the palmitoylation level of 15Q-HTT C433S was lower than that of the WT control (20%), this decrease did not reach statistical significance due to a higher variability of the data (Tukey’s test: WT vs. C433S, p = .23). This result could be indicative of a slower palmitoylation turnover of HTT at C433.
The palmitoylation levels of 15Q-HTT1-548 WT, C214S or carrying three cysteine-to-serine mutations at C105, 214 and 433 (C105/214/433S) were measured in COS-7 cells using the IP-ABE (Figure 2E) and the bio-orthogonal assays (Figure 2F). The palmitoylation level of 15Q-HTT C105/214/433S was significantly reduced compared to 15Q-HTT WT (by 50%; Tukey’s test: p < .0001) and 15Q-HTT C214S (by 40%; Tukey’s test: p < .0001) when measured with the IP-ABE assay (Figure 2E). The dynamic palmitoylation level of 15Q-HTT C105/214/433S was also significantly decreased compared to 15Q-HTT WT (by 65%; Tukey’s test: p < .0001) and 15Q-HTT C214S (by 40%; Tukey’s test: p < .0001) when measured by bio-orthogonal labeling assay (Figure 2F). Our data show an additive effect of the cysteine residues C214, C105 and C433 on the global and dynamic palmitoylation levels of HTT. Altogether, these results support that the cysteines 105 and 433 of HTT are palmitoylated.
3.2 Identification of new palmitoylation sites of huntingtin within its C-terminal region
Next, we investigated the existence of potential new palmitoylated residues within HTT at C1027 and C1028 by using a longer fragment of HTT, 15Q-HTT1-1212 (Figure 1C and Figure 3; uncropped blots displayed in Supplementary Figure S5). The global palmitoylation level of 15Q-HTT1-1212 WT, or carrying two cysteine-to-serine mutations at C1027 and C1028 (C1027/1028S) was measured in COS-7 cells using the IP-ABE assay (Figure 3A). The palmitoylation level of 15Q-HTT C1027/1028S was not significantly modified compared to the WT control (Figure 3B; t-test: p = .11). The dynamic palmitoylation level of 15Q-HTT1-1212 WT or C1027/1028S was also measured in COS-7 cells by bio-orthogonal labeling assay following metabolic labeling with alkyne-palmitate (Figure 3C). The palmitoylation level of 15Q-HTT C1027/1028S was significantly increased compared to the WT control (Figure 3D; t-test: p = .0058). The higher palmitoylation turnover measured with the bio-orthogonal labeling assay, without any change of the total palmitoylation level with the ABE assay, could be explained by an increased palmitoylation dynamism at other HTT residues when C1027 and C1028 are mutated. This could be the consequence of conformational, location or protein-protein interaction changes in HTT C1027/1028S that would allow more efficient palmitoylation at other sites. Altogether, the data generated with these two palmitoylation assays support that the C1027 and C1028 residues are not palmitoylated.
Finally, we sought to identify new sites of palmitoylation using full-length HTT (Figure 1C). The palmitoylation level of full-length HTT WT, carrying a cysteine-to-serine mutation at C214, C3134 or C3144 was measured in HeLa cells by bio-orthogonal labeling assay following metabolic labeling with alkyne-palmitate (Figure 3E; uncropped blots displayed in Supplementary Figure S6). The palmitoylation level of HTT C214S was significantly decreased compared to the WT control (by 25%; 1-way ANOVA: p = .0024; Bonferroni’s test: WT vs. C214S, p = .0090) (Figure 3F). Palmitoylation levels of 15Q-HTT carrying the C3134S and C3144S were reduced compared to the WT control, by 25% and 30%, respectively (Bonferroni’s test: WT vs. C3134S, p = .0073; WT vs. C3144S, p = .0031). Therefore, these results suggest that cysteines 3134 and 3144 of HTT are dynamically palmitoylated. The palmitoylation level of full-length HTT WT, C214S, C3134S and C3144S could not be reliably detected using the IP-ABE assay in this experimental model, for unknown reasons (data not shown).
3.3 Full-length huntingtin is cleaved at D552 and post-translationally myristoylated at G553
We previously demonstrated that a truncated version of HTT (HTT1-588-YFP) undergoes post-translational myristoylation at the newly exposed glycine 553 (G553) following caspase cleavage at D552 (Martin et al., 2014). To determine if longer C-terminal fragments of HTT can be myristoylated and detected in vitro, we first used a simplified experimental model allowing us to study HTT co-translational myristoylation, without inducing toxicity and proteolysis at D552 (Figures 4A, B; uncropped blots displayed in Supplementary Figure S7). Co-translational myristoylation of C-terminal HTT553-3144 was measured in HEK293 cells transiently expressing HTT553-3144-EGFP WT or carrying the G553A mutation and metabolically labeled with alkyne-myristate (Alkyne-C14:0) or DMSO (as a negative control) followed by click chemistry (Figure 4B). Myristoylation was detected in the WT form, but the G553A mutation entirely abrogates HTT myristoylation. The molecular weight of C-terminal HTT553-3144 G553A was slightly lower than that of C-terminal HTT553-3144 WT, which is consistent with what we observed previously with HTT553-588-YFP (Martin et al., 2014; Martin et al., 2018a; Martin et al., 2018b).
[image: Figure 4]FIGURE 4 | C-terminal HTT553-3144 is co- and post-translationally myristoylated at G553 in C-terminal HTT553-3144 and full-length HTT1-3144, respectively. (A) Schematic representation of the C-terminal HTT553-3144-EGFP constructs WT or carrying a glycine 5s53 to alanine (G553A). The scissors symbol indicates the cleavage of the N-terminal methionine M552, (B) HEK293 cells transfected with C-terminal HTT553-3144-EGFP WT or G553A mutation were labeled with DMSO or 100 µM alkyne-myristate for 4 h, (C) schematic representation of the full-length mCherry-23Q-HTT1-3144-EGFP constructs WT, G553A or with the D552 caspase cleavage site replaced with a Tobacco Etch Virus proteolytic site (TEV552). The scissors symbol indicates the D552 cleavage site, (D) HeLa cells were transfected with mCherry-23Q-HTT1-3144-EGFP constructs WT, G553A, or TEV552. Cells were labeled with 100 µM alkyne-myristate for 30 min, and then treated for 4 h with 1 µM staurosporine (STS) and 5 μg/mL cycloheximide (CHX) to induce proteolysis and inhibit protein synthesis, respectively. For both (B, D), HTT fragments were immunoprecipitated from cell lysates using goat anti-GFP antibodies. The myristate analog was covalently linked to biotin azide through click chemistry. Myristoylated HTT553-3144-EGFP orthogonally labeled with biotin was detected with streptavidin and total HTT was detected with HTT antibodies (D7F7). Arrowheads indicate myristoylated HTT (myr-HTT553-3144-EGFP), total C-terminal HTT (HTT553-3144-EGFP) and full-length HTT (mCherry-HTT1-3144-EGFP). HTT553-3144-GFP myristoylation signal is not detected when the glycine 553 is mutated to alanine (G553A), or when the D552 cleavage site is blocked (TEV552). The images displayed in (B, D) are representative of three repetitions of each experiment. The western blot images in B are composites of different lanes from the same image for WT, G553A and mock, and a different image for WT and TEV552 as these constructs were expressed in independent experiments.
Our objective was then to fully characterize the post-translational myristoylation of full-length HTT (Figures 4C, D; uncropped blots displayed in Supplementary Figures S8). Myristoylation of C-terminal HTT533-3144 in HeLa cells exogenously expressing mCherry-23Q-HTT1-3144-EGFP WT, with the D552 caspase cleavage sites replaced with TEV proteolytic site (TEV552) or G553A, in the presence or absence of staurosporine (STS) which promotes caspase activity (Belmokhtar et al., 2001), was measured by bio-orthogonal labeling following metabolic labeling with alkyne-myristate (Figure 4D). The full-length mCherry-23Q-HTT1-3144-EGFP (indicated by the top arrowhead in the middle panel) was not orthogonally labeled with biotin, as expected (Martin et al., 2014). Myristoylated HTT553-3144 signal was detected when cells expressing the full-length HTT WT plasmid were treated with STS (myr-HTT553-3144-EGFP, indicated by an arrowhead in the top panel). A weaker signal was also detected in the absence of STS treatment, likely due to basal caspase activity, suggesting this is a constitutive PTM. Myristoylated HTT553-3144 was not detected when the D552 cleavage site of full-length HTT was replaced with a TEV proteolytic site nor in the presence of the G553A mutation. Altogether, the data confirms myristoylation of C-terminal HTT553-3144 at G553 after cleavage at D552 and shows for the first time that C-terminal HTT fragments longer than HTT553-558 undergo post-translational myristoylation, suggesting it occurs in endogenous HTT.
3.4 Huntingtin myristoylation increases when proteolytic cleavage of full-length huntingtin at D586 is impaired
Similar to palmitoylation, we have previously shown that a truncated version of HTT (HTT1-588-YFP) was less myristoylated in the presence of the HD mutation (Martin et al., 2014). Therefore, reduced myristoylation of huntingtin may be associated with increased toxicity of mutant HTT. Furthermore, we showed that blocking proteolysis of HTT1-588-YFP at D586 increases myristoylation at G553 (Martin et al., 2018b). Altogether, our data suggest that the protective effect of blocking proteolysis at D586 observed in vitro and in vivo (Graham et al., 2006; Graham et al., 2011; Wong et al., 2015) may be mediated, at least in part, through increased myristoylation at G553. Our aims were to assess the impact of the expanded polyQ tract and of D586 cleavage of full-length HTT on the myristoylation level of HTT553-3144.
Post-translational myristoylation of HTT was assessed in HeLa cells exogenously expressing full-length mCherry-23Q or 100Q-HTT1-3144-EGFP WT or with the D586 caspase cleavage sites replaced with TEV proteolytic sites (TEV586) in the presence or absence of STS to promote proteolysis, using the bio-orthogonal labeling assay (Figures 5A, B; uncropped blots displayed in Supplementary Figure S9). Again, post-translationally myristoylated C-terminal HTT533-3144 was detected in all conditions, but significantly increased in the presence of STS, supporting that this PTM is constitutive, after basal caspase activity (Figure 5B). Post-translational myristoylation of C-terminal HTT553-3144 was significantly reduced by 30% in mutant 100Q-HTT1-3144 compared to the wild-type control (23Q-HTT1-3144) in the presence or absence of STS (Figure 5C; 2-way ANOVA: HD mutation, p = .0011). Post-translational myristoylation of C-terminal HTT533-3144 was significantly increased when D586 cleavage of full-length 23Q and 100Q-HTT1-3144 was impaired (TEV586) compared to fully-cleavable 23Q and 100Q-HTT1-3144 WT (Figure 5D; 3-way ANOVA: WT vs. TEV586, p < .0001). The presence of the HD mutation did not significantly alter the myristoylation level of 100Q-HTT1-3144 TEV586, compared to 23Q-HTT1-3144 TEV586 (Figure 5B; 2-way ANOVA: HD mutation, p = .79). These results confirm that blocking full-length HTT cleavage at D586 promotes HTT533-3144 myristoylation at G553, and normalizes the effect of the HD mutation on HTT533-3144 myristoylation.
[image: Figure 5]FIGURE 5 | Myristoylation of C-terminal HTT553-3144 is reduced in the presence of the HD mutation, and increased when proteolytic cleavage of full-length huntingtin at D586 is impaired. (A) Schematic representation of the full-length mCherry-23Q and 100Q-HTT1-3144-EGFP constructs WT, or with the D586 caspase cleavage site replaced with a Tobacco Etch Virus proteolytic site (TEV586). The scissor symbols indicate the D552 and D586 cleavage sites, (B) HeLa cells were transfected with mCherry-23Q and mCherry-100Q-HTT1-3144-EGFP constructs WT or TEV586. Cells were metabolically labeled with 100 µM alkyne-myristate for 30 min in the absence or presence of 1 µM staurosporine and 5 μg/mL cycloheximide (STS/CHX) for 4 h to promote proteolysis and inhibit protein synthesis, respectively. Full-length and C-terminal HTT fragments were immunoprecipitated from cell lysates using goat anti-GFP antibodies. The myristate analog was covalently linked to biotin azide through click chemistry. Myristoylated HTT553-3144-EGFP orthogonally labeled with biotin was detected with streptavidin and total HTT was detected with HTT antibodies (D7F7). Arrowheads indicate myristoylated HTT (myr-HTT553-3144-EGFP) in the top panel, total C-terminal HTT (HTT553-3144-EGFP) and full-length HTT (mCherry-HTT1-3144-EGFP) in the middle panel, (C) myristoylation of HTT is reduced in the presence of the HD mutation. Myristoylation levels of HTT were quantified as the ratio of myristoylated HTT (myr-HTT553-3144-EGFP) normalized to the sum of full-length HTT (mCherry-HTT1-3144-EGFP) and C-terminal HTT fragments (HTT553-3144-EGFP), and expressed relatively to myristoylation of 23Q-HTT WT in cells treated with STS (n = 6), (D) Myristoylation of HTT is significantly increased when D586 cleavage of full-length HTT is impaired. Myristoylation of HTT was quantified as the ratio of myristoylated HTT normalized to the sum of full-length HTT and C-terminal HTT fragments, and expressed relatively to myristoylation of 23Q-HTT WT in cells treated with STS (n = 6). Statistical analysis: (C) 2-way ANOVA: interaction, p = .15; STS/CHX treatment, ****p < .0001; HD mutation, **p = .0011. Sidak’s multiple comparison test, **p = .0025. (D) 3-way ANOVA: WT vs. TEV586, ****p < .0001; Non-treated vs. STS/CHX, ****p < .0001; 23Q vs. 100Q, p = .10. Sidak’s multiple comparison test (WT vs. TEV586), ****p < .0001, ***p < .0001.2-way ANOVA (TEV586 constructs only): interaction, p = .44; Non-treated vs. STS/CHX, ***p < .0001; 23Q vs. 100Q, p = .79.
3.5 Huntingtin post-translational myristoylation promotes the co-interaction between C-terminal and N-terminal HTT fragments
It has previously been shown that C-terminal domains of HTT can interact with N-terminal HTT after proteolysis at single sites (Ochaba et al., 2014; El-Daher et al., 2015). In addition, C-terminal HTT alone appears to be toxic, particularly when HTT is processed at multiple sites, which decreases the interaction between the N- and C-termini (El-Daher et al., 2015). Our next goal was to investigate the impact of HTT myristoylation on the binding affinity between N-terminal and C-terminal HTT fragments, as we hypothesized that myristoylated fragments of HTT induce autophagy by impacting HTT protein-protein interaction.
The co-interaction between C- and N-terminal HTT was investigated in HeLa cells transiently expressing mCherry-23Q-HTT1-3144-EGFP WT, TEV586, TEV552 or G553A, after treatment with STS to induce proteolysis, by co-immunoprecipitation (Figure 6; uncropped blots displayed in Supplementary Figure S10). Full-length mCherry-23Q-HTT1-3144-EGFP (black arrowheads) and C-terminal HTT-EGFP fragments (grey arrowhead) generated by proteolysis were immunoprecipitated from lysates using GFP antibodies, and N-terminal HTT fragments co-immunoprecipitated were detected by western blot analysis using mCherry and N-terminal HTT antibodies (Figure 6A). Two main N-terminal HTT fragments with a molecular weight of ∼82 (red arrowheads) and 90 kDa (green arrowheads) detected by both mCherry and MAB2166 (amino acid ∼443–457) antibodies were co-immunoprecipitated with C-terminal fragments and full-length mCherry-HTT1-3144-EGFP. Additionally, co-immunoprecipitated N-terminal fragments with a molecular weight of 85, 100 and 115 kDa were detected at a lower level. This data confirm the interaction between N- and C-terminal HTT previously described (Palidwor et al., 2009; Ochaba et al., 2014; El-Daher et al., 2015). The amount of co-immunoprecipitated N-terminal HTT fragments (tagged with mCherry) with a molecular weight of between 75 and 100 kDa normalized to the level of full-length and C-terminal HTT (tagged with GFP) in non-treated or STS-treated cells is displayed in Figure 6B. Impairing post-translational myristoylation of full-length HTT1-3144 at G553 significantly reduced the co-interaction between the N-terminal fragments with full-length and C-terminal HTT compared to HTT WT and TEV586 in the STS-treated cells (2-way ANOVA, PTM mutation, p = .0076; Tukey’s post-test, WT vs. G553A, p = .017; TEV586 vs. G553A, p = .0038). Blocking proteolysis of full-length HTT at D552, which also blocks post-translational myristoylation, also significantly reduced C- an N-terminal fragment co-interaction compared to HTT TEV586, in STS-treated cells (Tukey’s post-test, TEV586 vs. TEV552, p = .033; t-test: WT vs. TEV552, p = .0056). This result suggests that post-translational myristoylation of HTT promotes the interaction between N-terminal and C-terminal HTT fragments in this model, which could contribute to the protective effect of blocking proteolysis at D586 in HD.
[image: Figure 6]FIGURE 6 | Blocking post-translational myristoylation in full-length wild-type HTT reduced the interaction between the N- and C-terminal fragments. (A) HeLa cells transiently expressing mCherry-23Q-HTT1-3144-EGFP WT, TEV586, TEV552 or G553A for 46 h were treated for 2 h with 5 µM STS and 5 μg/mL cycloheximide (STS/CHX) to induce proteolysis and inhibit protein synthesis, respectively. HTT-EGFP was immunoprecipitated from lysates with goat anti-GFP antibodies. Immunoblots were conducted with mouse anti-HTT (MAB2166; amino acid 443–457) and rabbit anti-GFP antibodies. Then, the membranes were stripped and re-probed with rabbit anti-mCherry antibodies. Full-length mCherry-23Q-HTT1-3144-EGFP, detected with GFP or MAB2166 antibodies, is indicated by a black arrowhead. C-terminal HTT-EGFP fragments, detected with GFP antibodies, are indicated by a grey arrowhead. The green and red arrowheads indicate the two main N-terminal mCherry-23Q-HTT fragments co-immunoprecipitated and detected by both mCherry and MAB2166 antibodies, with an apparent molecular weight of ∼82 and 90 kDa, respectively, (B) interaction between N-terminal HTT fragments with full-length and C-terminal HTT was quantified as the ratio of the co-immunoprecipitated N-terminal HTT fragments detected with mCherry antibodies with molecular weights between 75 and 100 kDa normalized to the sum of immunoprecipitated full-length HTT and all C-terminal HTT fragments detected with GFP antibodies, and expressed relatively to 23Q-HTT WT in cells treated with STS (n = 4). Statistical analysis: 2-way ANOVA: interaction, p = .076; STS/CHX treatment, ****p < .0001; PTM mutation, **p = .0076. Tukey’s multiple comparisons test: 23Q-WT vs. 23Q-G553A, *p = .017; 23Q-TEV586 vs. 23Q-TEV552, *p = .033; 23Q-TEV586 vs. 23Q-G553A, **p = .0038.
4 DISCUSSION
Proper cellular localization of proteins is crucial to their function and is particularly important in neurons that require proteins to traffic long distances along axons and complex dendrites. Mislocalization of neuronal proteins can lead to proteostasis deficiencies and toxicity. Consequently, altered palmitoylation and myristoylation have been implicated in many psychiatric and neurodegenerative disorders (Sanders et al., 2015; Cho and Park, 2016; Pinner et al., 2016; Philippe and Jenkins, 2019; Seo et al., 2022). While targeting acyltransferase enzymes and their substrate proteins could be a promising approach to treat neurological disorders, there are still many unanswered questions that need to be addressed regarding the role of fatty acylation on protein trafficking and targeting to specific neuronal locations, or more generally on brain health and functions (Ji and Skup, 2021; Petropavlovskiy et al., 2021).
We have shown that the palmitoylation level of HTT and many synaptic proteins are reduced in HD (Yanai et al., 2006; Lemarié et al., 2021). Modulating palmitoylation by inhibiting depalmitoylating APTs is protective in HD cells (immortalized cell lines, primary neurons, iPSC-derived neurons) and in the HdhCAG140/+ knock-in mouse model (Lemarié et al., 2021; Virlogeux et al., 2021). However, the biological functions of HTT fatty acylation and the role that loss of HTT fatty acylation plays on disease progression are still not fully elucidated.
Only one site of palmitoylation was previously identified at C214 using radioactive labeling techniques (Yanai et al., 2006). With recent advances in the detection of palmitoylation, it has become apparent that there are likely additional palmitoylation sites within HTT. The exhaustive identification of fatty palmitoylation sites within HTT is essential to allow us to identify the specific sites that mediate protection in HD in the presence of depalmitoylation inhibitors.
Here, we investigated the existence of additional palmitoylation sites within the full-length HTT protein, by transiently expressing HTT carrying cysteine-to-serine mutations at sites predicted to be palmitoylated (CSS-Palm 3.0 prediction program; Figure 1) and by measuring HTT palmitoylation levels using the IP-ABE and bio-orthogonal labeling assays (Figures 2 and 3). Within the N-terminal region of HTT, our data support that C105 and C433 of HTT are palmitoylated (Figures 2A-D). This conclusion is supported by high throughput screening by resin-assisted capture of S-acylated proteins (acyl-RAC) followed by LC-MS/MS that identified these two residues as S-palmitoylation and S-nitrosylation (addition of nitric oxide (NO)) sites (Ni et al., 2016). The residues C109, C152, C204 and C280 were considered as palmitoylated in the Ni et al. study 2016. However, only C280 appeared in the CSS-Palm 3.0 prediction list with a low score (Figure 1A), and was therefore not investigated by low throughput palmitoylation assay. We observed an additive effect of the mutations of C105, C214 and C433 on HTT1-548 palmitoylation level, although HTT palmitoylation was still not entirely abrogated (Figures 2E, F). Blocking palmitoylation at C105, C214 and C433 may be compensated by palmitoylation at alternate sites in close proximity (C109 for C105 and C204 for C214) a phenomenon that has been observed for other proteins, including the voltage-gated sodium channel Nav1.6 (Pan et al., 2020).
In the middle region of the HTT protein, the cysteine residues 1027 and 1028 have a high palmitoylation prediction score according to the CSS-Palm 3.0 program (Figure 1A). Both residues were mutated to serine in case these adjacent cysteines were interchangeably palmitoylated. The double cysteine-to-serine mutations C1027/1028S did not significantly alter HTT1-1212 palmitoylation level using the IP-ABE assay (Figures 3A, B), but surprisingly increased HTT dynamic palmitoylation level when measured with the bio-orthogonal labeling assay (Figures 3C, D). This unexpected increase in palmitoylation turnover measured with the bio-orthogonal labeling assay, without any change of the global palmitoylation level with the ABE assay, could be due to an indirect effect of the C1027/1028 residue mutation which may impact HTT conformation, localization, or protein-protein interaction, and in doing so could promote palmitoylation of a nearby residue, such as C944 which was predicted to be palmitoylated (Ni et al., 2016). Alternatively, the significant increase in palmitoylation observed with the bio-orthogonal labeling assay may be indicative of transacylation (or catalytic cysteine palmitoyl relay (CCPR)) of HTT and these sites may serve as recipients of palmitate from other sites on HTT, similar to mitochondrial HMG-CoA synthase (Kostiuk et al., 2010). However, these two cysteines were not identified as palmitoylation sites in the acyl-RAC high throughput performed in the Ni et al., 2016 study. Therefore, they are unlikely to be new sites of palmitoylation, but this highlights an important issue when trying to identify new sites of palmitoylation.
In the C-terminal region of HTT, C3134 and C3144 were investigated as potential new palmitoylation sites. Palmitoylation of full-length 15Q-HTT C3134S and C3144S was decreased compared to the WT control to the same extent than the C214S mutation, suggesting that cysteines 3134 and 3144 of HTT are dynamically palmitoylated (Figures 3E, F). Of note, when expressing full-length HTT, our method also measures endogenous HTT palmitoylation. This suggests that the effect of blocking palmitoylation of exogenous HTT at these sites may be greater than what we measured.
To summarize, we have identified multiple new palmitoylation sites of huntingtin at C105, C433, C3134 and C3144. It will be important to confirm the palmitoylation of these residues by mass spectrometry. Investigating the effects of these palmitoylation sites on wild-type and mutant HTT localization, clearance, aggregation or protein trafficking will be necessary to further decipher the biological functions of HTT palmitoylation. Additionally, because proteins that contain multiple palmitoylation sites can be modified at different intracellular locations by various PATs (Tian et al., 2010; Kang et al., 2019), it will be relevant to assess if additional enzymes, aside from ZDHHC17 and 13, are involved in the palmitoylation of these residues.
Myristoylation has been shown to be essential for the function of many proteins and is required for cell survival (Martin D. D. O et al., 2011; Thinon et al., 2016). Previously, using truncated forms of HTT, we showed that HTT is post-translationally myristoylated at G553 following caspase-cleavage (Martin et al., 2014). Like HTT palmitoylation, post-translational myristoylation of HTT1-588 is significantly decreased in the presence of the polyQ expansion (Martin et al., 2014). We also found that the myristoylated HTT553–585 fragment induces the formation of autophagosomes, and thereby plays a role in the initiation of autophagy, a process altered in HD (Martinez-Vicente and Cuervo, 2007; Krainc, 2010; Martinez-Vicente et al., 2010; Ochaba et al., 2014; Menzies et al., 2015; Ehrnhoefer et al., 2018). Furthermore, our data show that blocking proteolysis of HTT1-588 at D586 increases myristoylation at G553 (Martin et al., 2018b). This suggests that the protective effect of blocking proteolysis at D586 (Graham et al., 2006; Graham et al., 2011; Wong et al., 2015) may be mediated, at least partially, through increased myristoylation at G553. This potential crosstalk between D586 cleavage and G553 myristoylation could explain the rescue of autophagy dysregulation in the C6R mouse model (YAC128 line carrying a mutation preventing proteolysis at D586) compared to the YAC128 mouse line (Ehrnhoefer et al., 2018). Developing tools to characterize post-translational myristoylation in full-length HTT is now essential to confirm our findings.
For the first time, co- and post-translational myristoylation of C-terminal HTT533-3144 was detected in human cells exogenously expressing HTT533-3144-EGFP WT (Figure 4B), mCherry-23Q-HTT1-3144-EGFP WT (Figure 4D) and mCherry-23Q and 100Q-HTT1-3144-EGFP WT and D586 proteolysis-resistant (TEV586) (Figure 5B), in the presence or absence of STS to induce proteolysis. Myristoylation of HTT in the absence of stressors suggests that HTT is likely constitutively post-translationally myristoylated endogenously. The presence of the G553A or the D552 proteolysis-resistant (TEV552) mutations entirely abrogated the myristoylation of HTT533-3144. Consistent with shorter N-terminal fragments of HTT, myristoylation of HTT533-3144 was reduced in the presence of the HD mutation (Figure 5C). In contrast, post-translational myristoylation of C-terminal HTT553-3144-EGFP was significantly increased when the cleavage of full-length HTT at D586 was impaired (TEV586) (Figure 5D). This result confirms our hypothesis that blocking HTT cleavage at D586 promotes HTT myristoylation at G553, and supports the PTM crosstalk we proposed in Ehrnhoefer et al., 2018 study.
A role for HTT in the regulation of autophagy has been described (Steffan, 2010; Ochaba et al., 2014; Rui et al., 2015; Ashkenazi et al., 2017a; Ashkenazi et al., 2017b), with both the HTT N- and C-termini playing different but inter-dependent roles in autophagy (Ochaba et al., 2014). This process may be promoted by the interaction of the two halves after proteolysis (Palidwor et al., 2009; El-Daher et al., 2015). C-terminal HTT alone appears to be toxic, particularly when HTT is processed at multiple sites (D586, D513 and D167), which decreases the interaction between the N- and C-termini (El-Daher et al., 2015). C-terminal HTT toxicity involves inactivation of dynamin 1 at ER membrane and ER dilatation and stress (El-Daher et al., 2015). Impairing myristoylation of wild-type 23Q-HTT1-3144 significantly decreased the interaction of two N-terminal HTT fragments (∼82 and 90 kDa) with C-terminal HTT553-3144 compared to the WT control and the TEV586 (Figure 6).
This result suggests that myristoylation of HTT promotes the interaction between C-terminal HTT553-3144 and N-terminal HTT fragments. Thus, the protective effect of blocking cleavage of full-length HTT at D586 may be mediated through promoting proteolysis at D552 and post-translational myristoylation of HTT, thereby maintaining the interaction between the toxic N- and C-termini. These N- and C-terminal fragments can then potentially be directed to the autophagosome for degradation. Altogether, the data support our hypothesis that targeting myristoylation could be beneficial in the context of HD. It would be relevant to modulate myristoylation levels of HTT to assess the impact on N- and C-terminal fragments co-interaction and clearance. Inhibitors of NMTs, which impair protein myristoylation, have been developed to treat cancer cells (Thinon et al., 2016; Beauchamp et al., 2020; Sangha et al., 2022) and various parasitic protozoa (Khalil et al., 2019). However, the irreversible nature of myristoylation makes it a more challenging target compared to palmitoylation, specifically if the goal is to promote its levels.
Our study reveals new palmitoylation sites of HTT and new insights into the regulation of HTT by myristoylation. Myristoylation often regulates protein anchoring to the membrane via second signals such as palmitoylation (Resh, 2016; Seo et al., 2022), and we can hypothesize that acylation cascades may impact wild-type HTT functions and mutant HTT toxicity. Moreover, some of the new palmitoylation sites identified in this study are located in clusters of PTMs of HTT that modulate mutant HTT functional or toxic properties (Arbez et al., 2017), and could therefore impact key PTMs of HTT. Determining the physiological relevance of these new palmitoylation sites, and the interplay between different PTMs of HTT will help develop new therapeutic strategies to treat HD.
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GLOSSARY
Acyl-RAC acyl-resin-assisted capture
APT acyl-protein thioesterase
BSA bovine serum albumin
C6R caspase-6 resistant
CCPR catalytic cysteine palmitoyl relay
CHX cycloheximide
DTT dithiothreitol
DMEM Dulbecco’s modified Eagle medium
EGFP enhanced green fluorescent protein
ER endoplasmic reticulum
FBS fetal bovine serum
HIP14 huntingtin interacting protein 14
HIP14L huntingtin interacting protein 14-like
HTT huntingtin
HD Huntington disease
HAM hydroxylamine
IB immunoblot
IP immunoprecipitation
IP-ABE acyl-biotin exchange assay on immunoprecipitated proteins
NEM N-ethylmaleimide
NMT N-myristoyltransferase
NO nitric oxide
PMSF phenylmethylsulfonyl fluoride
PBS phosphate-buffered saline
PolyQ polyglutamine
PTM post-translational modification
SDS sodium dodecyl sulfate
STS staurosporine
TEV Tobacco Etch virus
TBTA tris (benzyltriazolylmethyl)amine
TCEP tris-carboxyethylphosphine
WT wild-type
ZDHHC17 Zinc finger DHHC-type palmitoyltransferase 17
ZDHHC13 Zinc finger DHHC-type palmitoyltransferase 13
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The reversible lipid modification protein S-palmitoylation can dynamically modify the localization, diffusion, function, conformation and physical interactions of substrate proteins. Dysregulated S-palmitoylation is associated with a multitude of human diseases including brain and metabolic disorders, viral infection and cancer. However, the diverse expression patterns of the genes that regulate palmitoylation in the broad range of human cell types are currently unexplored, and their expression in commonly used cell lines that are the workhorse of basic and preclinical research are often overlooked when studying palmitoylation dependent processes. We therefore created CellPalmSeq (https://cellpalmseq.med.ubc.ca), a curated RNAseq database and interactive webtool for visualization of the expression patterns of the genes that regulate palmitoylation across human single cell types, bulk tissue, cancer cell lines and commonly used laboratory non-human cell lines. This resource will allow exploration of these expression patterns, revealing important insights into cellular physiology and disease, and will aid with cell line selection and the interpretation of results when studying important cellular processes that depend on protein S-palmitoylation.
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1 INTRODUCTION
Protein S-palmitoylation is a reversible post-translational modification, in which the 16-carbon fatty acid, palmitate, is attached to a thiol group of specific cysteine residues via a labile thioester bond. As the most common form of S-acylation, this modification has profound influence over protein function and cellular signaling in the brain (Globa and Bamji, 2017; Matt et al., 2019; Ji and Skup, 2021), immune system (Lin, 2021; Zhang et al., 2021) and cardiovascular system (Essandoh et al., 2020). Furthermore, dysregulated S-palmitoylation is also associated with metabolic disorders (Qu et al., 2021), brain disorders (Zaręba-Kozioł et al., 2018) and viral infection (e.g., SARS-CoV-2) (Abdulrahman et al., 2021; Wu et al., 2021; Li et al., 2022). In recent years, considerable evidence has accumulated that S-palmitoylation of oncogenes can play a critical role in cancer progression, with the palmitoylating and depalmitoylating enzymes being investigated as drug targets to modify tumor growth (Ko and Dixon, 2018). S-palmitoylation is mediated by a family of 24 human ZDHHC enzymes that differ structurally but share a consensus ‘DHHC’ catalytic motif (Malgapo and Linder, 2021; Puthenveetil et al., 2022). These enzymes can associate with several known ZDHHC accessory proteins that regulate their function and stability (Salaun et al., 2020). Furthermore, depalmitoylation is mediated by a growing number of acyl-protein thioesterase enzymes, which are still in the process of being fully characterized (Won, Cheung See Kit and Martin, 2018). However, the precise distribution of these enzymes within the broad range of cell types and tissues in the human body has not been characterized, and is often overlooked when using model systems to study biological and pathological processes that are regulated by S-palmitoylation.
Cell lines are the workhorse of many laboratories and are often used for basic and clinical research in place of primary cell culture. In addition to being cost effective, easy to use, and generating relatively reproducible data, cells lines also bypass the need for ethical approval that is associated with human and non-human animal tissue. Furthermore, human cancer cell lines that share many transcriptomic similarities with primary tumors (Barretina et al., 2012), are the primary preclinical model systems for the investigation of cancer biology and testing the efficacy of anticancer drugs (Gonzalez-Nicolini and Fussenegger, 2005).
In addition to the numerous cancer cell lines that are central to cancer research, alternative animal cell lines are used across a huge variety of research disciplines, in fields as diverse as primary research, vaccine production, study of gene function, protein production and drug toxicity research (Allen et al., 2008; Khan, 2013; Genzel, 2015) (Allen et al., 2008; Khan, 2013; Genzel, 2015). However, the influence of the background transcriptome of a given cell line is not always taken into account when utilizing these models to study cellular processes.
The recent publication of numerous large scale RNAseq studies has enabled the transcriptional profiling of a large variety of tissues, including from human samples, animal model systems and immortalized cell lines. Importantly, this wealth of expression data is publicly available through web resources such as the Gene Expression Omnibus (GEO) and other purpose designed web resources. However, there are often barriers to easy access of this data, particularly when web resources for data viewing are not available.
A recent study from our lab collated and analyzed publicly available RNAseq data revealing considerable heterogeneity in the expression patterns of the genes that regulate S-palmitoylation in the mouse brain, and demonstrated how these expression patterns can be used to better understand the etiology of diseases that are related to dysregulated S-palmitoylation, and to predict and validate enzyme-substrate interactions (Wild et al., 2022). However, a resource for non-brain RNAseq data in human tissues and commonly used cell lines is currently lacking. We have therefore applied a similar approach to RNAseq data curation and visualization for genes that regulate S-palmitoylation, this time assessing their expression patterns in human bulk and single-cell RNAseq datasets, in addition to human and non-human cell lines that are a mainstay of basic biological and preclinical research. To create an accessible resource for visualizing the expression of the S-palmitoylationg and depalmitoylating enzymes across a vast number of cell lines, we curated data from several large scale RNAseq databases that cover hundreds of human cancer cell lines, and also curated GEO expression data from several of the most commonly used non-human and human laboratory cell lines. We then created a webtool (CellPalmSeq; https://cellpalmseq.med.ubc.ca) to allow easy interrogation of this multi-study data using simple interactive heatmaps.
2 RESULTS
2.1 Creation of CellPalmSeq, an interactive database and webtool for visualization of the expression patterns of the genes that regulate S-palmitoylation
In recent years, numerous RNAseq studies of varying scales have characterized the transcriptomes of human tissues and hundreds of commonly used cell lines. However, this data is often difficult to access and visualize, with no single resource existing with transcriptomic data from a large number of non-human cell lines. Furthermore, datasets from individual studies are challenging for non-bioinformaticians to access, and available webtools often do not allow comparison of the expression of multiple genes at once. We therefore created “CellPalmSeq”, an interactive resource for visualization of expression data for the genes that regulate S-palmitoylation, curated from multi-study RNAseq datasets from non-diseased human tissues, human cancer cell lines and commonly used non-human laboratory cell lines. We processed data for the 24 ZDHHC enzymes (ZDHHC1-ZDHHC24, plus ZDHHC11B and omitting ZDHHC10 which is not included in the ZDHHC genes), the known ZDHHC accessory proteins (GOLGA7, GOLGA7B and SELENEOK; Salaun et al., 2020) and the depalmitoylating enzymes that have been well characterized and/or are inhibited by the depalmitoylating enzyme blockers (HDFP) and Palmostatin B (LYPLA1, LYPLA2, PPT1, ABHD4, ABHD6, ABHD10, ABHD12, ABHD13, ABHD16A, ABHD17A, ABHD17B, ABHD17C; Lin et al., 2017). To compare across datasets, we present all datasets in the same expression units and reanalyzed from the raw reads where needed. All data are freely available for download on CellPalmSeq, so that users can replot data in their preferred format. We then utilized this resource to study the expression patterns of this gene family in order to highlight the importance of accounting for their expression when studying cellular signaling in different cell types, tissues, and cellular model systems.
2.2 Expression of the genes that regulate S-palmitoylation in human single cell types
We first curated single-cell RNAseq data from the Human Protein Atlas, which analyzed collated data from 26 studies of cells from non-diseased human tissues and organs, identifying 76 broad single-cell types, divided into 15 cell type clusters (https://www.proteinatlas.org/; Karlsson et al., 2021). Single-cell RNAseq data reveal the gene expression profile of a particular cell type, as opposed to bulk tissue which is composed of multiple cell types. We downloaded expression data (normalized transcripts per million; nTPM) for the genes that regulate S-palmitoylation from this dataset and plotted heatmaps of ZDHHC expression. We found initially that a small number of the ZDHHC genes were expressed considerably higher than others, making visual comparison between the majority of genes difficult within a single heatmap (notably ZDHHC3 and ZDHHC19 in late spermatids, see CellPalmSeq for interactive heatmaps). Therefore, we plotted individual heatmaps of ZDHHC expression within each cell-type cluster, with heatmaps scaled separately for each cell type cluster (Figure 1). Overall, when looking at expression by cell type cluster, we observed highly heterogeneous expression, in line with specific functions of the various components of the S-palmitoylation machinery in different cellular contexts. Certain cell type clusters showed a preference for a very select group of ZDHHC enzymes, whereas others expressed a broader range of ZDHHC enzymes. On average, ZDHHC3 was the highest expressing ZDHHC enzyme across all cell types, followed by ZDHHC12, ZDHHC21, and ZDHHC4. For the ZDHHC accessory proteins (Figure 2), GOLGA7 was broadly expressed within the majority of cell type clusters, whereas SELENOK expression was highly heterogeneous. For the depalmitoylating enzymes (Figure 2), LYPLA1 had the highest expression on average and was expressed highly in a number of cell types such as squamous epithelial cells, cardiomyocytes, and hepatic stellate cells, while PPT1 was the depalmitoylating enzyme with the highest expression in immune cells. Interactive heatmaps for this (and all other) data are available on CellPalmSeq to plot expression data according to user preferences.
[image: Figure 1]FIGURE 1 | Expression patterns of the ZDHHC enzymes in major human cell types. Heatmaps showing human single-cell RNAseq expression data for the ZDHHC enzymes, downloaded from the Human Protein Atlas. 76 major cell types were identified within 15 cell type clusters. Heatmaps are grouped according to cell type cluster to view relative expression. Heatmap units: TPM. All data available for download on CellPalmSeq.
[image: Figure 2]FIGURE 2 | Expression patterns of the ZDHHC accessory proteins and depalmitoylating enzymes in major human cell types. Heatmaps showing human single-cell RNAseq expression data for the ZDHHC accessory proteins and depalmitoylating enzymes, downloaded from the Human Protein Atlas. 76 major cell types were identified within 15 cell type clusters. Heatmaps are grouped according to cell type cluster to view relative expression. Heatmap units: Transcripts per million (TPM). All data available for download on CellPalmSeq.
Next, to visualize the relative expression of each individual ZDHHC enzyme across all cell types, we plotted z-scores for each ZDHHC enzyme, calculated from expression values across all cell types examined (Supplementary Figure S1). A positive or negative z-score indicates enriched or depleted expression, respectively, in a given cell type. Several ZDHHCs were highly enriched in certain cell types, for example, ZDHHC19 in late spermatids and ZDHHC16 in extravillous trophoblasts. Depalmitoylating enzymes showed similarly enriched expression, including ABHD17A in NK cells, and ABHD17B in oligodendrocytes (Supplementary Figure S2). For the accessory proteins, GOLGA7B was highly enriched in cells of the nervous system, particularly neuronal cells, mirroring previous findings of enrichment of Golga7b in mouse neuronal cells (Supplementary Figure S2; Wild et al., 2022).
In addition to the single-cell RNAseq data presented here, bulk RNAseq data of the major human tissues curated from the Human Protein Atlas are also available on the CellPalmSeq website.
Together, these expression patterns give insight into the specialized roles that certain palmitoylating and depalmitoylating enzymes are likely to have in different cell types within the human body, and can be used to make predictions about potential substrate interactions between this machinery and cell type enriched substrates (Wild et al., 2022). Furthermore, these patterns of enrichment will aid in the understanding of potential off target effects of drugs developed to modify the S-palmitoylation machinery, in non-target tissues.
2.3 Expression of the genes that regulate S-palmitoylation in human cancer cell lines
Cancer cell lines are heavily utilized as preclinical model systems for cancer research (Barretina et al., 2012), and have been critical for the discovery of many fundamental processes in cell biology, such as the characterization of the signaling machinery engaged by T-cell receptors using tumor derived Jurkat cells (Abraham and Weiss, 2004). Importantly, S-palmitoylation is known to play a role in the activation of oncogenic signaling networks, and the enzymes that regulate S-palmitoylation are known to be dysregulated in a number of cancers (Yeste-Velasco et al., 2015; Anderson and Ragan, 2016; Fhu and Ali, 2021). We next investigated two large scale cancer RNAseq compendia, the Cancer Cell Line Encyclopedia (CCLE; 1406 cell lines; Barretina et al., 2012; Ghandi et al., 2019) and Cell Model Passports (CMP; 442 cell lines; Garcia-Alonso et al., 2017; Picco et al., 2019), that measured gene expression across several hundred cancer cell lines. Expression data (transcripts per million; TPM) were again downloaded for the genes that regulate S-palmitoylation and are available for interactive plotting on CellPalmSeq. To provide an overview of differential enrichment of these genes, we averaged expression according to the primary disease tissue (or cancer type) from which the cell lines were isolated, and plotted heatmaps that revealed highly heterogeneous expression of the genes that regulate S-palmitoylation across cancer cell lines for both the CCLE (Figure 3A) and CMP datasets (Supplementary Figure S3). The heatmap columns were ranked by descending averages to determine which genes had the broadest expression across cancer cell lines. For the ZDHHC enzymes, ZDHHC4, ZDHHC5, ZDHHC6, ZDHHC7, ZDHHC12, ZDHHC16, and ZDHHC20 were the highest expressing ZDHHC enzymes across cell lines in both datasets, although their ranked expression differed in each set. This is likely due to differences in the number of unique cell lines selected for testing, as only 161 out of 442 cell lines from the CMP dataset were also tested in the CCLE panel. Conversely, expression of ZDHHC15 and ZDHHC19 was very low in the majority of cell lines in both studies. Some patterns of expression were consistent across the two datasets (Figure 3A; Supplementary Figure S3A), including high expression of ZDHHC3 and ABHD6 in bone cancer derived cell lines, particularly those derived from Ewing’s sarcoma tumors. ZDHHC7 was elevated in kidney cancer cell lines in both datasets, and PPT1 was highly expressed in cell lines from breast cancer tumors. Conversely, ZDHHC9 expression was markedly lowest in cell lines derived from leukemia and lymphoma tissues in both datasets. Because human cancer cell lines often share many transcriptomic similarities with primary tumors (Barretina et al., 2012), this resource to examine the expression patterns of the genes that regulate S-palmitoylation across cancer cell lines and cancer types may enable hypothesis generation regarding how S-palmitoylation is regulated in certain cancers.
[image: Figure 3]FIGURE 3 | Expression of the genes that regulate palmitoylation from CCLE cancer cell lines. (A) Heatmap showing RNAseq expression data for the genes that regulate S-palmitoylation, downloaded from CCLE and averaged according to ‘Primary Disease’. Data are included from 1406 cell lines, averaged into 30 primary disease types. (B) Expression data for selected human cell lines that are commonly used for basic research. All data were extracted from the CCLE dataset, except the H9 cell line which was found only in the CMP dataset, and HEK-293 that was found in the HPA cell line dataset. Heatmap units: Transcripts per million (TPM). All data available for download on CellPalmSeq.
We next plotted the expression data for S-palmitoylation associated genes across several of the most commonly used human cell lines (Figure 3B). Although these cell lines have been used extensively for cancer research, many have been utilized outside of this field for fundamental research into cell biology and drug discovery (Supplementary Table S1). Furthermore, the HEK-293 human cells are included as they are commonly used in basic research, although this cell line was derived embryonic kidney cells transformed with adenovirus, and not from tumor tissue (Graham et al., 1977). Heterogeneous expression of the palmitoylating enzymes, their accessory proteins and the depalmitoylating enzymes was again observed across these cell lines, highlighting the importance of considering the expression of this family of enzymes when choosing cell lines as model systems for research on processes that are regulated by S-palmitoylation.
2.4 Correlation of RNA and protein expression for genes that regulate S-palmitoylation in human cancer cell lines
Although RNA expression patterns are a useful tool to predict the protein expression in a given cell type, the correlation between RNA and protein expression can be poor, due to post-translational protein processing and degradation (Vogel and Marcotte, 2012). To determine which of the S-palmitoylation associated genes have RNA expression patterns that are maintained at the protein level in human cancer cell lines, we compared RNA (Ghandi et al., 2019) and protein (mass spectrometry proteomics; Nusinow et al., 2020) expression data, both generated by the CCLE study (Figure 4A). We found 251 cell lines that were present in both datasets, however, not all of our proteins of interest were detected across all cell lines. We therefore only performed correlations on cell lines that had values for both RNA and protein for a given gene, and converted the expression values into z-scores across these cell lines in order to perform a comparison of cell line enrichments (Supplementary Table S2). In addition, several genes were not detected at all at the protein level, including ZDHHC1, ZDHHC11, ZDHHC11B, ZDHHC12, ZDHHC19 and ZDHHC22. We found that 21 out of the 33 genes examined showed a moderate or strong positive correlation (R > 0.4; p < 0.001) between RNA and protein z-scores (Figure 4B), indicating that RNA expression patterns are predictive of protein abundance for the majority of S-palmitoylation associated genes. There were however several notable examples of very poor correlation, including ZDHHC8, GOLGA7B and ABHD10.
[image: Figure 4]FIGURE 4 | Correlation between RNA and protein expression using cancer cell line data. (A) Diagram illustrating how expression values were converted to z-scores and then correlation values calculated, using CCLE RNAseq and proteomic data. (B) Graph of Spearman correlation values calculated from expression z-scores across available CCLE cell lines, for RNA vs. protein. Number on each bar represents the number of cell lines (in which both RNA and protein were detected) used for each correlation calculation. (C) Heatmap showing enrichments of both RNA and protein across cancer type clusters for selected palmitoylating and depalmitoylating enzymes. Heatmap units: z-score.
Closer examination of examples of genes with high correlations between RNA and protein revealed that certain genes were either enriched or depleted within certain cancer cell line clusters (Figure 4C). For example, ZDHHC13 RNA and protein were highly enriched in esophageal and pancreatic cancer cell lines, and depleted in liver cancer cell lines, while ABHD12 was enriched in kidney and liver cancer cell lines. Conversely, GOLGA7B and ABHD10 showed very poor correlation, indicating that caution should be taken if attempting to infer expression patterns of these genes from RNA expression patterns alone.
2.5 Expression of the genes that regulate S-palmitoylation in commonly used non-human cell lines
Numerous non-human cell lines are widely utilized in basic and pre-clinical research and have been used for the study of basic cell biology, drug toxicity, gene therapy and vaccine production (Verma et al., 2020). However, to our knowledge no single resource exists that has performed a multi-cell line RNAseq study on the most commonly used non-human cell lines. We therefore turned to the Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/), a database repository of high throughput gene expression data, to manually curate available RNAseq data for the several of the most commonly used cell lines including: NIH/3T3, PC12, MDCK, BHK21, CHO, VeroE6, and Calu3 (Supplementary Table S3). We curated studies according to the following criteria: i) datasets were associated with a peer reviewed publication; ii) control samples had been tested with minimal manipulation and iii) the source of the cell line used was well defined or the cell line had been authenticated by short tandem repeat (STR) profiling. We then reanalyzed control samples from these curated datasets from the raw reads using the same analysis pipeline. The predicted ensembl (https://ensembl.org) gene set for each species was used to extract the S-palmitoylation genes but as expected, not all genes we previously analyzed in human are identified in each species, therefore only those identified are included. All of these datasets are available for interactive visualization and download on CellPalmSeq.
We began with the mouse NIH/3T3 cell line, which is one of the most commonly used embryonic fibroblast lines with 8,826 citations on PubMed.gov. We found that expression patterns for the genes that regulate S-palmitoylation were very similar across four independent studies, particularly for the ZDHHC enzymes, despite the cell lines originating from three independent sources (Figure 5A; Supplementary Table S3). Zdhhc3, Zdhhc4 and Zdhhc16 were the highest expressing ZDHHCs across studies, while numerous ZDHHCs were not detected at all. Abhd17a, Lypla1, and Ppt1 were the highest expressing depalmitoylating enzymes, and of the accessory proteins, all were detected except Golga7b.
[image: Figure 5]FIGURE 5 | Expression of the genes that regulate S-palmitoylation in selected commonly used non-human cell lines. (A) Heatmap of RNAseq expression data for the genes that regulate S-palmitoylation in control/untreated samples from mouse NIH/3T3 cell line, downloaded from selected datasets on GEO (labelled with GEO accession numbers). N = 1–3 control samples per dataset. Units = Transcripts per million (TPM). (B) As A but for Rat PC12 cell line samples. N = 3 samples per cell dataset. (C) As A but for dog MDCK cell line samples. N = 3–12 samples per dataset.
The expression patterns were markedly different in PC12 cells derived from rat adrenal medulla, that share many common features with neuronal cells (Figure 5B; Westerink and Ewing, 2008). Notably, Zdhhc2 and Zdhhc5 were on average the highest expressing ZDHHCs across three studies analyzed. Overall, less cross study similarity was observed, highlighting the potential transcriptional heterogeneity in this cell line when derived from different sources. Unlike NIH/3T3 cells, Golga7b expression was detected in two of the three studies of PC12 cells, consistent with the neuronal expression for this accessory protein (Wild et al., 2022).
Analysis of MDCK cells derived from canine epithelial cells (Dukes et al., 2011), which have been used in broad applications in biological research and vaccine production, and have been cited over 11,000 times on PubMed, revealed again differences in the highest expressing enzymes, this time with ZDHHC6 and ZDHHC20 having the highest expression on average of the ZDHHCs and ABHD12 being the highest expressing depalmitoylating enzyme (Figure 5C).
Finally, we analyzed several of the most commonly used cell lines for SARS-CoV-2 research, as S-palmitoylation of the SARS-CoV-2 spike protein is essential for viral membrane fusion and infectivity (Wu et al., 2021). We collated data for VeroE6 from African Green Monkey and Calu-3, which is a human derived cancer cell line. These cell lines are often selected for SARS-CoV-2 research due to their expression of the ACE-2 receptor, which is required for SARS-CoV-2 entry into the cell (Kumar et al., 2021). We plotted the average of VeroE6 and Calu-3 datasets collated from GEO, along with data from several human cell lines that have been used to identify the palmitoylating enzymes for SARS-CoV-2 spike protein (Supplementary Figure S4; Mesquita et al., 2021; Puthenveetil et al., 2021; Ramadan et al., 2022). We found that expression of the putative ZDHHC enzymes that palmitoylate the SARS-CoV-2 spike protein (ZDHHC3, ZDHHC5, ZDHHC8, ZDHHC9 and ZDHHC20; red bars Supplementary Figure S4) differed across the cell lines, which could alter S-palmitoylation of the spike protein, and in turn viral infectivity. Overall, these results reveal how understanding the composition of the S-palmitoylation related machinery in a cell line might aid with cell line selection, the design of experiments and the interpretation of results, when using cell lines to study important biological processes that depend on protein S-palmitoylation.
3 DISCUSSION
3.1 Heterogeneous expression of the genes that regulate S-palmitoylation across human cell types
Protein S-palmitoylation is a dynamic regulator of numerous signaling pathways that are critical for normal cell function (Main and Fuller, 2022). It is estimated that over 10% of proteins in the human proteome are S-palmitoylation substrates (Blanc et al., 2015), therefore the majority of cellular signaling pathways are likely to be regulated by this post translational modification. The list of S-palmitoylated proteins that are known to be critically involved in human diseases is expanding (Fraser, 2019), and therefore understanding the unique makeup of the S-palmitoylation machinery in a given cell type is essential when studying processes that are regulated by S-palmitoylation.
Recent advances in RNAseq technologies have enabled the detailed characterization of cellular transcriptomes at a reduced monetary cost, with increased sequencing depth and single cell resolution. This has been accompanied by an increase in the number of studies performed on human tissue, and an appreciation for the importance of open data that can be accessed by the research community in order to reveal novel insights into human physiology and disease. Here, we capitalized on these advances by using open data to investigate the expression patterns of the genes that regulate S-palmitoylation in human single cell types, tissues and cancer cell lines, and created an interactive resource to give other researchers easy access to this data.
When examining the distribution of the genes that regulate S-palmitoylation in the various cell types from isolated human tissues, we observed that many cell types express a unique compliment of palmitoylating and depalmitoylating enzymes. Because members of this family of proteins are targeted to different subcellular organelles (Globa and Bamji, 2017), and this subcellular targeting can influence the localization and trafficking of substrates (Solis et al., 2022), differential expression of these enzymes and accessory proteins will have a profound influence on substrate function in different cellular contexts. For example, the ZDHHC5 accessory protein GOLGA7B, which is known to regulate ZDHHC5 cell membrane localization, was expressed in neuronal cells, but not detected in cardiomyoctyes. Because ZDHHC5 is known to have an important role in both of these cell types (Woodley and Collins, 2021), this differential expression of GOLGA7B could alter the function of ZDHHC5 in these different cellular contexts.
Drugs that target the ZDHHC palmitoylating enzymes are a potential avenue to treat disorders that are associated with dysregulated S-palmitoylation (Fraser, 2019). Efforts are currently underway to develop drugs that selectively target individual ZDHHC enzymes (Salaun et al., 2022). However, a large number of proteins can be S-palmitoylated by more than one ZDHHC enzyme, resulting in functional redundancy within this enzyme family that may reduce the therapeutic potential of selective inhibition of individual ZDHHCs. Examination of the relative expression of functionally related ZDHHC enzymes within a given cell type using CellPalmSeq will therefore facilitate predictions of the therapeutic efficacy of selective ZDHHC inhibitors. Furthermore, this data will enable researchers and clinicians to identify ZDHHCs with enriched expression in target cell types and tissues, and better predict off-target effects of selective inhibitors in non-diseased tissues.
3.2 Expression patterns of the genes that regulate S-palmitoylation in cancer cell lines may give insight into cancer pathologies
The role of S-palmitoylation in cancer pathology is now well established (Anderson and Ragan, 2016; Lin et al., 2017; Ko and Dixon, 2018; Lobo, 2019). A recent study identified 299 cancer driving genes (Bailey et al., 2018), of which 78 are substrates for S-palmitoylation (Ko and Dixon, 2018). Furthermore, altered expression of almost all of the 24 ZDHHC enzymes is associated with positive or negative prognosis in various cancers (Ko and Dixon, 2018). Interestingly, several of the expression patterns of the genes that regulate S-palmitoylation that we found here in certain cancer cell lines have also been previously reported in the literature. For example, we observed elevated expression of ABHD6 in cell lines with a bone cancer origin, particularly those from Ewing’s sarcoma cell lines. High expression of ABHD6 in Ewing’s sarcoma cell lines were found previously (Max et al., 2009), while another study found a carcinogenic role for ABHD6 in metastatic seeding of murine pancreatic ductal adenocarcinoma cells in vivo (Grüner et al., 2016). Although ABHD6 has an important function in degrading the endocannabinoid 2-arachidonoylglycerol, the role of ABHD6 as a depalmitoylating enzyme has not yet been studied, despite being potently inhibited by depalmitoylating enzyme inhibitors HDFP and PalmB (Lin et al., 2017). We also observed across studies highly elevated expression of ZDHHC7 in kidney cancer cell lines and PPT1 in breast cancer cell lines, opening potential avenues for research into the role of these enzymes in these cancers. Extensive RNAseq datasets are now available that have characterized gene expression in patient isolated tumors. Investigation of the expression patterns of the genes that regulate S-palmitoylation from these data will further expand any insight into the role of this family of proteins within certain cancer types.
While RNAseq expression patterns are useful for the prediction of protein abundance in certain cell types, RNA and protein expression do not often correlate well due to post translational protein processing (Vogel and Marcotte, 2012). Furthermore, the sensitivity of proteomic assays currently lags behind that of RNA sequencing, as unlike RNA, protein cannot be amplified to enhance detection. Here we took advantage of the availability of both RNAseq and proteomic datasets covering a large number of cancer cell lines, which allowed us to perform an in-depth study of the correlation between RNA and protein expression for the majority of the genes that regulate S-palmitoylation. Although we observed moderate or strong positive correlation for the majority of genes tested, there are notable exceptions including ZDHHC8, ZDHHC24, GOLGA7, GOLGA7B, and ABHD10 which correlated poorly. Particular caution is therefore advised when inferring protein abundance from RNA expression for these proteins, which may be subject to more extensive post transcriptional regulation.
3.3 Consideration of the expression of the genes that regulate S-palmitoylation when using cellular model systems to study biology and disease
We have used examples of non-human cell lines and the cell lines that are most commonly used for SARS-CoV-2 research to demonstrate that heterogeneity in ZDHHC expression should be taken into account when choosing cell lines for research and interpreting results, particularly when studying S-palmitoylation dependent processes. For example, when selecting cell lines for SARS-CoV-2 research, we show that the expression of the putative ZDHHC palmitoylating enzymes for the spike protein differed across cell lines that are commonly used for this research. In addition, consideration of the similarities in expression profiles between laboratory cell lines and the endogenous cell types being studied will also be beneficial. For studies on SARS-CoV-2 infection, which predominantly affects respiratory ciliated cells (Hou et al., 2020; Robinot et al., 2021), the single-cell expression profile for this cell type detailed in Figure 1, combined with the expression profiles of the popular cell lines used for SARS-CoV-2 research in Supplementary Figure S4, can guide the selection of the most suitable cell line.
Finally, we found that certain cell lines were more consistent in their expression of the ZDHHC enzymes, when derived from multiple sources, and researchers are recommended to sequence their own cell lines for most accurate assessment of gene expression. When available, we believe that the large panel screens of multiple cell lines that use systematic and standardized culture and RNAseq protocols (such as CCLE and CMP) are the most reliable resource for assessing relative trends in expression profiles of these genes.
CellPalmSeq will be an invaluable resource that will enable researchers and clinicians to easily interrogate the expression patterns of the S-palmitoylation machinery in the human body and cell line model systems, and therefore will facilitate research into the role of S-palmitoylation in cellular biology and disease.
4 MATERIALS AND METHODS
4.1 Data processing for CellPalmSeq
For Human Protein Atlas, normalized single-cell RNAseq data collated from 26 datasets (www.proteinatlas.org/download/rna_single_cell_type.tsv.zip) were directly downloaded from (www.proteinatlas.org/about/download) and data were extracted (nTPM) for the genes that regulate S-palmitoylation.
For Cancer Cell Line Encylclopedia (CCLE), RNAseq data were downloaded from https://depmap.org/portal/download/ (file CCLE_expression.csv version 22Q2) and averaged by cell lineage and primary disease. Proteomic data were downloaded from https://gygi.hms.harvard.edu/publications/ccle.html (file Supplementary Table S2_Protein_Quant_Normalized.xlsx). Correlations between RNAseq and proteomic data were performed with R using the Spearman method.
For Cell Model Passports (CMP), data were downloaded from https://cellmodelpassports.sanger.ac.uk/downloads (file rnaseq_all_20220624.zip) and averaged by tissue and cancer type.
For datasets downloaded from the GEO, the reference transcriptome of each species for which cell lines were analyzed from raw sequencing reads was acquired from https://ensembl.org. The RNAseq reads were downloaded from the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/), the series accession numbers and individual sample numbers are listed in Supplementary Table S3. For each sample, RNAseq expression values (TPM) at the gene level were obtained using kallisto (Bray et al., 2016) with the appropriate reference transcriptome by summing the TPM values of individual isoforms.
4.2 Heatmap creation for CellPalmSeq
All plots for the CellPalmSeq database were generated using curated RNA sequencing datasets. Python 3 and Javascript scripts were used with the plotting library Bokeh to generate the interactive heatmaps to display and compare these datasets on the CellPalmSeq website (Bokeh Development Team, 2018).
4.3 Data presentation
Heatmaps within the manuscript were plotted in Displayr (https://www.displayr.com). Bar charts were plotted in GraphPad Prism 9.2.0 (San Diego, CA, and United States).
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While protein palmitoylation has been studied for decades, our understanding of its clinical importance is minimal compared to other post translational modifications. As a result of the inherent challenges preventing the production of antibodies to palmitoylated epitopes we are unable to correlate levels of protein palmitoylation in biopsied tissues at a meaningful resolution. The most common method for detecting palmitoylated proteins without metabolic labelling is through chemical labeling of palmitoylated cysteines with the acyl-biotinyl exchange (ABE) assay. We have adapted the ABE assay to detect protein palmitoylation in formalin fixed paraffin embedded (FFPE) tissue sections. The assay is sufficient to detect subcellular regions of cells with increased labeling which indicates areas enriched in palmitoylated proteins. To visualize specific palmitoylated proteins in both cultured cells and in FFPE preserved tissue arrays we have integrated the ABE assay with a proximity ligation assay (ABE-PLA). Our findings demonstrate for the first time that FFPE preserved tissues can be labelled with unique chemical probes to detect either areas enriched in palmitoylated proteins or the localization of specific palmitoylated proteins using our ABE-PLA methodology.
Keywords: palmitoylation, cancer, signaling, chemical probe, EGFR
INTRODUCTION
Chemical probes enable detection of the chemical reactivity of proteins and enable activity-based proteomics screens to identify reactive proteins in cell lysates and potential drug binding sites on proteins (Bak et al., 2019), (Adam et al., 2002). However, methods to determine the spatial localization of the reactive form of the protein in intact cells under specific environmental conditions and more importantly in patient tissue samples are still lacking (Lu and Fang, 2020). An essential application for chemical probe labeling is in detecting protein modifications that are not recognized by conventional antibody-based methods and require chemical labeling of the modified residue. For example, S-palmitoylation is a common protein modification, but its physiological and disease importance is still poorly understood since it is difficult to directly measure protein palmitoylation in disease tissues. While an antibody to palmitoylated postsynaptic scaffold protein PSD-95 has been reported, the hydrophobic properties of palmitate have hindered production of antibodies which are typically used to correlate PTMs like phosphorylation and acetylation with disease state in patient samples thus new chemical biology approaches are required (Fukata et al., 2013; Main and Fuller, 2022).
Duolink proximity ligation assay generates a fluorescent signal when the two antibodies are within 40 nM from each other (Fredriksson et al., 2002). Previously proximity ligation assays have been used to visualize specific palmitoylated proteins in cells by metabolically labeling cultured cells with palmitic acid alkyne followed by Cu(II) mediated azide alkyne cycloaddition (CuAAC) Oregon green-azide (Figure 1A) (Rostovtsev et al., 2002; Tornøe et al., 2002; Gao and Hannoush, 2016). Protein specific antibodies are used to label the target protein and Oregon Green is detected with anti-Oregon Green antibodies. This method allowed for the first time the visualization of subcellular localization of the O-palmitoylated proteins hedgehog and Wnt as well as S-palmitoylated Ras, but its use is limited to cultured cells that can be metabolically labelled (Gao and Hannoush, 2016). Visualizing palmitoylated proteins in patient samples requires methods free of metabolic label detection that have yet to be described.
[image: Figure 1]FIGURE 1 | (A) Schematic of previously described procedure for visualizing palmitoylated proteins by metabolic labeling of cultured cells with palmitic acid alkyne. (B) New method to visualize palmitoylated proteins without metabolic labeling.
The acyl-biotinyl exchange (ABE) assay is a method for detecting palmitoylated proteins in cell lysates which uses cysteine reactive probes to label palmitoylated cysteine residues (Drisdel and Green, 2004). The free cysteine thiols are blocked with n-ethylmaleimide (NEM) after which palmitate is removed with hydroxylamine and the revealed free cysteine residues are labeled with a thiol reactive agent such as iodoacetamide-biotin or biotin-HPDP (N-[6-(biotinamido) hexyl]-3’-(2′-pyridyldithio) propionamide) (Figure 1B). The advantage to this method is that unlike metabolic labeling with click-based probes the ABE is amenable to detecting proteins in formalin-fixed, paraffin-embedded (FFPE) patient samples. An assay for measuring palmitoylation of specific proteins in patient samples will allow direct correlations between palmitoylation levels of specific proteins and disease state. As a first step we asked if chemical probes react with target proteins in FFPE prepared tissue samples allowing us to detect S-palmitoylated proteins. We sought to extend this method to the chemical labeling of specific proteins through the integration of the ABE assay with a proximity ligation assay (PLA) in FFPE tissue samples and thus demonstrate for the first time that chemical imaging of PTMs is possible in fixed tissues.
RESULTS AND DISCUSSION
Fluorescent imaging of ABE labeled palmitoylated proteins in FFPE samples
In the ABE assay free cysteine thiols are blocked with N-ethylmaleimide (NEM) to prevent non-specific labeling of unpalmitoylated cysteines with the cysteine reactive probe. We anticipated that the main challenge in labeling FFPE tissues is saturating the free thiols with NEM in the highly crosslinked fixed tissues to reduce non-specific background labeling and therefore carefully optimized a procedure for efficient ABE in fixed tissues.
We reasoned that for the ABE assay to detect palmitoylation of unidentified proteins in FFPE samples we would need to identify cells enriched in palmitoylated proteins. Using FFPE mouse lung serial sections as a model system, we prepared them as for standard immunohistochemistry. Sections were treated with xylene to solubilize and remove all paraffin, followed by washes in ethanol to remove the xylene, and then in decreasing concentrations of ethanol for rehydration. In order to remove protein crosslinks formed by formaldehyde treatment, which can mask antibody-binding epitopes, sections were heated to 100°C (Kim et al., 2016). Immediately following this antigen retrieval step, slides were blocked with buffer containing NEM in 150 mM NaCl, 50 mM HEPES pH 7.4, 5 mM EDTA (ABE buffer), and 0.2% Triton X-100. After washing with ABE buffer, slides were incubated with 1.5 M solution of hydroxylamine in ABE buffer and as a negative control a slide containing an adjacent serial tissue section was incubated in the same buffer without hydroxylamine. Slides were washed followed by incubation in buffer containing biotin-HPDP (N-[6-(biotinamido) hexyl]-3’-(2′-pyridyldithio) propionamide). The slides were blocked in 5% bovine serum albumin (BSA) dissolved in tris buffered saline with 0.5% Tween 20 (TBST) followed by an overnight incubation with anti-biotin antibody (Figures 1B, 2A). After incubation with fluorescently tagged secondary antibody slides were mounted and imaged by widefield fluorescence microscopy.
[image: Figure 2]FIGURE 2 | (A) Label free method for detecting palmitoylated proteins to be used on FFPE prepared tissues. 1) NEM treatment blocks free thiol groups on all proteins. 2, 3) Hydroxylamine (HAM) treatment removes palmitate and biotin-HPDP reacts with the revealed thiol. As a negative control HAM is omitted, but biotin-HPDP is still added. 4) The biotin is recognized with an anti-biotin antibody and detected with a fluorescently conjugated secondary antibody. (B) FFPE tissue sections of mouse lung airway. The hydroxylamine treated (+HAM) samples reveal anti-biotin antibody labelling at the apical surface of the airway cells (magenta). In an adjacent section of the same sample where hydroxylamine (HAM-) has been omitted the labeling is absent. DNA is stained with DAPI (cyan).
Building on our previous studies examining the function of palmitoylated EGFR in lung adenocarcinoma, we chose to use FFPE mouse lung sections to develop the assay (Kharbanda et al., 2020). Gratifyingly, using our optimized procedure, we observed a distinct subcellular labelling pattern in the airway of the lungs with the anti-biotin antibody restricted to the apical surface of the airway epithelial cells (Figure 2B). This labeling was absent in the -hydroxylamine control, validating our method was labeling only palmitoylated (thioester) proteins that are enriched at the apical surface of the airway cells. The results of this in situ labeling method are consistent with the important role protein palmitoylation plays in establishing or maintaining polarized structures in cells. Ciliated cells line the airway and a dual-lipidation signal consisting of myristoylation followed by palmitoylation functions as a cilia protein targeting signal (Kumeta et al., 2018). Whilst this demonstrates the chemical probe-based imaging of cysteine palmitoylation in FFPE tissue for the first time, it lacks protein level specificity which is crucial for understanding PTMs. To address this liability, we next asked if this method could be adapted to detect specific proteins that react with the cysteine reactive probe via proximity ligation assays.
ABE-PLA assay in cultured cells
The proximity ligation assay (PLA) generates a signal when the antibody to the labelled cysteine is within 40 nm of the binding site of the protein specific antibody. With the success in detecting protein palmitoylation in FFPE tissues with the ABE assay we sought to integrate the ABE assay with the PLA to detect specific palmitoylated proteins without the need for metabolic labelling, which is impossible in human tissues. Our lab has previously found that the epidermal growth factor receptor (EGFR) is palmitoylated in multiple cancer cell lines and blocking EGFR palmitoylation blocks Kras driven lung tumor growth in animal models (Runkle et al., 2016; Kharbanda et al., 2020). We showed previously that EGF stimulation increases palmitoylation of phosphorylated EGFR (Runkle et al., 2016). We therefore sought to visualize palmitoylated phosphorylated EGFR in H1975 lung cancer cell lines which harbor activating mutations in EGFR.
We stimulated H1975 cells with EGF for 5 min to increase EGFR auto-phosphorylation compared to non-treated controls. Cells were then fixed in formalin containing NEM and permeabilized with ABE buffer containing 0.2% Triton X-100 and NEM to quench reactive cysteines as before. Coverslips were washed in 0.2% Triton X-100 ABE buffer and incubated in the same buffer containing iodoacetamide which we found during extensive optimization was necessary to block free cysteine residues and reduce non-specific cysteine labeling. Coverslips were washed and incubated with or without HAM followed by incubation with the cysteine reactive label. Initial samples were prepared using biotin-HPDP however, labelling with biotin resulted in high background which could be due to presence of endogenous biotin. Subsequently, we switched to using iodoacetamide-alkyne followed by Cu(II) mediated azide alkyne cycloaddition (CuAAC) with Oregon Green-azide to label the HAM unmasked reactive cysteine residues. Coverslips were then incubated with antibodies to Oregon Green and to phospho-EGFR (Y1068). Finally, the proximity ligation assay (Duolink) was performed by the addition of oligo labelled secondary antibodies followed by a polymerase and fluorescently labelled complementary oligos, and coverslips were mounted and imaged (Figure 3A). The PLA puncta were present in multiple focal planes and therefore a z-series of images were captured allowing quantification of puncta throughout the cell. This results in fluorescent puncta which are significantly more numerous in cells stimulated with EGF and appear in a HAM dependent fashion, thus indicating that they result specifically from EGFR bearing both palmitoylation and phosphorylation PTMs (Figures 3B, C).
[image: Figure 3]FIGURE 3 | (A) Schematic of the ABE-PLA showing method for detecting palmitoylated EGFR in formalin fixed cells processed with the ABE protocol and palmitate was replaced with Oregon green-iodoacetamide. Following the ABE, the proximity ligation assay was performed using primary antibodies to EGFR-phosphoTyrosine1068 and the Oregon Green (OG) label. Samples were incubated with species specific secondary PLA antibodies followed by annealing to single stranded circular DNA which is then amplified with DNA polymerase. The amplified DNA is detected with fluorescently tagged complimentary oligonucleotides and is visualized as fluorescent puncta. (B) Formalin fixed H1975 lung cancer cells processed with the ABE-PLA. PLA signal is detected in cells treated with hydroxylamine (+HAM). Omitting hydroxylamine reduces the number of puncta in the negative control (-HAM) DAPI is shown in cyan and PLA signal in magenta. (C) Puncta per cell were quantified in all conditions (Unpaired Student’s T-test: EGF + HAM-vs. EGF + HAM+ ****p < 0.0001; EGF + HAM + vs. EGF- HAM+ ****p < 0.0001; EGF + HAM-vs EGF-HAM+ *p < 0.05). Total Number of Cells = 119. (D) Standard ABE assay of H1975 cells treated with 100 nM 2-bromopalmitate followed by 100 ng/mL EGF stimulation. (E) Quantitation of ABE-PLA puncta of cells with or without 2-bromopalmitate with and without EGF stimulation. [Unpaired Student’s T-test: DMSO + HAM + vs. 2BP + HAM+ ****p < 0.0001; 2BP + HAM + vs. 2BP + HAM-not significant (ns)]. Total Number of Cells = 153. (F) Validation of efficient cysteine blocking and labelling of formalin fixed cells in vitro.
While the omission of hydroxylamine significantly decreased the number of puncta compared to the hydroxylamine treated sample, we further confirmed that the puncta are representative of palmitoylated EGFR by treating cells with the palmitoylation inhibitor 2-bromopalmitate (2BP). Using the conventional ABE assay, we detect an increase in palmitoylated EGFR phosphorylated on tyrosine 1068 upon EGF treatment (Figure 3D). Treatment of the cells with 100 nM 2BP decreased palmitoylated EGFR compared to DMSO control but is still higher than -HAM control. Using the ABE-PLA assay, treatment of cells with 2BP reduced the number of puncta compared to cells treated with the vehicle control (Figure 3E). Omitting hydroxylamine did not reduce the number of puncta below cells treated with 2BP (Figure 3E).
Finally, we asked if the puncta present in the -HAM control were the result of incomplete blocking of thiols due to chemical fixation. Cultured cells were fixed with formalin containing NEM, followed by blocking cysteine residues with NEM and IA in ABE buffer while attached to the tissue culture plate. The cells were then washed and treated with iodoacetamide alkyne which was then conjugated to Oregon Green-azide. The cells were then harvested, and lysate was analyzed by SDS-PAGE followed by immunoblotting with anti-Oregon Green antibodies. We found that treating cells with formalin resulted in a very minor increase in background in the NEM/IA treated condition compared to cells that were not formalin fixed (Figure 3F). We concluded that the background PLA puncta were not likely caused by residual free thiols. The background in the fixed cells could be the result of non-specific binding of the labeling agents that may require additional blocking strategies to further reduce the background.
Having developed a novel chemical probe-based imaging approach (ABE-PLA) for palmitoylation, we sought to apply it to the imaging of disease relevant human samples.
ABE-PLA in FFPE tissue arrays
We applied our optimized ABE-PLA approach to tissue arrays of multiple human tissue types. In the tissue sections we observed two distinct types of PLA positive puncta. Both types of puncta were present in the HAM treated, as well as the untreated negative control. One type was characterized by magenta PLA probe puncta that appeared in the absence of Oregon Green puncta (Figure 4A, arrowhead). The second type had equally high levels of Oregon Green and magenta PLA probe signal (Figure 4A, arrow). We reasoned that if the signal was the amplified product of the PLA, then the PLA signal should be markedly stronger than any non-specific Oregon Green labeling. We therefore only scored a magenta punctum to be PLA positive if the Oregon Green did not form a punctum at the same site. In stomach tissues we observed clear PLA specific puncta that increase in the HAM treated sample (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) Multi-organ tissue arrays were treated with the ABE-PLA. DNA was labelled with DAPI (cyan). Cytosolic staining of cells demarcating the cell boundary is visible in the Oregon Green channel (Yellow). Hydroxylamine treatment increases the number of magenta PLA puncta (arrowhead) compared to the -hydroxylamine control in the epithelia of the stomach tissue samples. (B) Quantification of the number of puncta per field in two sample cores. Puncta that are both magenta and yellow (arrow) were not counted. Error bars are standard deviation. (Unpaired Student’s T-test **p-value = 0.0045).
In order to demonstrate the generalizability of this approach to visualize other palmitoylated proteins using the ABE-PLA, we next examined the localization of palmitoylated Ras in human patient melanoma arrays (Figure 5A). While only a small fraction of EGFR is palmitoylated, HRas and Nras rapidly cycle between palmitoylated and unpalmitoylated states which shuttles Ras between the plasma membrane and Golgi apparatus (Dudler and Gelb, 1996; Rocks et al., 2005). Nras is particularly relevant to melanoma as Nras mutations are found in 15%–20% of melanoma tumors (Curtin et al., 2005; Jakob et al., 2012). We therefore examined Ras palmitoylation in melanoma tumor arrays using a pan-Ras antibody. The array of strictly melanoma samples allowed comparison between multiple tumor samples with varying levels of ABE-PLA puncta formation (Figure 5B). Quantifying the number of puncta in 3–5 different fields in each tumor core provides insight into variations in background signal in the -HAM control relative to the +HAM treated samples (Figure 5C). We found there were different levels of background between samples as well as within the same sample. For example, sample B8 had very low background (less than 25 puncta/field) relative to the high levels produced by HAM treatment (100–150 puncta/field). In contrast, the background for sample A5 ranged from 30–50 puncta/field, with HAM treated samples generally having 2-fold more puncta than the background. Finally, in core D6 two -HAM fields had about 60 puncta per field with the corresponding fields in the +HAM sample showing only a modest increase (75–80 puncta/field) over the negative control, whereas other fields had similar background levels but much higher puncta in the +HAM condition (120–140 puncta per field). The variability in background between samples could be caused by differences in the quality of individual tissue samples and how samples were handled prior to array preparation.
[image: Figure 5]FIGURE 5 | (A) Workflow for analysis of patient tumor samples on a tissue array. (B) Melanoma tissue arrays were treated with the ABE-PLA. Three different samples are shown. (C) The number of PLA puncta (magenta) per field were counted in the -HAM control slide and the +HAM treated slide. Variation in background signal (-HAM, Red bars) between samples and between fields within a sample are shown compared to the ABE generated signal (+HAM, Black bars). Statistical significance of the difference between–HAM and + HAM samples: A5 p-value = 0.049, B8 p-value = 0.006, D6 p-value = 0.015; Paired Student’s T-test.
Overall, these results provide a tantalizing glimpse of the potential for using the ABE-PLA assay as a diagnostic tool or as a biomarker for palmitoylation inhibitors in vivo in future, highlighting the power of chemical imaging approaches.
CONCLUSION
These are the first reported methods for detecting S-palmitoylated proteins in FFPE tissue samples. Moreover, specific protein targets can also be detected by performing PLA after the ABE assay. Using this strategy, we were able to detect palmitoylated phospho-EGFR in multiple tissue types and palmitoylated Ras in human melanoma samples. This approach could not only provide important biological insights but also represents a conceptual advance in chemical proteomics and PTM specific imaging. The applications of using chemical probes in tissue arrays go far beyond detecting specific palmitoylated proteins. One can envision myriad applications from drug target engagement studies in clinical trials to unbiased screening of chemical probes across tissues to identify tissue specific liabilities.
Our previous studies found that EGF stimulation increased EGFR palmitoylation and that palmitoylated EGFR was also phosphorylated on tyrosine 1068 (Runkle et al., 2016). Detection of palmitoylated EGFR by the conventional ABE assay required cells from a 60 mm dish (approximately 1 × 106 cells) (Fredriksson et al., 2002; Runkle et al., 2016). The ABE-PLA assay can detect EGFR palmitoylation in single cells and detects the increase in dually palmitoylated-phosphorylated EGFR in response to EGF stimulation. Further work is needed to establish the range limits of the assay in detecting palmitoylation before it can be used to correlate palmitoylation of specific proteins with disease state or outcome. Our future work will focus on extending this approach to additional post-translational modifications with additional chemistries and multiplexing multiple PTMs within the same tissue arrays.
MATERIALS AND METHODS
Cell culture and drug treatment
NCI-H1975 cells (ATCC) were maintained in RPMI media supplemented with 10% FBS. Cells were treated with 2-bromopalmitate (100 nM) overnight for approximately 15 h.
ABE on cultured cells
NCI-H1975 cells were serum starved in serum free media for 2 h followed by EGF (100 ng/mL) stimulation for 5 min. Cells were processed using the ABE assay as described previously (Runkle et al., 2016).
ABE on FFPE mouse tissues
Formalin fixed paraffin embedded mouse tissue samples were sectioned at 4-μm thickness and deparaffinized in xylene and rehydrated with a series of ethanol washes. Antigen retrieval was performed using edetic acid buffer (Electron Microscopy Sciences #62706–11). Immediately after antigen retrieval, samples were incubated in in NEM buffer (50 mM NEM, 150 mM NaCl, 50 mM Hepes pH 7.4, and 10 mM EDTA, and 0.2%Triton X-100) at room temperature, in the dark, for 30 min. The arrays were then washed and re-incubated in fresh NEM buffer overnight at 4°C. Samples were washed in ABE buffer (150 mM NaCl, 50 mM Hepes pH 7.4, and 10 mM EDTA, and 0.2%Triton X-100), then incubated at room temperature for 2 h in the same buffer, with or without 0.7 M hydroxylamine. After washing in ABE buffer, samples were incubated with ABE buffer with added biotin-HPDP (10 µM) for 1 h at room temperature. Samples were then washed in TBST buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 0.05% Tween) and then blocked with 5% BSA dissolved in TBST for 1 h at room temperature. Samples were stained by overnight incubation at 4°C with antibodies against biotin (1:1000; abcam), followed by detection with Alexa 488 nm and Alexa 594 nm conjugated secondary antibodies (1:1000; Life Technologies). Coverslips were mounted and DNA staining done using Fluoro-Gel II (EMS #17985–50).
ABE-PLA on cultured cells
NCI-H1975 cells were grown on 18 mm cover glasses in a 12-well tissue culture plate for 24 h followed by incubation in serum free RPMI media for 80 min, stimulated with EGF (100 ng/mL) for 5 min, then fixed in 10% neutral buffered formalin (Fisher Scientific 23–245-685) containing 50 mM NEM for 30 min at room temperature. After washing in Dulbecco’s phosphate-buffered saline (DPBS), cells were permeabilized in NEM buffer for 30 min at room temperature. Samples were washed in ABE buffer followed by incubation in 4 mM iodoacetamide in ABE buffer for 30 min in the dark at room temperature. After washing, this treatment was repeated with fresh iodoacetamide buffer overnight at 4°C. Samples were washed with ABE buffer, then treated with 0.7 M hydroxylamine as described above for 1 h, then washed once with ABE buffer followed by three washes with DPBS. Next, the samples were incubated in a solution of 10 µM iodoacetamide-alkyne in DPBS for 1 h at room temperature in the dark, followed by washing in DPBS. Cells were then treated with a click reaction mix containing 25 µM OG 488 Azide (Click Chemistry Tools #1264–1), 1 mM CuSO4, and 1 mM tris(2-carboxyethyl) phosphine (TCEP) in DPBS for 45–60 min at room temperature in the dark. After washing in DPBS, proteins were blocked with Duolink blocking solution for 1 hour at 37°C. Incubation with primary antibodies specific for phosphorylated EGFR (Y1068) (Novus Biologicals #MAB3570) and for fluorescein/OG 488 (Life Technologies A-889) was done overnight at 4°C. The Duolink assay was performed as per manufacturer’s protocol with the exception that the amplification time was shortened from 100 min to 60 min.
ABE-PLA on tissue arrays
Human tissue arrays were purchased from US Biomax, Inc. Slides were heated at 60°C for 4 min, then deparaffinized and rehydrated as described above. Antigen retrieval was performed using citrate buffer (Electron Microscopy Sciences #62706–13). Immediately after antigen retrieval, the tissue array was washed with ABE buffer and then incubated in NEM buffer at 37°C for 30 min. Next, samples were washed three times in ABE buffer, followed by incubation in ABE buffer with added iodoacetamide (4 mM) overnight in the dark at room temperature. The arrays were washed and then re-incubated with fresh ABE buffer containing 4 mM iodoacetamide for 30 min. The samples were washed three times in ABE buffer followed by 1 hour incubation with ABE buffer containing hydroxylamine (0.7 M) as described above. The samples were washed one time in ABE buffer and the 1-h hydroxylamine step was repeated. The arrays were then washed once in ABE buffer followed by three washes in DPBS. The samples were incubated with DPBS containing 10 µM iodoacetamide-alkyne, followed by incubation with click reaction mix as described above, then blocked in 5% BSA in TBST. The remaining steps were as previously described for ABE-PLA on cultured cells. Ras was detected in melanoma tissues using a pan-Ras monoclonal antibody (Invitrogen #PIMA1012X).
Microscopy
The samples were imaged using a Leica DMI600B widefield epifluorescent microscope. Images were captured using a Hamamatsu Orca-R2 digital camera. A z-series of focal planes were captured and deconvolved using Leica LAS X 3D-deconvolution software.
Statistics
Statistical analyses were performed using Prism software (GraphPad Prism 9). Experiments are reported as mean ± sd as noted in the legends. Data were analyzed using a 2-tailed Student’s t-test for comparison between 2 data sets. A p-value of less than 0.05 was considered statistically significant.
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Protein S-acylation is a reversible lipid post-translational modification that allows dynamic regulation of processes such as protein stability, membrane association, and localization. Palmitoyltransferase ZDHHC9 (DHHC9) is one of the 23 human DHHC acyltransferases that catalyze protein S-acylation. Dysregulation of DHHC9 is associated with X-linked intellectual disability and increased epilepsy risk. Interestingly, activation of DHHC9 requires an accessory protein—GCP16. However, the exact role of GCP16 and the prevalence of a requirement for accessory proteins among other DHHC proteins remain unclear. Here, we report that one role of GCP16 is to stabilize DHHC9 by preventing its aggregation through formation of a protein complex. Using a combination of size-exclusion chromatography and palmitoyl acyltransferase assays, we demonstrate that only properly folded DHHC9-GCP16 complex is enzymatically active in vitro. Additionally, the ZDHHC9 mutations linked to X-linked intellectual disability result in reduced protein stability and DHHC9-GCP16 complex formation. Notably, we discovered that the C-terminal cysteine motif (CCM) that is conserved among the DHHC9 subfamily (DHHC14, -18, -5, and -8) is required for DHHC9 and GCP16 complex formation and activity in vitro. Co-expression of GCP16 with DHHCs containing the CCM improves DHHC protein stability. Like DHHC9, DHHC14 and DHHC18 require GCP16 for their enzymatic activity. Furthermore, GOLGA7B, an accessory protein with 75% sequence identity to GCP16, improves protein stability of DHHC5 and DHHC8, but not the other members of the DHHC9 subfamily, suggesting selectivity in accessory protein interactions. Our study supports a broader role for GCP16 and GOLGA7B in the function of human DHHCs.
Keywords: post-translational modification (PTM), protein acylation, protein stability, protein com-plex, membrane protein, Golga7b, GOLGA7
INTRODUCTION
Cells utilize a wide array of protein post-translational modifications to extend the chemical properties of the 20 standard amino acids, dramatically expanding the ways in which proteins regulate cellular processes. In eukaryotes, protein S-acylation is the process in which long-chain fatty acids (with palmitate being the most prevalent) are added to proteins at cysteine residues via a labile thioester linkage. While the fundamental chemical effect of S-acylation is a local increase in protein hydrophobicity, the reversible nature of S-acylation can result in a range of consequences such as dynamic changes in protein stability, membrane affinity and binding, and protein trafficking and localization (Chamberlain and Shipston, 2015).
DHHC protein acyltransferases (PATs) are the enzymes responsible for catalyzing the addition of long-chain fatty acids to substrate proteins (Gottlieb and Linder, 2017). Members of the DHHC family are conserved throughout eukaryotic evolution, with 5-7 members in yeast and as many as 23 members in humans (Mitchell et al., 2006; Zhang et al., 2013). Furthermore, dysregulation of DHHC proteins is associated with a myriad of diseases that include cancers and neurodegenerative disorders (Young et al., 2012; Yeste-Velasco et al., 2015). DHHC proteins are aptly named for the conserved Asp-His-His-Cys motif required for their PAT activity, which is embedded in a cysteine-rich domain (CRD) involved in zinc ion binding (Gonzalez Montoro et al., 2013; Gottlieb et al., 2015; Rana et al., 2018). Additionally, all DHHC proteins are multipass transmembrane proteins, with subfamily diversity stemming from varied membrane topologies, sequence divergence in the amino- and carboxy-terminal regions, and protein partner requirements (Lobo et al., 2002; Swarthout et al., 2005; Salaun et al., 2020). It is generally accepted that DHHC proteins utilize a two-step ping-pong mechanism (Mitchell et al., 2010; Jennings and Linder, 2012). First, the DHHC protein uses acyl-CoA as an acyl group donor to form an acyl-enzyme intermediate; then, the acyl group is transferred from the DHHC cysteine to the target cysteine on the protein substrate. While this mechanism is thought to be shared by all DHHCs, a majority of mechanistic and structural insight has been determined from studies on one subfamily of DHHCs that include DHHC2, 3, and 20 (Jennings and Linder, 2012; Gottlieb et al., 2015; Rana et al., 2018). Thus, this leaves many other DHHC proteins underrepresented, and potentially subfamily-specific insights are yet to be discovered.
In humans, DHHC9 was the first DHHC protein discovered to require an accessory protein—GCP16 (also known as GOLGA7)—for its enzymatic function, based on sequence homology with the yeast Ras PAT Erf2-Erf4 (Swarthout et al., 2005). DHHC9 colocalizes with and requires GCP16 for its enzymatic activity (Swarthout et al., 2005). GCP16 is a small peripheral membrane protein that is itself palmitoylated, and it associates with proteins involved in vesicular transport at the Golgi (Ohta et al., 2003). However, it is unclear what the exact role of GCP16 is in DHHC9 protein regulation, how GCP16 supports DHHC PAT activity, and to what extent GCP16 or a related protein GOLGA7B function within the DHHC protein family. Furthermore, loss of function mutations in ZDHHC9 result in X-linked intellectual disability (XLID), with affected individuals displaying neurodevelopmental delay, seizures, and facial dysmorphism (Raymond et al., 2007; Baker et al., 2015; Han et al., 2017; Schirwani et al., 2018). Despite the strong clinical relevance, the molecular basis for how ZDHHC9 mutations affect DHHC9 protein function and regulation is incompletely understood. In this study, we sought to better understand the role of GCP16 in the DHHC9-GCP16 PAT complex, and we investigated the stability of the DHHC9 disease mutants. We also assessed whether the accessory proteins GCP16 and GOLG7B associate more widely with members of the DHHC protein family.
MATERIALS AND METHODS
Construction of expression plasmids
Amino acid sequences were obtained from the UniProt database for the following human proteins: DHHC9 (Q9Y397), DHHC14 (Q8IZN3), DHHC18 (Q9NUE0), DHHC5 (Q8VDZ4), DHHC8 (Q9ULC8), DHHC3 (Q9NYG2), DHHC20 (Q5W0Z9), and GCP16 (Q7F5G4). Genes were synthesized based on protein sequences (GenScript, Piscataway, NJ). The plasmid encoding GOLGA7B was obtained from the Harvard Medical School Plasmid repository. All DHHC genes used were PCR amplified to exclude the start methionine and to include flanking BamHI/XhoI sites. Similarly, GOLGA7 and GOLGA7B were amplified to exclude the start methionine and to include AgeI/NotI sites. All genes were subcloned via standard molecular biology techniques into their respective expression vectors. Any mutations were generated via quick change PCR.
For FSEC, we used a dual mammalian expression vector modified from the pIRES-EGFP RK6 vector provided by M. Mayer, National Institutes of Health, Bethesda, MD. The vector encoded a start methionine followed by mNeonGreen (A0A1S4NYF2), a BamHI/XhoI insertion site, an EMCV internal ribosomal entry site (IRES), an AgeI/NotI insertion site, and a stop codon. DHHC genes were incorporated using BamHI/XhoI, and GOLGA7 or GOLGA7B genes were incorporated using AgeI/NotI.
For protein purification, genes were subcloned into a modified pFastBac baculovirus expression vector (Thermo Fisher Scientific, Waltham, MA). DHHC9, DHHC9 TM (C283S, C284S, and C288S), and GCP16 were encoded to express a C-terminal strep-tag. DHHC14 and DHHC18 were encoded to express an N-terminal strep-tag.
Fluorescence-detection size-exclusion chromatography
Human embryonic kidney (HEK) cells were maintained in DMEM medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA), and 10 μg/ml gentamicin (Thermo Fisher Scientific) per manufacturer’s instructions. For FSEC experiments, cells were transfected at 80–95% confluency with 2.5 µg of expression plasmid using jetPRIME transfection reagent per the manufacturer’s instructions. Cells were grown at 37°C for 48 h. The media was aspirated, cells were suspended and washed in 2 ml of cold PBS, and samples were lysed in 150 µL of lysis buffer (1x PBS, 1% n-Dodecyl-β-D-Maltopyranoside (DDM), 1x Roche protease inhibitor) for 30 min at 4 °C with rotation. Whole-cell lysates were cleared by centrifugation in an Eppendorf FA-45–24-11 rotor at 21,000 x g for 10 min at 4°C. The supernatant was further cleared by ultracentrifugation in a TLA 100.3 rotor at 265,000 x g for 20 min. An aliquot (50 µL) was applied onto a Superdex 200 Increase 10/300 GL column pre-equilibrated with running buffer (1x PBS, 0.5 mM DDM). The eluate from the SEC column was passed through a fluorometer set to excitation, 480nm, and emission, 508 nm.
For quantitation, peak intensities in arbitrary fluorescence units were obtained at the expected DHHC peak for every profile. For DHHC9 constructs, values were normalized to either DHHC9 or DHHC9 N2C1, depending on the set of constructs tested for that given day. Data sets across different days were then normalized to DHHC9 globally. For experiments that included other DHHCs, i.e., DHHC14, 18, 5, 8, 3, and 20, raw intensity values were used without normalization. For statistical analysis, we used two-tailed t-tests assuming unequal variances against the null-hypothesis that GCP16/GOLGA7B co-expression has no significant effect on DHHC protein signal.
Expression and purification of DHHC proteins and DHHC-GCP16 complexes
All constructs were expressed using the Invitrogen Bac-to-Bac® baculovirus-insect cell expression system. Sf9 cells (1–2L) were infected at 2.5—4.0 × 106 cells/mL with P2 virus (107–108 PFU/ml, 30 ml/L). Cells were incubated at 27°C for 24 h and moved to 18 °C for an additional 48 h. All purification steps were done on ice or with 4°C buffer unless stated otherwise. Cells were harvested by centrifugation at 2,040 x g and washed with 200 ml of PBS. Cells were solubilized in buffer A (PBS, 15% glycerol, 0.5 mM TCEP, 0.5ug/mL leupeptin, 2ug/mL aprotinin, 0.5ug/mL pepstatin A, and 0.5 mM phenylmethylsulfonyl fluoride) containing 1% DDM w/v at a ratio of 250 mg DDM/g of cells. Solubilization was performed at 4 °C with stirring for 1 hour. Large debris were removed by centrifugation at 12,000 x g. The supernatant was further clarified by ultracentrifugation at 185,000 x g for 45 min to remove remaining insolubilized material. To the supernatant, 2 ml of equilibrated StrepTactin Sepharose High Performance resin (GE Healthcare, Marlborough, MA) was incubated with stirring for 1-h. The resin was collected by centrifugation and transferred to a gravity column (Bio-Rad). The resin was washed with 10 resin bed volumes of wash buffer (buffer A with 0.5 mM DDM) and eluted with elution buffer (buffer A with 2.5 mM desthiobiotin, 0.5 mM DDM). Protein was concentrated using Amicon ultra concentrators. Size exclusion chromatography was done using a Superdex 200 (GE Healthcare) in SEC buffer (150 mM NaCl, 20 mM HEPES pH 7.4, 0.5 mM TCEP, 15% glycerol, 0.5 mM DDM).
PAT assays
PAT assays were performed immediately following purification and SEC as described previously (Swarthout et al., 2005). Protein concentrations were determined by NanoDrop (Thermo Scientific) using predicted extinction coefficients. Enzyme was diluted to 250 nM in enzyme dilution buffer (50 mM MES pH 6.4, 100 mM NaCl, 10% glycerol, 0.05% DDM, 0.5 mM TCEP). H-Ras (80 μM, purified from insect cells infected with recombinant Baculovirus) was diluted to 10 µM in enzyme dilution buffer. For a 50 µL reaction, the final concentration was 50 nM enzyme, 2 µM H-Ras, 1 µM [3H]-palm-CoA. Each reaction was incubated at room temperature for 10 min. Reactions were quenched in SDS loading dye containing 25 mM TCEP. Samples were split and run on two SDS-PAGE gels in parallel. For fluorography, one gel was exposed to a solution of 1M sodium salicylate, 15% methanol, dried under vacuum for 2 h, and exposed to film for 4–15 days. For liquid scintillation spectroscopy, the gel was stained with Coomassie, H-Ras bands were extracted, and a section of gel around the expected DHHC protein size was extracted. Extracted gel pieces were dissolved in 500 µL Soluene overnight at 37°C. Ultima Gold scintillation fluid (5 ml) was added, and disintegrations per minute (DPM) was measured using a scintillation counter after allowing for stabilization for 8–24 h. For each experiment, we used DHHC20 as a positive control and H-Ras without enzyme to account for non-enzymatic acylation. Background DPM was subtracted from each sample before converting counts to picomoles based on the specific activity of palmitoyl-CoA.
RESULTS
GCP16 stabilizes DHHC9 through a conserved C-terminal cysteine motif
Our initial attempts to express and purify DHHC9 from Sf9 cells were met with low protein yield, reduced purity, and extensive protein aggregation. This was consistent with a previous report that DHHC9 purified without GCP16 resulted in an increased fraction of DHHC9 protein being proteolyzed (Swarthout et al., 2005). Thus, we reasoned that one function of GCP16 is to stabilize DHHC9 and prevent misfolding or aggregation. We used fluorescence-detection size-exclusion chromatography (FSEC) to examine the effect of GCP16 on DHHC9 protein stability in cell lysates (Kawate and Gouaux, 2006). DHHC9 fused with N-terminal mNeonGreen was expressed in HEK293 cells with or without GCP16. We chose to fuse the fluorescent protein to the DHHC9 N-terminus to minimize perturbing its C-terminus, based on previous reports that N-terminal modifications to Erf2 had no effect on its stability and that the C-terminus of DHHC proteins are generally thought to mediate protein-protein interactions (Mitchell et al., 2012; Malgapo and Linder, 2021). Cells were solubilized in a dodecylmaltoside (DDM)-containing buffer, and cleared lysates were applied to a gel-filtration column coupled to a fluorometer to monitor fluorescence (Figure 1). DHHC9 expressed alone showed a prominent void peak characteristic of high-molecular weight protein aggregate and only a minor peak at the expected retention time for a well-folded, monomeric protein (Figure 1A blue trace). By contrast, DHHC9 co-expressed with GCP16 showed improved monodispersity and a 4-fold increase in magnitude (Figure 1A orange trace, C, D). To determine if the GCP16-mediated stabilizing effect is dependent on the catalytic cysteine, we performed the same assay using DHHS9, in which the catalytic cysteine was mutated to serine. Compared to DHHS9 alone, DHHS9 co-expressed with GCP16 showed an almost identical improvement in monodispersity and expression as DHHC9 (Figures 1B–D). These data suggest that DHHC9 is stabilized by GCP16 co-expression, and this effect is not dependent on DHHC9 catalytic activity.
[image: Figure 1]FIGURE 1 | DHHC9 is Stabilized by Co-expression with GCP16 Independent of the Catalytic Cysteine. FSEC profiles of (A) DHHC9 and (B) DHHS9. HEK cells were transfected with vector to express the indicated constructs without or with GCP16 co-expression shown with blue and orange traces, respectively. Cells were solubilized in a DDM-containing buffer, and the cleared lysate was analyzed via SEC detected by fluorescence at excitation and emission wavelengths of 480 nm and 508 nm, respectively. Arrows indicate the void retention time and the approximate retention time corresponding to the size of DHHC9. Bar charts showing (C) average fold-change and (D) normalized max intensity upon GCP16 co-expression for the indicated constructs at n ≥ 4 experiments. Normalization was done as described in the experimental procedures. The dashed line indicates a fold-change of 1. Error bars represent the standard error of the mean. Asterisks indicate a significance for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
Next, we asked which regions and amino acid residues of DHHC9 are required for the GCP16-mediated stabilizing effect. We used evolutionary conservation to generate combinatorial N- and C-terminal deletions of DHHC9 (Table 1; Supplementary Figure S1) and assessed the effect of GCP16 co-expression for each construct by FSEC (Figure 2). For DHHC9 with N-terminal truncation N2, C-terminal truncation C1, or both, GCP16 co-expression improved protein behavior, similar to the full-length construct (Figures 2B,C,E,G,H). However, for DHHC9 constructs containing truncation C2, GCP16 co-expression showed no significant difference when compared to DHHC9 alone (Figures 2D,F). We observed that some individual truncations alter total levels of DHHC9 detected (Figure 2H). For example, constructs N2 and N2C1 improved DHHC9 protein stability in the absence of GCP16, possibly by removing disordered/aggregation-prone regions of DHHC9 (Figures 2B,E,G,H). Non-etheless, the addition of GCP16 further increased the stabilizing-effect in constructs that included truncation C1. Thus, DHHC9 residues between truncation C1 and C2 are required for GCP16-mediated stabilization.
TABLE 1 | DHHC9 Constructs. Table denoting the generated constructs (left) and amino acid changes (right).
[image: Table 1][image: Figure 2]FIGURE 2 | A Conserved Region in the DHHC9 CTD is Required for GCP16-mediated Stabilization. (A) Cartoon depicting the tested DHHC9 truncations. (B–F) FSEC profiles for the indicated constructs. HEK cells were transfected with DHHC9 without (blue) or with GCP16 (orange). Cells were solubilized in a DDM-containing buffer, and the cleared lysate was analyzed by FSEC. Bar charts showing (G) average fold-change and (H) normalized max intensity upon GCP16 co-expression for the indicated constructs at n ≥ 3 experiments. Error bars represent the standard error of the mean. Asterisks indicate a significance for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
We next sought to determine the exact residues between DHHC9 C1 and C2 that are required for GCP16-mediated stabilization. We made finer truncations between regions C1 and C2 in the N2C1 background and assayed for the effect of GCP16 co-expression using FSEC (Supplementary Figure S2). Much like the parent construct, truncations C1.1 and C1.2 showed an increase in expression and monodispersity with GCP16 co-expression (Supplementary Figures S2B, S2C, S2E, S2F). However, truncation C1.3 displayed no significant difference whether GCP16 was co-expressed or not (Supplementary Figure S2D, S2E, S2F). Between truncations C1.2 and C1.3, we identified a conserved sequence “CCXXXC” at residues 283–288, which we refer to as the C-terminal cysteine motif (CCM). Given that cysteines may play a role in protein-protein interactions, we tested whether mutation of these CCM cysteines would abolish the stabilizing effect. We generated serine mutants at each individual cysteine in the CCM using the DHHS9 N2C1 background and assessed the effect of GCP16 co-expression on DHHC9 protein (Figure 3). DHHS9 NC21 was used as the parent construct because it gave a more consistent FSEC signal in the absence of GCP16 than that of full-length DHHC9. Mutations C283S and C284S showed a diminished but statistically significant improvement in protein expression when co-expressed with GCP16 (Figures 3A,B,E,F). Interestingly, C288S or the triple mutations at all three cysteines (TM) showed no effect of GCP16 co-expression on DHHC9 protein quality (Figures 3C–F). Taken together, these data show that DHHC9 protein expression and monodispersity is significantly improved by GCP16 co-expression, and this stabilization effect requires a conserved DHHC9 C-terminal cysteine motif, with cysteine 288 being the most critical.
[image: Figure 3]FIGURE 3 | Cysteines in the DHHC9 CTD are required for GCP16-mediated Stabilization. (A–C) FSEC profiles for the indicated cysteine to serine mutation and (D) the triple mutation (TM) in the DHHS9 N2C1 parent construct. HEK cells were transfected with DHHC9 without (blue) or with GCP16 (orange). Cells were solubilized in DDM-containing buffer, and the cleared lysate was analyzed via FSEC. Bar charts showing (E) average fold-change and (F) normalized max intensity upon GCP16 co-expression for the indicated constructs at n ≥ 3 experiments. The dashed line indicates a fold-change of 1. Error bars represent the standard error of the mean. Asterisks indicate a significance for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
DHHC9 CCM is required for complex formation with GCP16
While FSEC is an efficient way to probe whether GCP16 expression influences DHHC9 stability, it cannot address whether the two proteins are interacting. To determine if DHHC9 and GCP16 form a complex, we co-expressed these two proteins in Sf9 insect cells, affinity purified, and assessed whether they co-elute in SEC (Figure 4). Across multiple experiments, affinity-purified DHHC9 in the absence of GCP16 consistently eluted at the void volume (Figure 4A). This and the observation that the protein remains impure after tandem affinity chromatography and SEC (Figure 4B), suggested that purified DHHC9 primarily exists as a high molecular weight protein aggregate. GCP16 alone eluted around ∼13ml, which was consistent with its molecular size with detergent micelle (Figures 4C, D). When DHHC9 and GCP16 were co-expressed, both proteins co-eluted at a volume of ∼11 ml (Figures 4E, F) with a monodispersed peak, supporting that DHHC9-GCP16 exists as a folded complex.
[image: Figure 4]FIGURE 4 | DHHC9 CTD Cysteines are Required for Complex Formation with GCP16. Sf9 cells were infected with recombinant baculovirus encoding the indicated variations of the following: DHHC9-strep, DHHC9 with the conserved triple cysteines mutated to serine (DHHC9 TM), or GCP16-strep. Protein was purified via strep-affinity purification and SEC as in the experimental procedures. SEC profiles and SDS-PAGE Coomassie analyses for (A,B) DHHC9 (C,D) GCP16, (E,F) the DHHC9-GCP16 complex, and DHHC9-TM co-purified with GCP16 (G,H). Arrows in the SEC profiles correspond to the labeled lanes for the corresponding SDS-PAGE.
Next, we tested whether the CCM of DHHC9 is required for complex formation with GCP16. We co-purified DHHC9 TM with GCP16 and analyzed the SEC profile. We confirmed by SDS-PAGE that both DHHC9 TM and GCP16 were present in the elution from affinity purification (Figure 4H lane 1). However, the SEC profile exhibited two distinct peaks at the void volume and at ∼13 ml (Figure 4G), paralleling what was seen for DHHC9 and GCP16 when purified separately. Furthermore, SDS-PAGE analysis showed enrichment for DHHC9-strep in the fraction corresponding to the void peak and GCP16-strep in the fraction at ∼13 ml (Figure 4H lane 2–3). Together, these experiments support that DHHC9 and GCP16 form a complex when co-expressed and co-purified. Furthermore, mutation of the conserved DHHC9 C-terminal cysteines prevents complex formation under these conditions of detergent solubilization.
DHHC9 enzymatic activity for H-Ras correlates with protein folding
Protein S-acylation by DHHC proteins occurs via a two-step mechanism (Mitchell et al., 2010; Jennings and Linder, 2012). The DHHC protein uses acyl-CoA to form an acyl-enzyme intermediate; then, upon substrate binding, the acyl group is transferred to the target cysteine on the protein substrate. We previously demonstrated that GCP16 increases the equilibrium levels of both autoacylated DHHC9 and its substrate H-Ras in vitro (Swarthout et al., 2005). However, it remains unclear whether GCP16 directly affects catalysis, or whether GCP16 simply increases the amount of folded and active DHHC9. Therefore, we purified DHHC9 with or without GCP16 and classified whether the protein was folded or aggregated based on SEC profiles. Immediately following purification and SEC, we assayed PAT activity using H-Ras and [3H]-Palmitoyl-CoA. The folded DHHC9-GCP16 complex exhibited radiolabeling for both H-Ras and autoacylated DHHC9 (Figure 5 lane 2). The observed activity was attributed to the catalytic activity of DHHC9, as catalytically inactive DHHS9 protein failed to show any PAT activity (Figure 5 lane 4). In contrast, the aggregated DHHC9-GCP16 did not exhibit detectable PAT activity (Figure 5 lane 3). Likewise, aggregated DHHC9 purified in the absence of GCP16 exhibited no detectable activity (Figure 5 lane 1). Similarly, DHHC9 TM was unable to form a complex with GCP16 and resulted in only aggregated protein. This aggregated DHHC9 TM exhibited no detectable activity for H-Ras (Figure 5 lane 5). Taken together, these experiments suggest that DHHC9 requires GCP16 for its enzymatic activity. DHHC9 co-purified with GCP16 results in enrichment of a folded DHHC9 state, which is enzymatically active. However, when GCP16 is absent or when DHHC9 is unable to form a complex with GCP16 (as is the case with DHHC9 TM), essentially all DHHC9 protein is aggregated and exhibits no detectable PAT activity for H-Ras.
[image: Figure 5]FIGURE 5 | DHHC9 Requires Proper Protein Folding for H-Ras Activity. DHHC9 constructs were purified and classified into aggregated (red) or folded (green) states based on their respective SEC profiles. Purified DHHC9 was assayed for activity using H-Ras and [3H]-palmitoyl CoA. Radiolabeled protein was quantified via liquid scintillation spectroscopy (A) and detected via fluorography (B). The Y-axis represents picomoles of 3H-labeled protein after subtracting background radiation. Grey bars represent the quantity of labeled H-Ras, and white bars represent the quantity of labeled DHHC protein. Error bars represent the standard error of the mean for n ≥ 2 independent protein preparations. Arrows indicate bands corresponding to radiolabeled DHHC9 and H-Ras.
DHHC9 disease mutations result in reduced protein stability
DHHC9 protein pathogenic variants include missense mutations R148W, P150S, and R96W, and a non-sense mutation terminating at R298 (Schirwani et al., 2018). An earlier study reported that DHHC9 (R148W) and DHHC9 (P150S) possessed reduced steady state levels of autopalmitoylated DHHC9 (Mitchell et al., 2014). Given the importance of GCP16 in stabilizing DHHC9 protein folding with a corresponding effect on enzyme activity, we asked how the missense and non-sense mutations affected complex formation with GCP16. Compared to wildtype DHHC9, DHHC9 with R148W, P150S, R96W, or R298X mutations exhibited a greater extent of protein aggregation and reduced monodispersity as monitored by FSEC (Figures 6A–E, blue traces, F). Co-expression with GCP16 resulted in improved protein behavior compared to the respective DHHC9 constructs alone for all the mutants except R96W, although with a diminished effect compared to wildtype (Figures 6A–E, orange traces, F). These results suggest the DHHC9 mutations associated with XLID result in decreased protein stability and reflect reduced formation of a DHHC9-GCP16 complex.
[image: Figure 6]FIGURE 6 | DHHC9 Disease Mutations Exhibit Reduced Protein Stability. (A–E) FSEC profiles for full-length DHHC9 (FL), the indicated point mutations, and DHHC9 truncation at R298 (R298*). HEK cells were transfected with vector to express DHHC9 without (blue) and with GCP16 (orange). Bar charts showing (F) average fold-change and (G) normalized max intensity upon GCP16 co-expression for the indicated constructs at n ≥ 3 experiments. Max intensities were normalized to DHHC9 FL as described in the experimental procedures. The dashed line indicates a fold-change of 1. Error bars represent the standard error of the mean. Asterisks indicate a significance for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
GCP16 and GOLGA7B stabilize DHHCs in a subtype-specific manner
Our experiments suggest that the CCM in DHHC9 plays an important role in complex formation with GCP16. This motif is present in other DHHCs closely related to DHHC9, namely, DHHC14, 18, 5, and 8, but it is not present in distantly related DHHCs, such as DHHC3 and DHHC20 (Figure 7A). DHHC9 was the first human DHHC to be identified to require a protein partner for its activation, based on its homology to yeast Erf2-Erf4 (Swarthout et al., 2005). Recent studies suggest that GCP16 and GOLGA7B, a protein with ∼75% amino acid sequence identity to GCP16, function as accessory proteins for additional members of the DHHC protein family. Woodley and Collins reported that DHHC5 interacts with GOLGA7B, facilitating DHHC5 localization at the plasma membrane and enabling its interactions with components of desmosomes to regulate cell adhesion (Woodley and Collins, 2019). Ko et al. identified ZDHHC5 and GOLGA7 (GCP16) in a screen for genes involved in an unconventional non-apoptotic cell death pathway triggered by the synthetic small molecule oxime, CIL56 (Ko et al., 2019). They went on to show that DHHC5 and GCP16 form a mutually stabilizing protein complex localized at the plasma membrane. Complex formation is dependent upon C-terminal cysteines in the conserved CCM motif, consistent with our results for DHHC9-GCP16 complex formation. To determine the potential of other DHHC proteins to form complexes with GCP16 and/or GOLGA7B, we tested whether co-expression of GCP16 or GOLGA7B affects the protein behavior of a set of DHHC proteins using FSEC. Like DHHC9, all DHHCs containing the CCM exhibited improved protein expression and monodispersity when co-expressed with GCP16 (Figures 7B–E,H,I). However, representative DHHCs without the CCM showed no significant difference whether GCP16 was co-expressed (Figures 7F–I). This supports that the GCP16-mediated stabilization is specific to certain DHHCs that possess the CCM. Interestingly, DHHC protein co-expression with GOLGA7B showed a similar, but distinct, result (Figure 8). While GOLGA7B co-expression significantly improved DHHC5 and DHHC8 protein (Figures 8D,E,H,I), it had no significant stabilizing effect on DHHC9, 14, 18, 3, and 20 (Figures 8A–C, F-I). Taken together, our FSEC experiments suggest GCP16 and GOLGA7B stabilize DHHC proteins in a subtype-specific manner.
[image: Figure 7]FIGURE 7 | GCP16 Co-expression Stabilizes DHHC Proteins with the Conserved C-terminal Cysteine Motif. (A) Amino acid sequence alignment of select DHHC proteins at the conserved CTD cysteine motif. The conserved cysteine motif is boxed in red. (B–G) FSEC analysis of crude HEK lystates for the indicated constructs without (blue) or with GCP16 (orange). Bar charts showing (H) fold-change upon and (I) average max intensity for the indicated constructs upon GCP16 co-expression at n ≥ 3 experiments. Error bars represent the standard error of the mean. Asterisks indicate a significance for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
[image: Figure 8]FIGURE 8 | GOLGA7B Co-expression Stabilizes DHHC Proteins. (A–G) FSEC profiles for the indicated constructs. HEK cells were transfected with DHHC without (blue) or with GOLGA7B (orange). Bar charts showing (H) fold-change upon and (I) average max intensity for the indicated constructs upon GOLGA7B co-expression at n = 5 experiments. Error bars represent the standard error of the mean. Asterisks indicate a significant increase with GOLGA7B for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
To better understand the effect of GCP16 on the DHHC9 subfamily, we purified DHHC14 and DHHC18 and assessed the relationship between protein folding and PAT activity (Figure 9). As was the case with DHHC9, DHHC14 purified without GCP16 resulted in nearly complete protein aggregation (Figures 9A,B) and exhibited no detectable PAT activity (Figure 9E lane 1). On the other hand, DHHC14 co-purified with GCP16 was monodisperse (Figures 9C,D) and the folded complex in the included volume exhibited enzymatic activity for H-Ras and DHHC14 autoacylation (Figure 9E lane 3). Surprisingly, the DHHC14-GCP16 aggregate detected in the void volume exhibited PAT activity, albeit reduced relative to the folded complex (Figure 9E lane 2). Similarly, DHHC18 purified by itself was aggregated and enzymatically inactive (Figures 9F,G,J lane 1). Like DHHC14-GCP16, the DHHC18-GCP16 complex purified as two species with the folded complex having more activity than that found in the aggregate (Figures 9H–J lane 2). These results suggest that the stabilizing effect of GCP16 spans the DHHC9 subfamily.
[image: Figure 9]FIGURE 9 | DHHC14 and DHHC18 Each Forms a Complex with GCP16 to Confer PAT Activity. Sf9 cells were infected with recombinant baculovirus encoding strep-tagged DHHC alone or DHHC + GCP16. Protein was purified via strep-affinity purification and SEC. SEC profiles and SDS-PAGE Coomassie for (A,B) DHHC14 (C,D) the DHHC14 co-purified with GCP16, (F,G) DHHC18, and (H,I) DHHC18 co-purified with GCP16 are shown. Arrows in the SEC profiles correspond to the labeled lanes for the corresponding SDS-PAGE analysis. (E,J) Purified DHHC14/DHHC18 was classified into aggregated (red) or folded (green) states based on the SEC profile. DHHC14/DHHC18 was assayed for activity using H-Ras and [3H]palmitoyl CoA. Radiolabeled protein was quantified via liquid scintillation spectroscopy and detected via fluorography. The y-axis represents picomoles of 3H-labeled protein after subtracting background radiation. Gray bars represent the quantity of labeled H-Ras, and white bars represent the quantity of labeled DHHC protein. Error bars represent the standard error of the mean for n = 2 independent protein preparations. Arrows indicate bands corresponding to radiolabeled DHHC and H-Ras.
DISCUSSION
In this study, we sought to understand the function of GCP16 in the DHHC9-GCP16 complex. We found that co-expression of GCP16 with DHHC9 improved DHHC9 protein levels and homogeneity. Through truncations, mutagenesis, and FSEC screening, we identified a conserved C-terminal cysteine motif in DHHC9 that is required for the GCP16-mediated stabilization effect. We used the SEC profiles of purified proteins to show the CCM is required for formation of the DHHC9-GCP16 complex. Without GCP16, purified DHHC9 aggregates, and only folded DHHC9-GCP16 complex formation is enzymatically active for H-Ras in vitro. Furthermore, we showed that disease mutations associated with XLID result in decreased protein stability and diminished DHHC9-GCP16 complex formation.
DHHC9 and GCP16 were discovered based on homology to yeast palmitoyltransferase Erf2-Erf4 (Lobo et al., 2002; Swarthout et al., 2005). DHHC9 and GCP16 share 31% and 17% sequence identity with Erf2 and Erf4, respectively. While the exact sequence identity between the pair is limited, they possess functional similarities. For example, both form heteromeric DHHC protein complexes and are putative Ras PATs in their respective organisms (Lobo et al., 2002; Swarthout et al., 2005). Furthermore, DHHC9-GCP16 can substitute for loss of Erf2 in S. cerevisiae (Mitchell et al., 2014). Mitchell et al. showed, in the absence of Erf4, Erf2 steady-state protein levels and its half-life are significantly lowered and that one function of Erf4 is to stabilize Erf2 by impeding its ERAD-mediated degradation (Mitchell et al., 2012). Similarly, our data support that one role for GCP16 is to provide local stability for DHHC9, suggesting this function for the partner protein may be evolutionarily conserved. However, the role of the accessory protein may extend beyond DHHC protein stabilization. For example in yeast, stabilization of Erf2 does not suppress loss of Erf4 in vivo, and Erf2 exhibits distinct enzyme kinetics with and without Erf4 in vitro (Mitchell et al., 2012). Specifically, the absence of Erf4 does not abolish Erf2 autopalmitoylation, suggesting that residues of Erf4 do not participate directly in this step. However, the absence of Erf4 does increase the rate of hydrolysis of the thioester on the acyl-enzyme intermediate, causing Erf2 to undergo a futile cycle of autopalmitoylation and hydrolysis. Erf4 is required for Erf2 to transfer the palmitoyl group to the protein substrate, with the exact mechanism remaining unclear (Mitchell et al., 2012).
Earlier proteomics studies identified the C-terminal CCX7-13C*(S/T) sequence among DHHC proteins where cysteines centered around the “GCxxN” motif were palmitoylated, and these cysteines in DHHC5 and DHHC8 were palmitoylated in vivo (Yang et al., 2010; Collins et al., 2017). Subsequently, Ko et al. showed DHHC5 and GCP16 are mutually stabilizing and that DHHC5-GCP16 complex formation, as assessed by immunoprecipitation, is dependent on the DHHC5 C-terminal cysteines (Ko et al., 2019). The catalytically active DHHC5-GCP16 complex is required for non-apoptotic cell death induced by the synthetic oxime-containing small molecule caspase-independent lethal 56 (CIL56) (Ko et al., 2019). DHHC5 has also been shown to interact with the GCP16 relative, GOLGA7B. Palmitoylation of the DHHC5 C-terminal cysteines controls its interaction with and its ability to palmitoylate GOLGA7B, which in turn regulates DHHC5 internalization and turnover and its protein interactome (Woodley and Collins, 2019). Howie et al. observed that the DHHC5 C-terminus between N218-T334, which includes the CCM, is required for palmitoylation of the Na-pump accessory protein phospholemman (PLM) (Howie et al., 2014). Interestingly, PLM does not bind directly to this region of DHHC5, but rather it associates with DHHC5 through an intermediate, the Na-pump α subunit, which does bind directly to DHHC5 N218-T334 (Plain et al., 2020). Nonetheless, the DHHC5 region containing the CCM is specifically required for palmitoylation of its substrates PLM and Flotillin-2, while other substrates such as PSD-5 and GRIP1 require the PSD-95/Discs-large/ZO-1 homology (PDZ) binding motif (Howie et al., 2014). The CCM we identified in the DHHC9 subfamily overlaps with the end of the previously described CCX7-13C*(S/T) sequence. Taken together, we reason that the CCM cysteines are likely to be palmitoylated and mediate accessory protein interaction either directly or indirectly by exposing a GCP16/GOLGA7B binding site. Interaction with the accessory protein provides protein stability, and it expands the DHHC protein interactome, which may be a mechanism of substrate recruitment and regulation. How subtype preferences for GCP16/GOLGA7B are governed is to be resolved, though it seems likely to involve additional protein domain coordination.
While this manuscript was in revision, a preprint deposited in bioRxiv reported the cryo-EM structures of human DHHC9-GCP16 and yeast Ef2-Erf4 (Yang et al., 2022). Several of their findings are consistent with our results. We found that the CCM motif and in particular, Cys 288, is essential for DHHC9 activity and stability. Yang et al. identified palmitate on Cys288 and showed that its mutation resulted in the loss of catalytic activity (Yang et al., 2022). Within the DHHC9-GCP16 structure, the palmitate attached to Cys288 in the DHHC9 α3 helix inserts adjacent to transmembrane domains 2 and 3 and the α2’ helix of GCP16, thereby promoting membrane association of the DHHC9 α3 helix and adding stability to the DHHC9-GCP16 complex. Noting the conservation of the CCM in DHHC14 and DHHC18, Yang et al. also reported that DHHC14 and DHHC18 formed catalytically active complexes with GCP16 that palmitoylated HRAS and NRAS, corroborating the results reported herein.
Our study demonstrates that a subgroup of the larger DHHC protein family that includes DHHC9, 14, 18, 5, and 8 all require accessory proteins for their stability in vitro. Whereas GCP16 potentiated all subfamily members, GOLGA7B potentiated only DHHC5 and DHHC8. Using purified components, we establish that both DHHC14 and DHHC18 when complexed with GCP16 can function as Ras palmitoyltransferases. Our research supports a broader role for GCP16 and GOLGA7B in the function of human DHHC proteins.
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Neuronal ankyrin-B is an intracellular scaffolding protein that plays multiple roles in the axon. By contrast, relatively little is known about the function of ankyrin-B in dendrites, where ankyrin-B is also localized in mature neurons. Recently, we showed that ankyrin-B acts as a scaffold for the voltage-gated sodium channel, NaV1.2, in dendrites of neocortical pyramidal neurons. How ankyrin-B is itself targeted to the dendritic membrane is not well understood. Here, we report that ankyrin-B is lipid-modified by S-palmitoylation to promote dendritic localization of NaV1.2. We identify the palmitoyl acyl transferase zDHHC17 as a key mediator of ankyrin-B palmitoylation in heterologous cells and in neurons. Additionally, we find that zDHHC17 regulates ankyrin-B protein levels independently of its S-acylation function through a conserved binding mechanism between the ANK repeat domain of zDHHC17 and the zDHHC ankyrin-repeat binding motif of ankyrin-B. We subsequently identify five cysteines in the N-terminal ankyrin repeat domain of ankyrin-B that are necessary for ankyrin-B palmitoylation. Mutation of these five cysteines to alanines not only abolishes ankyrin-B palmitoylation, but also prevents ankyrin-B from scaffolding NaV1.2 at dendritic membranes of neurons due to ankyrin-B’s inability to localize properly at dendrites. Thus, we show palmitoylation is critical for localization and function of ankyrin-B at dendrites. Strikingly, loss of ankyrin-B palmitoylation does not affect ankyrin-B-mediated axonal cargo transport of synaptic vesicle synaptotagmin-1 in neurons. This is the first demonstration of S-palmitoylation of ankyrin-B as an underlying mechanism required for ankyrin-B localization and function in scaffolding NaV1.2 at dendrites.
Keywords: Ankyrin-B, post-translational modification, S-palmitoylation, zDHHC enzymes, localization, scaffolding, dendrites, axons
1 INTRODUCTION
The ankyrin family of scaffolding proteins target and anchor membrane, cytoskeletal, and cytoplasmic proteins at specialized membrane domains to establish and maintain cell polarity and function in many vertebrate tissues (Bennett and Lorenzo, 2013). One member of the ankyrin family, ankyrin-B, encoded by the ANK2 gene, localizes ion channels, transporters, structural proteins, as well as signaling molecules to specialized membranes in the heart, skeletal muscle, adipocytes, and brain. In neurons, multiple axonal roles have been shown for ankyrin-B, including axonal cargo transport, scaffolding of cell adhesion molecules to repress axonal branching, and proper positioning of ankyrin-G at the axon initial segment (AIS) (Galiano et al., 2012; Lorenzo et al., 2014; Yang et al., 2019). By contrast, the role of ankyrin-B at dendritic membranes had been relatively understudied until recently, when ankyrin-B was shown to serve as an essential scaffold for voltage-gated sodium channels, NaV1.2, at dendrites to promote dendritic excitability and synaptic plasticity in neocortical pyramidal neurons (Nelson et al., 2022). Heterozygous loss of Ank2 causes dramatic impairments in dendritic excitability and synaptic plasticity, and phenocopies effects of heterozygous loss of Scn2a, which encodes NaV1.2, suggesting ankyrin-B is critical for NaV1.2-mediated dendritic function (Spratt et al., 2019; Nelson et al., 2022).
ANK2 is amongst the top genes linked to autism spectrum disorder (ASD) (Satterstrom et al., 2020). R2608fs, an ASD-associated variant in exon 37 of ANK2, which encodes the 440-kDa isoform of ankyrin-B, induces a frameshift that disrupts axonal scaffolding of the cell adhesion molecule L1CAM, causing alterations in axonal connectivity and behavior reminiscent of the deficits in communicative and social behaviors observed in human ASD patients (Yang et al., 2019). SCN2A, which encodes NaV1.2, is also a high-risk gene for ASD (Sanders et al., 2015; Ben-Shalom et al., 2017; Sanders et al., 2018). NaV1.2 and ankyrin-B interacting to promote dendritic excitability provides strong rationale that deficits in dendritic excitability may be a common point of convergence in ASD etiology. Although it is clear that NaV1.2 relies on ankyrin-B to properly target to dendritic membranes in neurons, how ankyrin-B itself reaches the dendritic membrane is unknown. Understanding how ankyrin-B targets to the dendritic membrane to mediate the localization and function of NaV1.2 may shed light onto ASD pathophysiology.
Another member of the ankyrin family, ankyrin-G, relies on the posttranslational modification, S-palmitoylation, for normal localization and function (He et al., 2012). S-palmitoylation is the covalent addition of a 16-carbon fatty acid to cysteine residues of proteins through the formation of a labile thioester bond, and is catalyzed by a family of 23 enzymes known as palmitoyl acyl transferases (zDHHC PATs) (Fukata and Fukata, 2010). Ankyrin-G is S-palmitoylated at a single cysteine in its N-terminal ankyrin repeat domain, Cys70 (He et al., 2012). Mutation of Cys70 to alanine (C70A) renders ankyrin-G palmitoylation-dead and subsequently incapable of functioning in epithelial cell membrane biogenesis or in scaffolding neuronal proteins at the axon initial segment (He et al., 2012; He et al., 2014; Tseng et al., 2015). Ankyrin-G is palmitoylated by two functionally redundant zDHHC PATs, zDHHC5 and zDHHC8. Taken together, these data demonstrate that ankyrin-G S-palmitoylation is required for ankyrin-G localization and function at the lateral membrane of epithelial cells as well as at the neuronal AIS. Whether ankyrin-B is also palmitoylated as a mechanism to regulate its plasma membrane localization and scaffolding of NaV1.2 at dendrites remains unclear.
Here, we asked if ankyrin-B is S-palmitoylated and whether palmitoylation could regulate ankyrin-B localization and function in neurons. We find that ankyrin-B is indeed palmitoylated in whole mouse brain and in neurons, identifying zDHHC17 as a key mediator of ankyrin-B palmitoylation in heterologous cells and in neurons. We also demonstrate that zDHHC17 regulates ankyrin-B protein levels in a palmitoylation-independent manner through a conserved binding mechanism between the ANK repeat of zDHHC17 and the zDHHC ankyrin-repeat binding motif (zDABM) of ankyrin-B. We identify five cysteines as possible ankyrin-B palmitoylation sites. Mutation of these five cysteines in the N-terminal ANK repeat domain of ankyrin-B renders ankyrin-B palmitoylation-dead. While ankyrin-B palmitoylation does not regulate its ability to mediate axonal cargo function, ankyrin-B palmitoylation is required to target NaV1.2 to dendrites in neocortical pyramidal neurons. These data provide evidence for two pools of ankyrin-B in neurons, one palmitoylation-dependent pool at dendrites, and one palmitoylation-independent pool in vesicles at the axon. This work highlights novel mechanisms regulating ankyrin-B localization and function in neurons that may provide insights into ANK2-associated ASD.
2 MATERIALS AND METHODS
2.1 Antibodies
The antibodies used for western blotting in this study were chicken anti-GFP antibody (Abcam, 1:2000), rabbit anti-Flotillin-1 antibody (Cell Signaling Technologies, 1:1000), rabbit/mouse anti-HA antibody (Cell Signaling Technologies, 1:1000), and rabbit anti-ankyrin-B C-terminus (custom-made in-house, 1:1000). The specificity of the anti-ankyrin-B antibody has been shown previously by western blotting (Lorenzo et al., 2014). LiCor fluorescent secondary antibodies were used: IRDye 800CW donkey anti-rabbit and anti-chicken (for anti-ankyrin-B, anti-HA, anti-Flotillin-1) and IRDye 680RD donkey anti-mouse (for anti-HA) were diluted 1:10,000. The antibodies used for immunofluorescence studies were mouse anti-FLAG M2 (Millipore Sigma, 1:1000), chicken anti-GFP antibody (Abcam, 1:1000), and sheep anti-ankyrin-B C-terminus (custom-made, in-house, 1:1000). Alexa Fluor 488, 568, or 647 secondary antibodies (Fisher scientific) were used at 1:250.
2.2 Expression vectors
The panel (1–24) of mouse zDHHC cDNA constructs subcloned in a pEF-BOS HA backbone were kindly gifted to us by Dr. Masaki Fukata (National Institute of Physiological Sciences, Okazaki, Japan; (Fukata et al., 2004)). The zDHHA17 mutant generated by site-directed mutagenesis was kindly gifted to us by Dr. Luke Chamberlain (University of Strathclyde); (Locatelli et al., 2020)). The N100A zDHHC/A17 mutants were generated by our laboratory by site-directed mutagenesis using primers designed by Agilent QuickChange II XL primer design software and using QuickChange II XL site-directed mutagenesis kit (Agilent Technologies), and confirmed by DNA sequencing through Eurofins Genomics (Louisville, KY). Human ankyrin-B-GFP containing the small 220kD splice variant of ankyrin-B in a pEGFP-N1 vector was previously described (Lorenzo et al., 2014). All point mutations generated using the ankyrin-B-GFP cDNA construct were made using site-directed mutagenesis (QuickChange II XL, Agilent Technologies) and confirmed by DNA sequencing through Eurofins Genomics (Louisville, KY). Syt1-tdTomato was generously donated by Drs. Ronald Holz and Arun Anantharam (University of Michigan Medical School, Ann Arbor, MI). CAG-Cre-2A-BFP and CAG-BFP in a pLenti6-V5-DEST viral vector were previously used and described (Tseng et al., 2015). Note: TagBFP (referred to as BFP throughout) is a DsRed derivative that shares virtually no sequence homology with GFP, and thus is not recognized by anti-GFP antibodies.
2.3 Animals
Wild type C57Bl/6J (Jackson Laboratories), floxed Zdhhc17 (on an FVB background (Sanders et al., 2016)), and floxed Ank2 mice (previously described (Chang et al., 2014)) were housed in the Unit for Laboratory Animal Medicine at the University of Michigan. All procedures involving animals were performed in accordance with National Institutes of Health guidelines with approval by the Institutional Animal Care and Use Committee (IACUC) of the University of Michigan.
2.4 Cell culture and transfections
HEK293T cells (gifted to us by Dr. Gareth Thomas, Temple University) were grown in Dulbecco’s modified Eagle’s high glucose medium with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% GlutaMax (ThermoFisher) at 37°C, 5% CO2. For Acyl-RAC experiments, HEK293T cells were plated in 10 cm dishes at 80–90% confluency the day before transfection and transfected 16 h later with 4 µg total DNA (2 µg of each plasmid) using Lipofectamine 3,000 (Invitrogen) according to the manufacturer’s instructions.
2.5 Neuronal cultures, transfections, and viral transductions
Cortical neurons were dissociated from P0 floxed Zdhhc17 mouse pups and cultures were prepared as previous described (Nelson et al., 2018). At DIV2, neocortical cultures were transduced with β-galactosidase control adenovirus or Cre recombinase adenovirus, which are previously described (Davis et al., 2015; Brody et al., 2016; Brody et al., 2018). Cells were transduced in half of their original media for 6 h before replacing with the remaining half of their original media and half of fresh, new media. Neurons were left to incubate for 10 days before being processed for RT-PCR or Acyl-RAC analysis.
Hippocampal neurons were dissociated from P0 Ank2flox/flox mouse pups and cultures were prepared as previously described (Nelson et al., 2018). For the axonal cargo transport imaging experiments, DIV3 hippocampal neurons were transfected with 1 µg of either CAG-BFP or CAG-Cre-2A-BFP cDNA in combination with 500 ng of the other plasmids (Synaptotagmin-1-tdTomato, WT ankyrin-B-GFP, AAAAA-ankyrin-B-GFP) using Lipofectamine 2000. Briefly, 1 µg or 1.5 µg of cDNA constructs were added to 200 µL of Neurobasal-A medium (Gibco) in an Eppendorf tube. In another tube, 3 µL or 4.5 µL, respectively, of Lipofectamine 2000 were added to 200 µL of Neurobasal-A medium. The two tubes were incubated separately in the hood for 5 min before merging, mixing well, and incubating for 20 more minutes. The neuronal growth media on the neurons was collected and saved at 37°C. The transfection mix was then added dropwise to the appropriate dishes of DIV3 neurons and incubated at 37°C for 1 h. The transfection mix was aspirated, cells were washed once with Neurobasal-A medium, and the original growth media was added back onto the neurons. Cells were maintained in culture for 48 h before live imaging.
For the dendritic ankyrin-B function and localization experiments, neocortical neurons were dissociated from P0 floxed Ank2 mouse pups and cultures were prepared as previously described (Nelson et al., 2018). DIV2 neurons were transfected with 0.5 µg of each plasmid using Lipofectamine 2000 as described in the above paragraph. Axons were identified both by morphology (as axons are much longer and thinner than dendrites) and by a relative lack of ankyrin-B staining in the proximal axon (Galiano et al., 2012). Residual NaV1.2-3x FLAG staining in the proximal axon was confirmed to be localized to the AIS by colocalization with the AIS scaffolding protein, ankyrin-G (Nelson et al., 2022).
2.6 qRT-PCR
RNA was isolated from cultured hippocampal neurons in 6-well dishes (Thermo Fisher) using the RNeasy Mini Kit (QIAGEN). cDNA was prepared using the SuperScript IV First-Strand Synthesis Kit (Invitrogen). Quantitative RT-PCR on the mouse Zdhhc17 gene using primers spanning exons 1 and 2 (5′-ACC​CGG​AGG​AAA​TCA​AAC​CAC​AGA-3′ and 5′-TAC​ATC​GTA​ACC​CGC​TTC​CAC​CAA-3′) and Sso/Advanced Universal SYBR green supermix (Fisher Scientific) was performed on CFX96 Real Time System (C1000 Touch Thermal Cycler, BioRad) under default conditions. Each sample was run in triplicates. Expression levels for mRNA were normalized to β-actin (5′- CAT​TGC​TGA​CAG​GAT​GCA​GAA​GG-3′ and 5′-TGC​TGG​AAG​GTG​GAC​AGT​GAG​G-3′).
2.7 Acyl Resin Assisted Capture (Acyl-RAC)
Approximately 24 h post-transfection, transfected HEK293T cells were lysed in “blocking buffer” containing 100 mM HEPES, 1 mM EDTA, 2.5% SDS, and 4% MMTS (Sigma), adjusted to pH 7.5 and sonicated. Samples were left to simultaneously heat and shake overnight at 40°C and 850 rpm in a Thermal Mixer II (Fisher Scientific). Samples were precipitated with cold acetone (incubated in ice) to remove residual MMTS (previously described (Bouza et al., 2020)) and pellet was re-dissolved in 500 µL of “binding buffer” containing 100 mM HEPES, 1 mM EDTA, and 1% SDS, pH adjusted to 7.5, in Thermal Mixer II at 40°C and 850 rpm overnight. Protein samples were spun down in standard benchtop centrifuge at maximal speed for 5 min to pellet out any non-dissolved protein. Supernatant was then split into three 1.5 mL Eppendorf tubes, one containing 40 µL of unmanipulated starting material, one containing 200 µL of sample for hydroxylamine treatment (“+HA”), and one containing 200 µL of sample for NaCl treatment (“-HA”). 40 μL (1:1) of 5x SDS-PAGE buffer (5% wt/vol SDS, 25% wt/vol sucrose, 50 mM Tris pH 8, 5 mM EDTA, and bromophenol blue) supplemented with 100 mM DTT (Gold Biotechology) was added to the unmanipulated starting material and placed at 65°C for 10 min. 50 μL of 1:1 slurry of pre-activated thiopropyl-Sepharose 6b beads (GE, discontinued) were added to the “+HA” and “-HA” samples (previously described (Bouza et al., 2020)). 40 μL of freshly prepared 2 M hydroxylamine (HA) (Sigma), adjusted to pH 7.5, were added only to the “+HA” designated sample. 40 μL of 2 M NaCl were added to the “-HA” designated sample. Samples treated with HA and beads were left to incubate while rotating at room temperature for 2.5 h before being spun down at 5,000 x g for 1 min and washed 3x with “binding buffer”, each time discarding the supernatant and recovering the beads. 40 μL of 5x SDS-PAGE/DTT buffer were used to elute palmitoylated proteins off of the beads and heated for 10 min at 65°C. Samples were analyzed by western blotting.
For assessing palmitoylation of proteins from brain tissue or from cultured hippocampal neurons, after overnight MMTS block, samples were transferred to a Slide-A-Lyzer Dialysis Cassette (10,000 MWCO) (Thermo Scientific) for overnight buffer exchange with “binding buffer”. Buffer exchanged samples were recovered from the dialysis cassette and the assay continued as described in the previous paragraph.
2.8 Mass spectrometry (LC-MS/MS)
After subjecting lysates to the Acyl-RAC assay and ensuring sufficient pulldown by western blotting (Supplementary Figure S3A), the sample was submitted to the University of Michigan Mass Spectrometry-Based Proteomics Resource Facility (Department of Pathology). There, the thiopropyl sepharose beads (washed without SDS for optimal mass spectrometry analysis) were re-suspended in 50 µL of 8M urea/0.1M ammonium bicarbonate buffer (pH∼8). Cysteines (including those holding the previously palmitoylated proteins to the beads) were reduced by adding 50 µL of 10 mM DTT and incubating at 45°C for 30 min. Samples were cooled to room temperature and cysteines were alkylated using 65 mM 2-Chloroacetamide in the dark for 30 min at room temperature. Upon diluting the urea to a final concentration of <1 M, samples were incubated with 1 µg sequencing grade, modified trypsin at 37°C overnight. Digestion was stopped by acidification and peptides were desalted using SepPak C18 cartridges using manufacturer’s protocol (Waters). Samples were completely dried using vacufuge. To perform the mass spectrometry, trypsinized peptides were dissolved in 9 µL of 0.1% formic acid/2% acetonitrile solution. Two µls of the resulting peptide solution were resolved on a nano-capillary reverse phase column (Acclaim PepMap C18, 2 micron, 50 cm, ThermoScientific) using a 0.1% formic acid/acetonitrile gradient at 300 nL/min over a period of 180 min. Eluent was directly introduced into Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific, San Jose CA) using an EasySpray source. MS1 scans were acquired at 60K resolution (AGC target = 3x106; max IT = 50 ms). Data-dependent collision-induced dissociation MS/MS spectra were acquired on 20 most abundant ions following each MS1 scan (NCE ∼28%; AGC target 1x105; max IT 45 m). Proteins were identified by searching the data against Uniprot protein database using Proteome Discoverer (v2.4, Thermo Scientific). Search parameters included MS1 mass tolerance of 10 ppm and fragment tolerance of 0.2 Da. Two missed cleavages were allowed; carbamidomethylation of cysteines (+57.021 Da), oxidation of methionine (+15.995 Da), deamidation of asparagine and glutamine (+0.984 Da), and palmitoylation (+238.23 Da) were all considered variable modifications. False discovery rate (FDR) was determined using Percolator and proteins/peptides with an FDR of ≤1% (high confidence) were retained for further analysis.
2.9 Western blotting
Protein lysates, following Acyl-RAC or otherwise, were separated by 3.5–17.5% gradient bis-acrylamide gel in 1x Tris buffer, pH 7.4 (40 mM Tris, 20 mM NaOAc, and 2 mM NaEDTA) and 0.2% SDS at 175 V for ∼4–5 h. Transfer to a nitrocellulose membrane was performed overnight at 300 mAmps, 4°C in 0.5x Tris buffer and 0.01% SDS. Once transferred, membranes were blocked with 5% Bovine Serum Albumin (BSA) in 1x TBS and rotated overnight at 4°C with primary antibodies diluted at appropriate dilution factor in blocking buffer (5% BSA, 0.1% tween in TBS). Membranes were then washed 3x for 10 min each with 1x TBS-T (TBS with 0.1% tween) and incubated for 1 h with LiCor fluorescent antibodies in blocking buffer. Membranes were washed 3x for 10 min each in 1x TBS-T before imaging on LiCor Odyssey Clx Imager. Immunoreactive signals were quantified using ImageJ.
2.10 Live imaging of hippocampal neurons and image analyses
Live microscopy of neuronal cultures was performed 48 h following neuronal transfections using a Zeiss LSM 880 with a 63X NA1.4 Oil/DIC Plan-Apochromat objective with excitation achieved using 405, 488, and 561 nm lasers in fast Airyscan mode. A humidified and temperature-controlled chamber was used to maintain the transfected hippocampal cultures at 37°C and 5% CO2 in warm Physiological Saline Solution (130 mM NaCl, 4 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 5 mM Glucose, 10 mM HEPES, adjusted to pH 7.4, and filter sterilized). Time-lapse images captured transfected hippocampal neurons in the mid-axon so as to avoid the axon initial segment at a rate of 200 m intervals in fast Airyscan mode. Images were Airyscan-processed using the Zeiss image analysis software (Zen Blue). Kymographs were then generated from each time-lapse image using the KymoToolBox plugin in ImageJ (National Institutes of Health, Schindelin et al. (2012)), as previously described (Zala et al., 2013). Briefly, the axon was outlined and traced, from which a kymograph calibrated in space (x-axis in micrometers) and time (y-axis in seconds) was generated. Individual particle movement/trajectory was traced along the kymograph, which the KymoToolBox plugin analyzed in terms of directionality (red for retrograde, green for anterograde, and blue for stationary), directional velocities (µm/seconds), and directional run length for each traced particle.
2.11 Fluorescence labeling of cortical neurons and image acquisition
Dissociated cortical neurons at DIV21 (transfected DIV2) were fixed for 15 min at room temperature with 4% paraformaldehyde, followed by permeabilization with 0.2% triton in PBS for 10 min at room temperature, and further blocked with blocking buffer (5% BSA, 0.2% Tween 20 in PBS) for 1 hour. Primary antibodies were diluted in blocking buffer and incubated at 4°C overnight. The next day, cells were washed three times for 10 min with washing buffer (0.2% Tween 20 in PBS) before incubating the cells with secondary antibodies (1:250) diluted in blocking buffer for 1 h at room temperature. Cells were washed three times for 10 min with washing buffer and mounted with Prolong Gold. Multi-color imaging was performed as previously described using a Zeiss 880 confocal microscope (Jenkins et al., 2015). All images were processed in Adobe Photoshop CS6 and quantified using GraphPad Prism 9.
2.12 Statistical analysis
Statistical analyses for Acyl-RAC experiments were performed with n ≥ 3 for each experiment (N100A) zDHHC/A17: n = 4, Zdhhc17/Cre neurons, n = 4, C60A: n = 7, 120 kDa ankyrin-B: n = 3, for AAAAA: n = 5). For the Zdhhc17f/f neuron Acyl-RAC, the C60A ankyrin-B Acyl-RAC, and the 120-kDa ankyrin-B Acyl-RAC experiments, a two-tailed student’s t-test (unpaired) was performed. Data are represented as mean ± SEM. For the Acyl-RACs that included multiple comparisons ((N100A) zDHHC/A17 and AAAAA-ankyrin-B), a one-way ANOVA with multiple comparisons and Tukey’s post-hoc test was performed. For the cargo transport experiment, four independent experiments were performed. Statistical significance for axonal velocity and run length of Syt1 particles, which included 4-8 axons per condition (n = 88–154 particles per condition), was determined with one-way ANOVA with Tukey’s post-hoc test. To determine statistical significance for percentage of stationary, reversing, or motile Syt1-tdTomato-positive or ankyrin-B-GFP-positive particles, a two-way ANOVA with multiple comparisons and Tukey’s post-hoc test was performed. Statistical significance for axonal velocity and run length of ankyrin-B particles, which included 3-7 axons per condition (n = 38–76 particles per condition), was determined with a two-tailed student’s t-test (unpaired). All cargo transport data are represented as mean ± SEM. The NaV1.2-3x FLAG microcopy experiment had an n of 7–14 neurons/condition and was performed in three independent replicates. Mean fluorescence intensity of dendritic FLAG signal and mean fluorescence intensity of AIS FLAG signal were analyzed using one-way ANOVA with multiple comparisons and Tukey’s post-hoc test. Data are represented as mean ± SEM.
3 RESULTS
3.1 Ankyrin-B is S-palmitoylated in whole mouse brain and in neurons
The homologous family member of ankyrin-B, ankyrin-G, is S-palmitoylated to drive ankyrin-G localization and function in epithelial cells and in neurons (He et al., 2012). Ankyrin-G and ankyrin-B share significant homology across their shared domains, with 74% homology shared in their N-terminal ankyrin repeat domain, where ankyrin-G’s palmitoylated cysteine resides (Mohler et al., 2002). Given such high homology, we asked whether ankyrin-B is also S-palmitoylated and if so, whether S-palmitoylation regulates ankyrin-B’s diverse functions in neurons. We used the Acyl Resin Assisted Capture (Acyl-RAC) assay to assess steady-state palmitoylation of ankyrin-B (previously described (Bouza et al., 2020)). To validate this assay in our laboratory, we confirmed previous results demonstrating ankyrin-G is S-palmitoylated (He et al., 2012; Tseng et al., 2015). Using C57Bl/6J adult mouse whole-brain lysates subjected to Acyl-RAC, we observed that all three neuronal isoforms of ankyrin-G, 190-, 270-, and 480-kDa ankyrin-G, are S-palmitoylated, as demonstrated by hydroxylamine-dependent binding of endogenous ankyrin-G to sepharose beads (“+HA” lane) (Figures 1A,B). We also observed that the 220-kDa and 440-kDa isoforms of ankyrin-B are S-palmitoylated in whole mouse brain, as evidenced by the presence of hydroxylamine-dependent ankyrin-B signal (Figures 1A,C). Given our interest in understanding whether palmitoylation regulates the diverse functions of ankyrin-B in neurons, we asked whether ankyrin-B is also palmitoylated in cultured hippocampal neurons from C57Bl/6J mice. Cultured hippocampal neurons represent a rational model from which to test ankyrin-B palmitoylation given that the axonal cargo transport function of ankyrin-B was previously established in hippocampal neurons (Lorenzo et al., 2014). Indeed, we observed palmitoylation of both 220- and 440-kDa isoforms of ankyrin-B in cultured hippocampal neurons by Acyl-RAC, as shown by the hydroxylamine-dependent ankyrin-B signal (Figure 1D). Taken together, these data provide the first evidence that ankyrin-B is S-palmitoylated in whole mouse brain and in cultured neurons, implicating palmitoylation as a potential mechanism underlying ankyrin-B localization and function in neurons.
[image: Figure 1]FIGURE 1 | Ankyrin-B is S-palmitoylated in whole mouse brain and in cultured neurons. (A). Schematic of neuronal ankyrin-G and ankyrin-B, which share highly homologous domains: the N-terminal ankyrin repeat domain (blue), two ZU5 spectrin binding domains (red), a UPA domain (yellow), a death domain (light green), and a highly divergent unstructured C-terminal regulatory domain (pink). The giant isoforms (480-kDa ankyrin-G and 440-kDa ankyrin-B) have a large single exon (orange and dark green) inserted between their respective UPA and death domains. (B). Whole brains from C57Bl/6J mice were processed for the Acyl-RAC assay to detect S-palmitoylation. S-palmitoylation of all neuronal isoforms of ankyrin-G (190-, 270-, and 480-kDa) is detected in whole brain from C57Bl/6J mice using an antibody against endogenous ankyrin-G, as demonstrated by the anti-ankyrin-G signal in the ‘+HA’ lane, compared to the minimal background signal in the negative control ‘-HA’ lane. Flotillin-1 is used as a positive control for the Acyl-RAC assay (N = 3). (C). S-palmitoylation of the known neuronal isoforms of ankyrin-B (220- and 440-kDa) is detected by Acyl-RAC in whole brain from C57Bl/6J mice using an antibody against endogenous ankyrin-B (N = 3). (D). DIV17 cultured hippocampal neurons from C57Bl/6J mice were subjected to the Acyl-RAC assay. S-palmitoylation of the 220-kDa and 440-kDa isoforms of ankyrin-B is detected in cultured hippocampal neurons using an antibody against endogenous ankyrin-B (N = 3). All conditions shown are run on the same blot; black line delineates spliced portion of the gel containing a condition not relevant to this figure. IB, immunoblotting. 
3.2 Ankyrin-B expression and S-palmitoylation are increased by the palmitoyl acyltransferase zDHHC17 in heterologous cells
Multiple studies have shown that the palmitoyl acyltransferase (PAT) zDHHC17 binds tightly to its substrates in order to palmitoylate them (Lemonidis et al., 2014; Verardi et al., 2017). The N-terminal ANK repeat (AR) domain of zDHHC17 recognizes a conserved zDHHC AR-binding motif (zDABM), (VIAP) (VIT)XXQP (where X is any amino acid) in its substrates (Lemonidis et al., 2014; Lemonidis et al., 2015; Verardi et al., 2017). Interestingly, a previous study identified the zDABM domain in the ankyrin family, including in ankyrin-B, using a peptide array screening approach (Figure 2A) (Lemonidis et al., 2017). This finding provided rationale for investigating the role of zDHHC17 in ankyrin-B palmitoylation. We subjected lysates from HEK293T cells transiently transfected with HA-tagged zDHHC17 and ankyrin-B-GFP to Acyl-RAC and found that zDHHC17 significantly enhanced both the palmitoylation and protein levels of ankyrin-B-GFP, compared to ankyrin-B-GFP in the absence of any exogenous PATs (Figures 2B–E). The presence of GFP signal in the negative control “-HA” lane is likely due to incomplete blocking of all free cysteines in ankyrin-B-GFP, presumably due to the GFP tag, which has numerous cysteines embedded in stable secondary structure that our lysis conditions may not disrupt completely. However, our quantification accounts for this background signal by subtracting any signal in the “-HA” lane from the “+HA” signal. To ensure that the increase in palmitoylation and expression levels of ankyrin-B-GFP seen with zDHHC17 were PAT-specific and not a function of overexpression, we screened the zDHHC library consisting of all 23 PATs (Supplementary Figure S1A–D). Using Acyl-RAC, we observed most zDHHC PATs did not enhance the palmitoylation nor the expression levels of ankyrin-B-GFP, compared to ankyrin-B-GFP alone, suggesting that the assay is able to detect PAT-dependent differences in palmitoylation and protein expression. Consistent with our results from Figure 3.2, our PAT screen revealed zDHHC17 was the only exogenous PAT able to significantly enhance the palmitoylation of ankyrin-B, compared to ankyrin-B alone (Supplementary Figure S1A, B). zDHHC17 was also the only PAT that significantly increased ankyrin-B protein expression, compared to ankyrin-B alone (Supplementary Figure S1C, D). To test whether the increase in ankyrin-B-GFP protein levels seen in the presence of zDHHC17 was dependent on palmitoylation, we transiently transfected ankyrin-B-GFP with a catalytically-dead version of HA-tagged zDHHC17 (zDHHA17) in HEK293T cells and subjected the lysates to Acyl-RAC. zDHHA17 retains its recognition site for substrates (ANK repeat domain) but loses its enzymatic activity as the cysteine of the catalytic DHHC motif (C467) is mutated to alanine (Locatelli et al., 2020). We observed that palmitoylation of ankyrin-B-GFP was completely abolished in the presence of enzymatically-dead zDHHA17, as compared to that with WT zDHHC17 (Figures 2B–D). In fact, there was no significant difference in ankyrin-B-GFP palmitoylation between ankyrin-B-GFP alone and ankyrin-B-GFP co-expressed with zDHHA17 (Figures 2B–D). Thus, the increase in ankyrin-B-GFP palmitoylation observed upon co-expression of WT zDHHC17 is indeed driven by the catalytic activity of zDHHC17. Notably, however, ankyrin-B-GFP levels were still increased by zDHHA17, similar to what we observed with WT zDHHC17 (Figures 2B,E).
[image: Figure 2]FIGURE 2 | zDHHC17 recognizes the zDABM domain of ankyrin-B to regulate ankyrin-B protein expression and palmitoylation in HEK293T cells. (A). Schematic of ankyrin-B with the predicted zDHHC ANK repeat binding motif sequence (zDHHC17 recognition site, predicted from (Lemonidis et al., 2017)) located in the second ZU5 domain. (B). Representative western blot showing total protein levels of ankyrin-B-GFP (left) and palmitoylation levels of ankyrin-B-GFP (right) from lysates of HEK293T cells transiently transfected with WT ankyrin-B-GFP alone or together with WT zDHHC17, enzymatically-dead zDHHA17, N100A zDHHC17, or N100A zDHHA17 subjected to the Acyl-RAC assay. Ankyrin-B-GFP protein and palmitoylation levels are detected with an antibody against GFP. Palmitoylation of ankyrin-B-GFP is strongly detected in a hydroxylamine-dependent manner (’+HA’ lane), compared to the background signal in the negative control ‘-HA’ lane. Co-expression of zDHHC17 increases both the protein levels (left) and palmitoylation levels (right) of ankyrin-B-GFP, compared to ankyrin-B expressed alone. WT ankyrin-B-GFP with zDHHA17, N100A zDHH17, or N100A zDHHA17 is not palmitoylated, compared to when ankyrin-B-GFP is co-expressed with zDHHC17. Ankyrin-B-GFP protein levels are unaffected by co-expression of zDHHA17, but are drastically reduced with co-expression of N100A zDHHC17 or N100A zDHHA17. (C). Quantified S-palmitoylation levels of ankyrin-B-GFP from N = 4 independent replicates per condition from (A). ****p < 0.0001 relative to ankyrin-B alone; one-way ANOVA with Tukey’s post-hoc test. For each condition, the palmitoylation signal was calculated by subtracting the −HA lane signal from that of the +HA lane and normalized to the flotillin-1 signal from the +HA lane, and normalized again to the average of ankyrin-B alone signal to get the relative fold change in ankyrin-B-GFP palmitoylation. (D). Quantified ankyrin-B-GFP S-palmitoylation levels normalized to total ankyrin-B protein levels for each condition, relative to ankyrin-B alone palmitoylation levels. Data from N = 4 independent replicates per condition from (A). ****p < 0.0001 relative to ankyrin-B alone; one-way ANOVA with Tukey’s post-hoc test. (E). Quantified ankyrin-B-GFP protein levels normalized to total flotillin-1 levels, relative to ankyrin-B alone protein levels. Data from N = 4 independent replicates per condition from (A). **p < 0.01, *p < 0.05; one-way ANOVA with Tukey’s post-hoc test.
[image: Figure 3]FIGURE 3 | zDHHC17 is a critical regulator of endogenous ankyrin-B palmitoylation in cultured hippocampal neurons from. (A). Zdhhc17 mRNA levels in cultured hippocampal neurons from Zdhhc17 mice transduced with either a β-galactose control adenovirus or Cre-recombinase adenovirus for 10 days prior to sample collection for RT-PCR analysis (n = 4). Zdhhc17 mRNA was decreased by ∼95% in the Cre-recombinase condition compared to control. **p < 0.01; Student’s t-test (unpaired). (B). Representative western blot showing total protein levels of endogenous ankyrin-B (left) and palmitoylation levels of endogenous ankyrin-B (right) from lysates of floxed Zdhhc17 hippocampal neurons transduced with either a β-galactose control adenovirus or Cre-recombinase adenovirus for 10 days before Acyl-RAC processing (N = 4). Both protein (left) and palmitoylation (right) levels of endogenous ankyrin-B are immunoblotted with an antibody against ankyrin-B for all conditions. Palmitoylation of ankyrin-B is strongly detected in a hydroxylamine dependent manner (’+HA’ lane) from cultures infected with the control virus, but is greatly reduced in cultures infected with the Cre virus, as demonstrated by the lower ankyrin-B signal intensity in the ‘+HA’ lane. (C). Quantified endogenous ankyrin-B S-palmitoylation normalized to flotillin-1 levels from the Acyl-RAC fractions and further normalized to control virus. Data from N = 4 independent replicates per condition from (A). **p < 0.01; Student’s t-test (unpaired). (D). Quantified endogenous ankyrin-B S-palmitoylation normalized to total ankyrin-B protein levels for each condition, and further normalized to control virus. Data from N = 4 independent replicates per condition from (A). **p < 0.05; Student’s t-test (unpaired). (E). Quantified endogenous ankyrin-B levels normalized to total flotillin-1 levels for each condition, and further normalized to control virus. Data from N = 4 independent replicates per condition from (A). not significant (ns); Student’s t-test (unpaired).
These results suggest that the observed increase in ankyrin-B-GFP protein levels in the presence of zDHHC17 is not palmitoylation-dependent and may instead be due to recognition of ankyrin-B-GFP by zDHHC17. To test whether the enhancement in ankyrin-B protein levels are dependent on zDHHC17 recognition, we co-expressed a version of zDHHC17 whose substrate binding site is abolished, the HA-tagged N100A zDHHC17. N100A zDHHC17 is a well-characterized ANK repeat mutant that fails to recognize zDABM-containing substrates (Verardi et al., 2017; Niu et al., 2020). Notably, ankyrin-B-GFP protein levels were reduced approximately three fold in the presence of N100A zDHHC17 compared to that with WT or zDHHA17 (Figures 2B, E), suggesting that zDHHC17 recognition of ankyrin-B regulates ankyrin-B protein expression in heterologous cells. Surprisingly, ankyrin-B protein stability was unchanged in the presence of WT or N100A zDHHC17, compared to ankyrin-B alone by cycloheximide chase assay, suggesting that zDHHC17 is not regulating ankyrin-B expression by conferring stability in heterologous cells (Supplementary Figure S2A, BA). Future studies will need to investigate the mechanisms underlying zDHHC17-dependent increases in ankyrin-B protein expression in heterologous cells. Given that zDHHC17 often requires direct interaction with its substrates to palmitoylate them (Lemonidis et al., 2017), we hypothesized that the N100A mutation in zDHHC17 would also prevent palmitoylation. As predicted, loss of zDHHC17-ankyrin-B recognition induced by the N100A mutation in zDHHC17 or zDHHA17 results in drastically reduced palmitoylation levels compared to that with WT zDHHC17 (Figures 2B–D). These results are consistent with the canonical zDHHC17 AR-substrate zDABM binding paradigm necessary for palmitoylation and confirms the findings of the peptide array screen that showed ankyrin-B has a zDABM domain (Lemonidis et al., 2017).
3.3 zDHHC17 is required to palmitoylate endogenous ankyrin-B in cultured hippocampal neurons
Our findings using overexpression in heterologous cells suggest that zDHHC17 is a strong candidate for ankyrin-B palmitoylation. To address whether zDHHC17 palmitoylates endogenous ankyrin-B, we used cultured hippocampal neurons from floxed Zdhhc17 mice (Sanders et al., 2016) that were transduced with either a β-galactosidase control adenovirus or a Cre-recombinase adenovirus before lysates were either subjected to RT-PCR analysis to probe for extent of Zdhhc17 deletion or the Acyl-RAC assay to probe for effects on ankyrin-B palmitoylation. RT-PCR analysis revealed a 95% reduction of Zdhhc17 mRNA levels 10 days post-transduction of Cre adenovirus in floxed Zdhhc17 hippocampal neurons, compared to neurons treated with β-galactose control adenovirus (Figure 3A). Acyl-RAC revealed an 80% loss of ankyrin-B palmitoylation in Cre-treated floxed Zdhhc17 hippocampal neurons, compared to that with the control virus (Figures 3B–D). Results from Figure 3.2 demonstrating that zDHHC17 recognizing ankyrin-B is sufficient to increase protein levels led us to hypothesize that loss of endogenous zDHHC17 would reduce endogenous ankyrin-B protein levels. However, there was no significant difference in ankyrin-B protein levels between the Cre virus-treated and the control virus-treated neurons (Figure 3E), suggesting that neurons may utilize mechanisms independent of zDHHC17 to regulate ankyrin-B protein levels, unlike in heterologous cells. Taken together, these data demonstrate zDHHC17 is a major regulator of ankyrin-B palmitoylation in neurons.
3.4 Ankyrin-B is S-palmitoylated at multiple cysteines in its N-terminal ankyrin repeat domain
The palmitoylation sites within ankyrin-B are unknown. Ankyrin-B’s homologous family member, ankyrin-G, is S-palmitoylated at a single cysteine in its N-terminal ankyrin repeat domain, Cys70 (He et al., 2012). Cys70 is conserved among all three human ankyrin members and vertebrate ankyrins (He et al., 2012), with ankyrin-B possessing a homologous cysteine at Cys60 (Figure 4A). Given the conservation of this amino acid, we hypothesized that Cys60 in ankyrin-B is the principal palmitoylated cysteine. Using site-directed mutagenesis, we engineered a cDNA construct in which Cys60 in ankyrin-B was converted to an alanine (C60A ankyrin-B-GFP). The C60A ankyrin-B-GFP mutant construct was transiently transfected with HA-tagged zDHHC17 into HEK293T cells, and lysates were subjected to Acyl-RAC to test the mutant’s effects on ankyrin-B palmitoylation. The C60A ankyrin-B mutant led to a 60% reduction in ankyrin-B palmitoylation, compared to WT ankyrin-B, despite efficient expression of C60A ankyrin-B-GFP (Figures 4B, C). These data suggest that there are additional palmitoylated cysteine sites in ankyrin-B beyond Cys60.
[image: Figure 4]FIGURE 4 | Identification of ankyrin-B S-palmitoylated cysteine sites. (A). Schematic of the domains in ankyrin-B and the cysteine residues harbored in the N-terminal ankyrin repeat domain, which are candidate palmitoylation sites. Bolded cysteine residues are the cysteine residues that were substituted to alanine to generate the palmitoylation-dead ankyrin-B mutant. (B). Representative western blot showing total protein levels of ankyrin-B-GFP (left) and palmitoylation levels of ankyrin-B-GFP (right) from lysates of HEK293T cells transiently co-transfected with WT ankyrin-B-GFP or C60A ankyrin-B-GFP and zDHHC17 processed for the Acyl-RAC assay (N = 7). S-palmitoylation of C60A ankyrin-B-GFP is greatly reduced, as evidenced by the lower GFP signal in the ‘+HA’ lane compared to that of the WT ankyrin-B-GFP. (C). Quantified ankyrin-B-GFP S-palmitoylation levels normalized to total ankyrin-B protein levels for each condition, relative to palmitoylation levels of WT ankyrin-B-GFP co-expressed with zDHHC17. Data from N = 7 independent replicates per condition from (A). *p = 0.0119; Student’s t-test (unpaired). (D). Representative western blot showing total protein levels of ankyrin-B-GFP (left) and palmitoylation levels of ankyrin-B-GFP (right) from lysates of HEK293T cells transiently co-transfected with WT ankyrin-B-GFP or 120-kDa ankyrin-B-GFP and zDHHC17 processed for the Acyl-RAC assay (N = 3). All conditions shown are run on the same blot; black line delineates spliced portion of the gel containing a condition not relevant to this figure. S-palmitoylation of 120-kDa ankyrin-B-GFP is not detected using an antibody against GFP, as shown by the absence of anti-GFP signal in the ‘+HA’ lane, compared to that when WT ankyrin-B-GFP is co-expressed with zDHHC17. (E). Quantified ankyrin-B-GFP S-palmitoylation levels normalized to total ankyrin-B protein levels for each condition, relative to palmitoylation levels of WT ankyrin-B-GFP co-expressed with zDHHC17. Data from N = 3 independent replicates per condition from (D). *p = 0.0241; Student’s t-test (unpaired). (F). Representative western blot showing total protein levels of ankyrin-B-GFP (left) and palmitoylation levels of ankyrin-B-GFP (right) from lysates of HEK293T cells transiently co-transfected with WT ankyrin-B-GFP, C60A ankyrin-B-GFP, or AAAAA-ankyrin-B-GFP and zDHHC17 processed for the Acyl-RAC assay (N = 5). All conditions shown are run on the same blot; black line delineates spliced portion of the gel containing a condition not relevant to this figure. Compared to WT ankyrin-B-GFP and C60A ankyrin-B-GFP, S-palmitoylation of AAAAA-ankyrin-B-GFP is almost completely abolished. (G). Quantified ankyrin-B-GFP S-palmitoylation levels normalized to total ankyrin-B protein levels for each condition, relative to palmitoylation levels of WT ankyrin-B-GFP co-expressed with zDHHC17. Data from N = 5 independent replicates per condition from (F). **p < 0.01, *p < 0.05; one-way ANOVA with Tukey’s post-hoc test.
Ankyrin-B has 26 cysteines, seven of which are harbored in the N-terminal ankyrin repeat domain, a domain necessary for ankyrins to interact with their membrane-associated partners (Figure 4A) (Bennett and Lorenzo, 2013). To narrow down on additional palmitoylation sites in ankyrin-B, we asked whether the N-terminal ankyrin repeat domain of ankyrin-B was required for palmitoylation. Acyl-RAC on lysates from HEK293T cells transiently transfected with a truncated version of ankyrin-B which completely lacks the ankyrin repeat domain (120-kDa ankyrin-B-GFP) as well as zDHHC17 demonstrated an almost complete reduction of ankyrin-B-GFP palmitoylation, compared to WT ankyrin-B-GFP, despite efficient expression of 120-kDa ankyrin-B-GFP (Figures 4D, E). These data suggest that additional palmitoylation sites of ankyrin-B are either located within the ankyrin repeat domain itself or that the ankyrin repeat domain is required for interaction with zDHHC17 and subsequent palmitoylation.
To determine if the additional palmitoylation sites are within the ankyrin-B ankyrin repeat domain, we employed mass spectrometry to identify peptides with S-palmitoylated cysteine sites in ankyrin-B. Lysates from HEK293T cells transfected with ankyrin-B-GFP and zDHHC17-HA were processed for the Acyl-RAC assay, digested, and analyzed by nano Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS). With this approach, we identified five ankyrin-B peptides containing Cys60, Cys305, Cys347, Cys375, and Cys406 (Figure 4A (bolded), Supplementary Figure S3A). We did not detect peptides containing Cys482 and Cys736, likely indicating that these cysteines were not palmitoylated (Supplementary Figure S3A). To confirm that Cys482 and Cys736 were not palmitoylation sites in ankyrin-B, we engineered cDNA constructs containing a cysteine-to-alanine mutation at C482A and another at C736A in ankyrin-B-GFP. C482A ankyrin-B-GFP and C736A ankyrin-B-GFP were individually expressed with zDHHC17-HA in HEK293T cells and processed for the Acyl-RAC assay to test their individual effects on ankyrin-B palmitoylation. Indeed, co-expression of zDHHC17-HA and either C482A ankyrin-B-GFP or C736A ankyrin-B-GFP did not affect ankyrin-B palmitoylation, compared to WT ankyrin-B (Supplementary Figure S3B, C).
To further investigate the functional role of the remaining four candidate palmitoylation sites in ankyrin-B identified in the mass spectrometry study (C305, C347, C375, C406) (Figure 4A), we constructed a mutant version of ankyrin-B with the five cysteine residues, Cys60 included, substituted to alanine residues using site-directed mutagenesis. This mutant GFP-tagged ankyrin-B construct is referred to as AAAAA-ankyrin-B-GFP (or A5B), and when co-expressed with zDHHC17, demonstrated virtually no ability to be palmitoylated compared to WT ankyrin-B-GFP, despite efficient expression of this mutant (Figures 4F, G). This is shown by the loss of hydroxylamine-dependent GFP signal in the presence of AAAAA-ankyrin-B-GFP, compared to WT and C60A ankyrin-B-GFP. These data demonstrate that ankyrin-B is palmitoylated at multiple cysteine sites harbored in its N-terminal ankyrin-repeat domain. Furthermore, the palmitoylation-dead ankyrin-B mutant, AAAAA-ankyrin-B-GFP, represents a novel tool for investigating the functional consequences of ankyrin-B palmitoylation on downstream ankyrin-B localization and function.
3.5 S-palmitoylation does not regulate ankyrin-B-mediated axonal cargo transport in hippocampal neurons
Deletion of Ank2, which encodes ankyrin-B, leads to impaired organelle transport in axons of cultured hippocampal neurons (Lorenzo et al., 2014). Here, we asked whether palmitoylation could regulate the axonal transport function of ankyrin-B. To study the effects of the palmitoylation-dead form of ankyrin-B on an ankyrin-B-null background, we used cultured hippocampal neurons from floxed Ank2 mice to knock out ankyrin-B with transfection of Cre recombinase and simultaneously rescued with either wild-type (WT) 220-kDa ankyrin-B-GFP or palmitoylation-dead AAAAA-ankyrin-B-GFP (A5B) cDNA. Transfection of Cre-recombinase and rescue cDNA at 2 days in vitro (DIV) and imaging by time-lapse video microscopy 48 h later allowed for observation of optimal motility of synaptic vesicle protein tdTomato-tagged synaptotagmin-1 (Syt1-tdTomato) along the axon in real time. Syt1-tdTomato moved bidirectionally along the axon with high processivity in control neurons only transfected with Syt1-tdTomato (Figure 5A, B; Supplementary Movie S1), as observed previously (Lorenzo et al., 2014). In neurons transfected with Syt1-tdTomato and Cre recombinase-2A-BFP to knock out ankyrin-B, we observed an increased percentage of stationary or trapped synaptic vesicles in axonal swellings along the axons (Figure 5B). Additionally, the Syt1-tdTomato vesicles that still retained motility in the Cre-knockout condition exhibited slower velocities and traveled shorter distances bidirectionally along the axons, compared to controls (Figure 5A, B; Supplementary Movie S2), which recapitulated the organelle transport deficits observed in the AnkB−/− mice (Lorenzo et al., 2014). The retrograde velocity deficits of Syt1-tdTomato particles observed upon deletion of ankyrin-B (Cre-2A-BFP) were partially rescued with addition of WT 220-kDa ankyrin-B-GFP or palmitoylation-dead AAAAA-ankyrin-B-GFP, whereas neither WT nor AAAAA-ankyrin-B-GFP rescued the anterograde velocity deficits of Syt1 particles induced by deletion of ankyrin-B (Figure 5A, B; Supplementary Movie S3 ,4). The retrograde run length deficits of Syt1-tdTomato particles in the absence of ankyrin-B (Cre-2A-BFP) were fully rescued with addition of WT ankyrin-B-GFP or palmitoylation-dead AAAAA-ankyrin-B-GFP, whereas neither WT or AAAAA-ankyrin-B-GFP rescued anterograde run length deficits of Syt1 particles induced by deletion of ankyrin-B (Figures 5A, B). Longer expression times may be necessary to observe rescue of anterograde velocity or run length deficits with WT ankyrin-B-GFP. Addition of WT or AAAAA-ankyrin-B-GFP also rescued the increase in Syt1-tdTomato stationary particles induced by deletion of ankyrin-B (Cre-2A-BFP) (Figure 5B). Furthermore, we did not observe any significant differences in the speed, distance, or relative mobility of WT (left) or palmitoylation-dead AAAAA-ankyrin-B-GFP (right) particles (Figures 5C, D; Supplementary Movie S5, 6). Taken together, these results suggest palmitoylation-dead ankyrin-B is capable of mediating axonal cargo transport of Syt1 similar to WT ankyrin-B. Thus, ankyrin-B-mediated cargo transport of synaptic vesicles, like Syt1, is not dependent on ankyrin-B palmitoylation.
[image: Figure 5]FIGURE 5 | Loss of ankyrin-B palmitoylation does not affect axonal cargo transport of synaptic vesicle protein Synaptotagmin-1 (Syt1). (A) (Top) Representative kymographs of tdTomato-tagged Syt1 particle movement along DIV4 axons of floxed Ank2 hippocampal neurons in the absence or presence of Cre-2A-BFP to knock-out ankyrin-B and WT or palmitoylation-dead AAAAA-ankyrin-B-GFP as rescue plasmids. (Middle) Corresponding color-coded trajectories for tdTomato-positive particles demonstrating static vesicles (blue), anterograde-moving particles (green), and retrograde-moving particles (red). (Bottom) Puncta distribution of Syt1-tdTomato vesicles along axons (region of axon used to generate kymographs). (B). Axonal velocity and run length for Syt1 particles. Data shown is from one representative experiment out of 4 independent repeats. N = four to eight axons per condition (n = 88–154 particles per condition). Data represent means ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001. For velocity and run lengths analyses, one-way ANOVA with Tukey’s post-hoc test were performed. For % motility analysis, two-way ANOVA with multiple comparisons and Tukey’s post-hoc was performed. (C). (Top) Representative kymographs of GFP-tagged ankyrin-B particle movement along DIV4 axons of floxed Ank2 hippocampal neurons in the absence or presence of Cre-2A-BFP to knock-out ankyrin-B and WT or palmitoylation-dead AAAAA-ankyrin-B-GFP as rescue plasmids. (Middle) Corresponding color-coded trajectories for GFP-positive particles demonstrating static vesicles (blue), anterograde-moving particles (green), and retrograde-moving particles (red). (Bottom) Puncta distribution of WT or AAAAA-ankyrin-B-GFP vesicles along axons (region of axon used to generate kymographs). (D). Axonal velocity and run length for ankyrin-B particles. Data shown is from one representative experiment out of 4 independent repeats. N = 3-7 axons per condition (n = 38–76 particles per condition). Data represent means ± SEM. not significant (ns). For velocity and run lengths analyses, Student’s t-tests were performed. For % motility analysis, two-way ANOVA with multiple comparisons and Tukey’s post-hoc was performed.
3.6 S-palmitoylation is required for ankyrin-B-mediated scaffolding of NaV1.2 at the dendritic membranes of neocortical pyramidal neurons
Given the lack of effect in axonal transport, we asked whether palmitoylation of ankyrin-B could serve other functions. Recently, we showed that ankyrin-B scaffolds the voltage-gated sodium channel NaV1.2 at the dendritic membrane to promote dendritic excitability and synaptic function (Nelson et al., 2022). Here, we asked whether palmitoylation was required for ankyrin-B to scaffold NaVdendritic localization due to ankyrin1.2 at the dendritic membrane. Given that the dendritic deficits observed upon heterozygous loss of ankyrin-B in vivo were observed in the prefrontal layer 5b of mouse cortex and loss of NaV1.2 dendritic localization due to ankyrin-B deletion were observed in neocortical neuron cultures (Nelson et al., 2022), we investigated the role of ankyrin-B palmitoylation for NaV1.2 scaffolding in neocortical cultures. To validate that NaV1.2 localized properly at the AIS, where it is canonically scaffolded by ankyrin-G, as well as at dendritic membranes, we transfected DIV2 floxed Ank2 neocortical neurons with NaV1.2-3x FLAG, fixed at DIV21 (when the NaV1.2 AIS-to-dendrite shift has occurred (Spratt et al., 2019)), and stained with antibodies against FLAG and ankyrin-B. We observed intense NaV1.2-3x FLAG staining at the AIS, consistent with NaV1.2’s role at the AIS in mature neurons (referenced by the white star in Figure 6A), and NaV1.2-3x FLAG staining at dendritic membranes, as evidenced by the “railroad track” footprint that overlaps with endogenous ankyrin-B staining (Figures 6A, B top row). To validate that deletion of ankyrin-B in neocortical neurons results in loss of NaV1.2-3x FLAG dendritic localization (Nelson et al., 2022), we transfected DIV2 floxed Ank2 neocortical neurons with NaV1.2-3x FLAG and Cre-2A-BFP to knockout ankyrin-B. As expected, we observed nearly complete reduction in NaV1.2-3x FLAG dendritic immunostaining upon loss of ankyrin-B (Figures 6A–C). Remaining NaV1.2-3x FLAG immunoreactivity has been shown to be localized to the AIS, as indicated by ankyrin-G staining and relative lack of ankyrin-B staining, as described previously (Nelson et al., 2022). NaV1.2-3x FLAG immunostaining at the AIS remained unchanged, consistent with ankyrin-G-dependent localization of NaV1.2-3x FLAG at the AIS (Figures 6A, B, D) (Jenkins et al., 2015). While rescue of Cre-mediated deletion of ankyrin-B with WT ankyrin-B-GFP resulted in the re-appearance of membrane-associated NaV1.2-3x FLAG immunostaining specifically at the dendrites, as evidenced by the “railroad track-like” FLAG staining (Figures 6A–C), addition of palmitoylation-dead AAAAA-ankyrin-B-GFP did not rescue loss of NaV1.2-3x FLAG immunostaining at the dendrites in Ank2 neocortical neurons (Figures 6A–C). These data suggest that ankyrin-B palmitoylation is required for proper dendritic localization of NaV1.2 in neocortical pyramidal neurons.
[image: Figure 6]FIGURE 6 | Loss of ankyrin-B palmitoylation prevents NaV1.2 from localizing properly at dendritic membranes of cultured neocortical neurons. (A). Representative collapsed Z-stacks of DIV21 cultured floxed Ank2 cortical neurons transfected at DIV2 with NaV1.2-3x FLAG (Control) (Top), Cre-2A-BFP and NaV1.2-3x FLAG to generate total ankyrin-B-null neurons (Second from top), or Cre-2A-BFP, NaV1.2-3x FLAG, and indicated GFP rescue constructs (Bottom). Stars denote axon initial segment. Scale bars 20 μm. Neurons stained with anti-GFP shown in green, anti-FLAG shown in magenta, and anti-ankyrin-B shown in greyscale. (B). Zoomed-in single-stack images of selected dendritic compartment from A (denoted by yellow square). Anti-FLAG is shown in magenta, and anti-ankyrin-B is shown in far red. AAAAA-ankyrin-B-cannot rescue the loss of dendritic membrane localization of NaV1.2-3x FLAG induced by Cre-mediated deletion of ankyrin-B, compared to WT ankyrin-B-GFP. (C). Quantification of mean fluorescence intensity of dendritic NaV1.2-3x FLAG from A,B. **p < 0.01 relative to Control; one-way ANOVA with Tukey’s post-hoc test, N = 7–14 for each group across three independent replicates. (D). Quantification of mean fluorescence intensity of AIS NaV1.2-3x FLAG from A,B. There is no change in AIS NaV1.2-3x FLAG localization for any of the conditions. NS (not significant) by one-way ANOVA with Tukey’s post-hoc test, N = 7–14 for each group across three independent replicates.
3.7 Palmitoylation-dead AAAAA-ankyrin-B cannot properly localize to dendritic membranes of neocortical pyramidal neurons
We reasoned that the inability of palmitoylation-dead ankyrin-B to function in scaffolding NaV1.2 at dendritic membranes may be because palmitoylation-dead ankyrin-B is unable to properly target to dendritic membranes itself. To investigate whether dendritic localization of ankyrin-B is altered when ankyrin-B is unable to be palmitoylated, we first validated proper dendritic membrane localization of ankyrin-B as observed previously (Figures 6A,B) (Nelson et al., 2022). As expected, we observed ankyrin-B membrane localization at the dendritic plasma membrane, as evidenced by the “railroad-track” like appearance of ankyrin-B immunostaining in BFP-transfected control neurons (Figures 7, B). We confirmed the efficiency of our knockout by verifying that dendritic membrane ankyrin-B localization was significantly reduced in Ank2flox/flox neurons transfected with Cre-2A-BFP (Ank2 null) compared to BFP-transfected (wild-type) control neurons (Figures 7, B). Rescue of Cre-mediated loss of ankyrin-B with WT 220-kDa ankyrin-B-GFP resulted in the re-appearance of membrane-associated ankyrin-B-GFP staining at the dendrite, as shown by the two green GFP peaks flanking the soluble BFP peak in the plot profile (Figures 7C, D). Strikingly, rescue of Cre-mediated loss of ankyrin-B with palmitoylation-dead AAAAA-ankyrin-B-GFP resulted in loss of membrane-association of ankyrin-B, as demonstrated by the lack of “railroad-track” like appearance of AAAAA-ankyrin-B-GFP and as shown by the overlapping green GFP and blue soluble BFP peaks (Figures 7C, D). These data suggest palmitoylation-dead ankyrin-B is not able to associate with dendritic membranes and is instead mainly distributed in the dendrite cytoplasm. This phenotype is consistent with the fate of palmitoylation-dead neuronal ankyrin-G, C70A ankyrin-G, which is unable to associate specifically with the AIS membrane and instead distributes in a non-polarized fashion throughout the cytoplasm, rendering it non-functional and thus incapable of clustering binding partners such as neurofascin (Tseng et al., 2015). These data highlight that palmitoylation is required for ankyrin-B dendritic targeting, which is critical for ankyrin-B function in scaffolding NaV1.2 in neocortical pyramidal neurons.
[image: Figure 7]FIGURE 7 | Palmitoylation-dead ankyrin-B is unable to target to dendritic membranes in neocortical pyramidal neurons. (A). Representative collapsed Z-stack (left) and zoomed-in single stack images (right) of DIV21 cultured floxed Ank2 cortical neurons transfected at DIV2 with soluble GFP and BFP (top) or soluble GFP and Cre-2A-BFP (bottom) to knock-out ankyrin-B. Boxes denote zoomed-in section of the dendrite. Scale bars 20 µm. Neurons stained with anti-GFP shown in green and anti-ankyrin-B shown in far red. Note: residual ankyrin-B immunoreactivity is due to nearby untransfected floxed Ank2 neurons, which are Cre -negative, and thus still express ankyrin-B. (B). Quantification of mean fluorescence intensity of dendritic ankyrin-B from (A). P**<0.01 relative to Control; student’s t-test (unpaired), N = 4-6 neurons for each group across three independent replicates. (C). Representative collapsed Z-stack (left) and zoomed-in single stack images (right) of DIV21 cultured floxed Ank2 cortical neurons transfected at DIV2 both transfected with Cre-2A-BFP to knock-out ankyrin-B and either rescued with WT ankyrin-B-GFP (top) palmitoylation-dead AAAAA-ankyrin-B-GFP (bottom) to assess dendritic membrane localization of ankyrin-B. Yellow boxes denote zoomed-in section of the dendrite. White line denotes region of interest across the dendrite used to generate plot profiles outlining membrane versus cytoplasmic ankyrin-B-GFP staining. Scale bars 20 µm. Neurons stained with anti-GFP shown in green. Blue fluorescence comes from the BFP downstream of the 2A peptide, which fills the cell as soluble BFP. (D). Plot profile outlining membrane versus cytoplasmic GFP (ankyrin-B) (green) and BFP (blue) staining across dendrite (region of interest denoted by white line on zoomed-in single stack). What appears as plasma-membrane localization of ankyrin-B at dendrites is demonstrated by the two green peaks flanking the soluble BFP peak. The two green peaks in plot profile representing membrane-localized ankyrin-B are present in WT ankyrin-B-GFP rescue, but not in the palmitoylation-dead ankyrin-B-GFP rescue. N = 3 independent replicates.
4 DISCUSSION
Ankyrin-B’s functions as a membrane organizer at the axon have been well-characterized. At the axon, ankyrin-B links the dynein/dynactin motor complex to organelles to promote fast axonal cargo transport, scaffolds the cell adhesion molecule L1CAM at the distal axon to repress axonal branching, and assembles a distal axonal cytoskeleton with βII-spectrin and αII-spectrin that restricts ankyrin-G positioning at the AIS (Galiano et al., 2012; Lorenzo et al., 2014; Yang et al., 2019). Recently, ankyrin-B, itself highly enriched in dendrites, was revealed to localize the voltage-gated sodium channel NaV1.2 to dendritic membranes to facilitate dendritic excitability (Nelson et al., 2022). Thus, ankyrin-B plays important roles in ensuring neuronal connectivity, polarization, and excitability. Dysfunction in ANK2 is highly implicated in ASD, yet it remains unclear how ANK2, independently or by converging with the high-risk ASD gene SCN2A or other ASD-associated genes, contributes to ASD etiology.
Given the strong association between SCN2A and ANK2 in ASD, and the importance of ankyrin-B-mediated scaffolding of NaV1.2 at dendrites for proper dendritic and synaptic function, it is important to understand how ankyrin-B targets to the dendritic membrane to allow for NaV1.2 localization. Previous studies showed other members of the ankyrin family, like ankyrin-R and ankyrin-G, are S-palmitoylated and that ankyrin-G palmitoylation was required for proper ankyrin-G localization and function in polarized epithelial cells and in neurons (Staufenbiel, 1987; He et al., 2012; He et al., 2014; Tseng et al., 2015). Here, we extend those findings to show for the first time that ankyrin-B is also S-palmitoylated, and relies on palmitoylation for proper localization and function at dendritic membranes in neurons. We also show ankyrin-B palmitoylation does not affect ankyrin-B-mediated axonal cargo transport.
Importantly, this work highlights that ankyrin-B utilizes distinct palmitoylation mechanisms compared to ankyrin-G, which is palmitoylated by functionally redundant zDHHC5 and zDHHC8 at a single cysteine residue, Cys70 (He et al., 2012; He et al., 2014). We show that ankyrin-B is capable of being palmitoylated by zDHHC17 in heterologous cells and further validated those findings by demonstrating zDHHC17 is a critical mediator of endogenous ankyrin-B palmitoylation in neurons. This is consistent with previous palmitoylproteomic studies that have identified ankyrin-B as being palmitoylated in brain (Pinner et al., 2016; Zaręba-Kozioł et al., 2021; Gorenberg et al., 2022); however, no follow-up functional experiments were performed in these studies. In heterologous cells, we observed zDHHC17 recognizes the zDABM domain of ankyrin-B to regulate both ankyrin-B expression levels and ankyrin-B palmitoylation. A previous study demonstrated the ANK domain of zDHHC17 recognizes a specific zDABM signature ((VIAP) (VIT)XXQP (where X is any amino acid)) in its substrate proteins in order to palmitoylate them (Lemonidis et al., 2014; Lemonidis et al., 2015; Lemonidis et al., 2017). Notably, the interaction between the ANK domain of zDHHC17 and the zDABM domain of ankyrin-B observed in this study was previously predicted by a peptide screen that identified the presence of the zDABM protein motif in ankyrins, suggesting our results are consistent with the conserved mechanism zDHHC17 utilizes to recognize and bind its substrates (Lemonidis et al., 2017). In line with the aforementioned study, we observed that the ability of ankyrin-B to recognize zDHHC17 is required for ankyrin-B palmitoylation, as demonstrated by the loss of ankyrin-B palmitoylation when the substrate binding site of zDHHC17 is ablated with the N100A mutation. Strikingly, loss of zDHHC17-ankyrin-B recognition also drastically reduced ankyrin-B protein levels. Although the enzymatic activity of zDHHC17 was required to regulate ankyrin-B palmitoylation, it was not sufficient to affect ankyrin-B expression levels. These data imply the observed zDHHC17-mediated increase in ankyrin-B protein expression is independent of palmitoylation, even though both protein expression and palmitoylation rely on recognition of ankyrin-B by zDHHC17.
The C60A and AAAAA-ankyrin-B-GFP mutants generated in this study to identify ankyrin-B palmitoylation sites also validated our findings that ankyrin-B protein expression was independent of ankyrin-B palmitoylation. While ankyrin-B palmitoylation was reduced by co-expression of either C60A or AAAAA-ankyrin-B-GFP with zDHHC17, protein expression of these mutant ankyrin-B plasmids was unchanged compared to WT ankyrin-B-GFP (Figures 4B,C,F,G). We reasoned this was likely because the zDABM in C60A and AAAAA-ankyrin-B-GFP remained intact, such that zDHHC17 is still capable of recognizing mutant ankyrin-B and thereby maintaining its expression. Our cycloheximide chase assays demonstrated that zDHHC17 does not stabilize ankyrin-B in our heterologous cell system with the experimental timepoints used for this assay. Thus, other potential palmitoylation-independent functions of zDHHC17 will need to be investigated to understand how zDHHC17 modulates ankyrin-B expression in heterologous cells.
Multiple studies have discussed the possibility of palmitoylation-independent functions of zDHHC17. Only half of the total number of proteins known to interact with zDHHC17 through their zDABM domain are known zDHHC17 substrates, suggesting that a major pool of zDHHC17 interactors rely on zDHHC17 for palmitoylation-independent functions (Lemonidis et al., 2015). Furthermore, the zDHHC17 orthologue zDHHC13 also has an ANK repeat domain capable of recognizing zDABM domains in proteins, but is not capable of palmitoylating them (Lemonidis et al., 2014). The zDABM domain of peripheral membrane protein SNAP25 is capable of interacting with the ANK repeat domains of both zDHHC13 and zDHHC17, but is only capable of being palmitoylated by zDHHC17 and not zDHHC13 in heterologous cells (Lemonidis et al., 2014). These data suggest that although zDHHC17-zDABM binding is usually associated with palmitoylation, it can also serve additional substrate recruitment functions independent of zDHHC17 catalytic activity. The biological implications of ANK repeat-zDABM binding outside of zDHHC catalytic activity are only beginning to be uncovered. zDHHC17, by way of its ANK repeat domain, has been hypothesized to act as a hub for protein interaction networks. zDHHC17 is capable of forming large protein complexes by interacting with proteins involved in neurotransmission, neuronal development, trafficking, signal transduction, and transcriptional regulation, many of which have not been identified as palmitoylated substrates or zDHHC17-specific substrates (Butland et al., 2014). However, the functional implications of these interactions are currently unknown. zDHHC17 interacts with c-Jun N terminus kinase (JNK) to activate JNK and promote neuronal cell death in response to pathophysiological triggers like ischemic stroke (Yang and Cynader, 2011). zDHHC17 has been shown to promote the TrkA-tubulin complex, which regulates signal transmission in axon growth (Shi et al., 2015). Thus, our work is consistent with the ability of zDHHC17 to modulate substrates independently of its catalytic zDHHC domain, though this work is the first evidence to our knowledge that zDHHC17-zDABM binding directly regulates protein expression of a substrate in heterologous cells. However, what regulation of ankyrin-B protein levels by zDHHC17 means biologically and in what physiological context this finding is relevant will need to be further investigated. Consistent with our results in heterologous cells, we observed that a 95% reduction in Zdhhc17 mRNA in hippocampal neurons resulted in drastic loss of endogenous ankyrin-B palmitoylation. However, ankyrin-B protein levels remained unchanged in the absence of Zdhhc17 mRNA, suggesting that neurons may have other means of regulating ankyrin-B protein levels independent of zDHHC17. In light of recent work demonstrating zDHHC17 is localized to the somatic Golgi (Singaraja et al., 2002; Ohno et al., 2006; Niu et al., 2020), ankyrin-B, which is highly localized to dendrites of mature neurons (Nelson et al., 2022), may not depend on zDHHC17 for maintenance of its protein pool out in the dendrites.
Functional studies with the palmitoylation-dead AAAAA-ankyrin-B-GFP demonstrated that palmitoylation regulates distinct functions of ankyrin-B. Palmitoylation of ankyrin-B was required for ankyrin-B to scaffold NaV1.2 at dendritic membranes of neonatal cortical pyramidal cells, but was not required for ankyrin-B to mediate axonal cargo transport of synaptotagmin-1. These data suggest there may be two pools of 220-kDa ankyrin-B in neurons, one palmitoylation-dependent pool at the dendrites that promotes NaV1.2 targeting and one palmitoylation-independent pool at the distal axon that promotes cargo transport. Consistent with the hypothesis that some palmitoylated substrates are locally palmitoylated (Philippe and Jenkins, 2019), somatic Golgi zDHHC17 may be conveniently located to palmitoylate the pool of 220-kDa ankyrin-B destined for dendrites at the soma before ankyrin-B is forward trafficked into dendrites, where it subsequently scaffolds NaV1.2. By contrast, zDHHC17 is specifically excluded from the axon in dorsal root ganglion neurons (Niu et al., 2020), which may explain why palmitoylation did not contribute to the axonal cargo function of 220-kDa ankyrin-B at the axon: 220-kDa ankyrin-B may simply not be palmitoylated at the axon due to the absence of zDHHC17 there. Interestingly, the pool of 220-kDa ankyrin-B that mediates cargo transport is targeted to vesicles and palmitoylation-independent, while the pool of 220-kDa ankyrin-B that scaffolds NaV1.2 channels at dendrites is plasma-membrane-associated and palmitoylation-dependent. Palmitoylation of the homologous ankyrin-G also drives ankyrin-G targeting at plasma membrane domains of epithelial cells and neurons (He et al., 2012; He et al., 2014). It may be that ankyrin palmitoylation defines the precise localization of plasma-membrane-associated pools of ankyrins, such as AIS-localized ankyrin-G and dendritic ankyrin-B, but other mechanisms, posttranslational or otherwise, may drive the specific targeting of intracellular membrane pools of ankyrins, such as vesicular ankyrin-B, at the axon. If this is the case, then 440-kDa ankyrin-B, which is targeted to the axonal plasma membrane of neurons to scaffold the cell adhesion molecule L1CAM and repress axonal branching (Yang et al., 2019), may rely on palmitoylation for its axonal membrane targeting as well. Our observation that 440-kDa ankyrin-B is palmitoylated both in the brain and in neurons in Figure 1 is consistent with this hypothesis.
Despite the high homology shared between the ankyrin repeat domains of ankyrin-G and ankyrin-B, which harbor their respective palmitoylated cysteine sites, this study revealed non-conserved palmitoylation mechanisms between ankyrin family members. While ankyrin-G is palmitoylated by zDHHC5 and zDHHC8 at one cysteine site Cys70 (He et al., 2012; He et al., 2014), our study demonstrated that ankyrin-B is palmitoylated by zDHHC17 at multiple cysteine sites. This raises important questions about the biological implications of such distinct palmitoylation mechanisms, and may provide insight into the long-standing question about how two highly homologous proteins like ankyrin-G and ankyrin-B target to distinct membrane sites and function in a non-overlapping manner. Studies have shown that divergent domains within ankyrins can confer specificity for ankyrin-B or ankyrin-G localization and function in various cell types (Mohler et al., 2002; He et al., 2013), though this has not yet been investigated in neurons. The highly divergent C-terminal domain confers specificity for ankyrin-B function at membranes of the sarcoplasmic reticulum (SR) in neonatal cardiomyocytes (Mohler et al., 2002). Additionally, the highly divergent short linker peptide between the ankyrin repeat domain and the ZU52-UPA module inhibits ankyrin-B binding to plasma membrane domains and drives intracellular membrane localization of ankyrin-B in epithelial cells (He et al., 2013). Given that no consensus has been reached on which domain(s) determine specificity for ankyrin-G or ankyrin-B localization, this work has brought forward the importance of considering palmitoylation as a potential mechanism underlying the distinct localization and functions of ankyrin-B and ankyrin-G.
In light of the recent discoveries highlighting ankyrin-B’s role in scaffolding NaV1.2 at dendrites to promote dendritic function (Nelson et al., 2022), it will be of interest to investigate the role of ankyrin-B palmitoylation for dendritic excitability and synaptic plasticity, especially as efforts to understand the convergent roles of ankyrin-B and NaV1.2 in the etiology of ASD continue. Our findings regarding the dendritic pool of ankyrin-B being palmitoylation-dependent and the vesicular pool of ankyrin-B at the distal axon being palmitoylation-independent highlights an opportunity to leverage palmitoylation as a drug target to specifically modulate the dendritic pool of ankyrin-B without affecting the vesicular pool of ankyrin-B at the axon, should the dendritic pool of ankyrin-B be implicated in ASD pathophysiology. It will also be important to investigate the role of NaV1.2 palmitoylation to understand how this may affect the formation and maintenance of the ankyrin-B/NaV1.2 complex at dendritic membranes.
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The sinoatrial node (SAN) and subsidiary pacemakers in the cardiac conduction system generate spontaneous electrical activity which is indispensable for electrical and therefore contractile function of the heart. The hyperpolarisation-activated cyclic nucleotide-gated channel HCN4 is responsible for genesis of the pacemaker “funny” current during diastolic depolarisation. S-palmitoylation, the reversible conjugation of the fatty acid palmitate to protein cysteine sulfhydryls, regulates the activity of key cardiac Na+ and Ca2+ handling proteins, influencing their membrane microdomain localisation and function. We investigated HCN4 palmitoylation and its functional consequences in engineered human embryonic kidney 293T cells as well as endogenous HCN4 in neonatal rat ventricular myocytes. HCN4 was palmitoylated in all experimental systems investigated. We mapped the HCN4 palmitoylation sites to a pair of cysteines in the HCN4 intracellular amino terminus. A double cysteine-to-alanine mutation CC93A/179AA of full length HCN4 caused a ∼67% reduction in palmitoylation in comparison to wild type HCN4. We used whole-cell patch clamp to evaluate HCN4 current (IHCN4) in stably transfected 293T cells. Removal of the two N-terminal palmitoylation sites did not significantly alter half maximal activation voltage of IHCN4 or the activation slope factor. IHCN4 was significantly larger in cells expressing wild type compared to non-palmitoylated HCN4 across a range of voltages. Phylogenetic analysis revealed that although cysteine 93 is widely conserved across all classes of HCN4 vertebrate orthologs, conservation of cysteine 179 is restricted to placental mammals. Collectively, we provide evidence for functional regulation of HCN4 via palmitoylation of its amino terminus in vertebrates. We suggest that by recruiting the amino terminus to the bilayer, palmitoylation enhances the magnitude of HCN4-mediated currents, but does not significantly affect the kinetics.
Keywords: sinoatrial node, funny current, acylation, heart rate, ion channel, palmitoylation
INTRODUCTION
The intrinsic automaticity of the sinoatrial node (SAN) is fundamental for pacemaking in mammalian hearts. In cells of the SAN (and elsewhere in the cardiac conduction system) slow depolarisation during diastole is the basis of this automaticity, distinguishing these specialised cells from the working myocardium (Choudhury et al., 2015). Multiple electrogenic processes contribute to this diastolic depolarisation. Surface membrane ion currents (“membrane clock”) and the rhythmic oscillation of local calcium release (“calcium clock”) work interdependently and are believed to form a coupled-clock system that drives pacemaker automaticity and its regulation on a beat-to-beat basis (DiFrancesco, 2010; Lakatta et al., 2010).
The hyperpolarisation-activated cyclic nucleotide-gated channel HCN4 is a key component of the membrane clock. HCN4 is the predominant HCN isoform expressed in the sinoatrial node (Bucchi et al., 2012), contributing 75%–90% of the sinoatrial “funny” current (If) during diastolic depolarisation (Stieber et al., 2003; Baruscotti et al., 2011). This native cardiac If current carried by HCN4 was christened “funny” when it was first identified because of its “funny” (unusual) property of being activated by hyperpolarisation (Brown et al., 1979; DiFrancesco, 2019). HCN channels are tetrameric, with each subunit consisting of 6 transmembrane (TM) domains, with the voltage sensor in TM4, a re-entrant loop between TM5 and 6 forming the channel pore and cytosolic amino and carboxyl termini (Saponaro et al., 2021). Unique properties of HCN channels such as the depolarising mixed (Na+ and K+) inward current on membrane hyperpolarisation over the diastolic range of voltages, facilitate the channel’s contribution to the early diastolic depolarisation (DiFrancesco, 2010). In addition, a cyclic nucleotide binding site in the carboxyl terminus enables direct activation of HCN channels by cAMP binding without the classic effector kinase (Baruscotti et al., 2005). Loss of function mutations of HCN4 are associated with sinus node dysfunction (Verkerk and Wilders, 2015). Tamoxifen-induced HCN4 knockout in the adult murine heart produces profound bradycardia and also atrioventricular (AV) block, indicating roles for HCN4 not just in the SAN but also in the AV node (Baruscotti et al., 2011). Ivabradine, the first clinically approved drug that selectively inhibits the funny current in the SAN, is used therapeutically to slow the heart rate specifically in the settings of heart failure and chronic stable angina (DiFrancesco and Camm, 2004).
Regulation of ion channels via post translational modifications is an integral component of the complex sinoatrial pacemaking network (Tsutsui et al., 2018). For example, phosphorylation of key calcium handling proteins that constitute the calcium clock accelerates diastolic depolarisation and increases heart rate (Lakatta et al., 2010). S-palmitoylation is a form of lipidation that involves the covalent addition of a 16-carbon palmitate to a thiol group of a cysteine residue in a protein (Linder and Deschenes, 2007). Palmitoylation is uniquely reversible amongst protein lipid modifications. A zDHHC-motif containing family of integral membrane palmitoyl acyl transferase (zDHHC-PATs) palmitoylates proteins (Rana et al., 2018), and this reaction is reversed by thioesterases (Won, 2018). Hence palmitoylation facilitates the dynamic regulation of both soluble and integral membrane proteins (Guan and Fierke, 2011; Main and Fuller, 2022).
In recent years, palmitoylation has emerged as an important post translational modification regulating many physiological and pathophysiological processes in the heart (Essandoh et al., 2020; Main et al., 2022; Main and Fuller, 2022). Essential cardiac sodium (Reilly et al., 2015; Pei et al., 2016; Gok et al., 2020; Gok et al., 2022) and calcium (Kuo et al., 2023) handling proteins are dynamically palmitoylated, influencing their membrane microdomain localisation and function. Palmitoylation regulates the activities of several proteins known to be central to SAN pacemaking, including NCX1 (Reilly et al., 2015; Gok et al., 2020) and Ca(v)1.2,25 and all isoforms of HCN channels except HCN3 are palmitoylated (Itoh et al., 2016). However, functional regulation of HCN4 channels by palmitoylation has not yet been established. The present in-vitro study was undertaken to characterise palmitoylation of HCN4 channels and to establish its functional consequences. The findings demonstrate that HCN4 is primarily palmitoylated at its N-terminus at cysteine 93 and 179. Mutations of both cysteines significantly reduced palmitoylation of HCN4 and altered the magnitude but not activation kinetics of macroscopic HCN4 current.
METHODS
Ethics statement
This study utilized cardiac tissue from rat and rabbits. All protocols involving animals were approved by the University of Glasgow or University of Bristol Animal Welfare and Ethics Review Board. Rodent cardiac tissues were collected post-mortem after sacrificing animals using a method designated Schedule 1 by the Animals (Scientific Procedures) Act 1986. Rabbit hearts were excised following humane killing in accordance with UK Home Office legislation.
Mutagenesis and cloning
Cysteine-to-alanine substitution reactions were performed using Q5-site directed mutagenesis kit (New England Biolabs). The primers for the mutagenesis reactions were designed using the manufacturer’s online primer design tool.
The InFusion cloning system was used to subclone full length HCN4. The amino (1-266) terminus and the carboxyl (518-1203) terminus were amplified from the human full length HCN4 in pcDNA 3 and inserted into pEYFP-C1 (Clontech) to express as fusions to the YFP C-terminus. Full-length HCN4 was amplified and inserted in pcDNA5/FRT/TO (Invitrogen).
Cells and tissue
Cell lines stably expressing tetracycline-inducible wild type and mutant HCN4 channels were generated using the Flp-In™ T-Rex™ System. All transient transfections of plasmid DNA were carried out in a 6 or 12 multi-well plate seeded with a high cell density using Invitrogen Lipofectamine 2000 as instructed by the manufacturer. The cells were harvested 18–24 h following transfection.
Neonatal rat whole hearts were obtained from male and female Sprague Dawley rats aged 1–4 days old. Briefly, animals were euthanised with a lethal dose of Euthatal before severing the femoral artery. Hearts were quickly excised and placed into a solution of ice-cold excision buffer (100 mM NaCl, 20 mM HEPES, 0.8 mM NaH2PO4, 5.3mM KCl, 0.4 mM MgSO4, 5 mM glucose; pH 7.4). Excess blood and tissue were removed from hearts using a sterile scalpel. For analysis of atrial tissue only, the atria were identified and separated from the ventricular tissue.
SAN tissue was obtained from adult male New Zealand White rabbits. The heart was rapidly excised and cleared of blood. The SAN region in the right atrium was identified in relation to known landmarks (the crista terminalis, superior vena cava, interatrial septum and inferior vena cava (Denyer and Brown, 1990; Brioschi et al., 2009), and tissue encompassing the entire SAN region was excised and snap-frozen for subsequent determination of HCN4 palmitoylation.
Palmitoylation assays
Palmitoylated proteins were purified using resin-assisted capture of acylated proteins (acyl-RAC) (Forrester et al., 2011). Briefly, cells were lysed in blocking buffer (2.5% SDS, 1 mM EDTA, 100 mM HEPES, 1% v/v MMTS pH 7.5) and incubated at 40°C for 4 h to alkylate free cysteines. Proteins were precipitated with 3 volumes of ice-cold acetone to remove excess unreacted MMTS, protein pellets extensively washed with 70% acetone, dried, and redissolved in binding buffer (1% SDS, 1 mM EDTA, 100 mM HEPES pH 7.5). Palmitoylated proteins were captured by agitating for 2.5 h with thiopropyl sepharose beads in the presence of 250 mM neutral hydroxylamine sulphate. In some reactions hydroxylamine was replaced with sodium chloride as a negative control. After capture, beads were extensively washed with binding buffer, and palmitoylated proteins eluted in SDS PAGE loading buffer supplemented with 100 mM DTT.
Intact cardiac tissue was homogenised using ceramic beads (BeadBug) in blocking buffer for 4 h at 40°C. Any unhomogenised tissue was discarded before the precipitation step.
Western blotting
This investigation used antibodies raised to HCN4 (1:5000-1:10000 dilution Alomone labs #APC-052), caveolin-3 (1:2000 dilution, BD Biosciences 610420), flotillin-2 (1:2000 dilution, BD Bioscences 610383), GFP (1:5000 dilution, Abcam ab6556) and Na+/K+ ATPase α1 subunit (1:100 dilution, Developmental Studies Hybridoma Bank clone α6F). Secondary antibodies were anti-rabbit conjugated to HRP (Jackson ImmunoResearch, 111-035-144, raised in goat) and anti-mouse conjugated to HRP (Jackson ImmunoResearch, 315-035-003, raised in rabbit).
Images of western immunoblots were acquired using a BioRad Chemidoc XRS imaging system and analysed using QuantityOne (BioRad) and ImageLab (BioRad) software.
Preparation of surface membrane proteins
Surface membrane proteins were biotinylated by incubating cells in 1 mg/mL sulfo-NHS-SS-biotin in PBS for 30min at 37°C. Cells were lysed in 1% Triton X-100, 0.1% SDS in PBS supplemented with protease inhibitor cocktail. Biotinylated proteins were captured using streptavidin sepharose (Tulloch et al., 2011). Only surface membrane proteins, not intracellular proteins, are captured using this experimental design (Gao et al., 2022).
Whole cell patch clamp
Stably transfected Flp-In™ 293 T-REx cells (Thermo) were plated on 10 mm glass coverslips in a 35 mm culture dish and HCN4 expression induced with tetracycline (1 µg/mL) for at least 24 h prior to being used for electrophysiology recordings. Whole cell patch clamp recordings employed an internal solution comprised of (in mmol/L): 130 KCl, 1 MgCl2, 5 EGTA, 5 MgATP and 10 HEPES (titrated to pH 7.2 with KOH) and extracellular Tyrode solution comprised of (in mmol/L): 140 NaCl, 4 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, and 5 HEPES (titrated to pH 7.4 with NaOH). Patch pipettes (A-M Systems Inc., USA, Schott #8250) were pulled on a dual stage glass micropipette puller (Narishige PC-10) and heat-polished (Narishige, MF 83) to obtain a final resistance of 2–3 MΩ. The cells on coverslips were transferred to a bath chamber mounted on the stage of an inverted microscope and continually superfused with Tyrode solution preheated to 37°C. Whole cell patch clamp recordings of IHCN4 were made using: 1) an Axopatch 1D amplifier (Axon Instruments) and a CV-4 headstage, with a Digidata 1200B or 1440A A-D interface (Molecular Devices) and Clampex software 10.7 (Molecular Devices); or 2) an Axopatch 200B amplifier (Axon instruments), digitization using an ITC-18 computer interface (Instrutech corporation) and HEKA Pulse software. Series resistance was compensated by 70%–75% (typically 2.5–7.5 MΩ). The IHCN4 currents recorded were filtered at 1–2 kHz and digitized at 10 kHz. Data acquired were analysed primarily using Clampfit 10.7 (Molecular Devices), Microsoft Excel 2204, and OriginPro 2021b. Cells with leak current of more than 100 pA at the −40 mV holding potential were not included in the analysis.
Sequence alignments
Sequences were acquired from the National Centre for Biotechnology Information (NCBI) GenBank (accessed June 2020). Only HCN4 ortholog sequences with the complete whole channel sequence were selected and partial sequences generating an incomplete transcript were not included in the phylogenetic analysis. To minimise misalignment in the analysis, the full-length sequences were trimmed to amino acids 1 to 300 which included the full N-terminus and the start of the S1 domain which exhibits high sequence identity within the sequences used. Sequence alignments of the trimmed sequences and phylogenetic trees were generated using Clustal omega. Sequences that displayed little homology were removed from the alignment.
Statistical analysis
Statistical analysis was performed using GraphPad Prism software. All quantitative data are presented as mean ± standard error of the mean (SEM). The statistical significance difference between the experimental groups were analysed using one-way analysis of variance (ANOVA) with Tukey’s post hoc multiple comparison tests. A Welch’s ANOVA was used to compare experimental groups with unequal standard deviations. Differences between experimental groups with p-values < 0.05 were considered statistically significant and accordingly denoted by * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
RESULTS
HCN4 is palmitoylated in multiple experimental model systems
We investigated palmitoylation of HCN4 using resin-assisted capture of acylated proteins (acyl-RAC), which purifies acylated proteins (but not those interacting with them) under strongly denaturing conditions. All assays were analysed by immunoblotting for HCN4 and a constitutively palmitoylated protein: caveolin-3 from muscle, and flotillin-2 from cultured cells (Figure 1A). HCN4 was palmitoylated in all systems investigated (whole neonatal rat hearts, neonatal rat atria, rabbit sinoatrial node, HEK-293 cells transiently transfected with HCN4). We estimated the fraction of HCN4 that is palmitoylated by comparing its enrichment in the acyl-RAC assay with the enrichment of the constitutively palmitoylated control proteins. Consistently 33%–40% of HCN4 was captured in these assays (Figure 1B), suggesting that two different populations of HCN4 are present in cardiac tissue: approximately one third of total HCN4 is palmitoylated and approximately two thirds is not palmitoylated.
[image: Figure 1]FIGURE 1 | HCN4 palmitoylation in cardiac tissue and transfected cells. (A) Palmitoylation of HCN4 assessed using acyl-RAC from isolated rat neonatal whole heart, rat neonatal atria, rabbit sinoatrial node and following transient transfection of HEK-293 cells. The constitutively palmitoylated proteins caveolin-3 (Cav-3) and flotillin-2 (Flot-2) were used as a marker of assay efficiency. Full length HCN4 was detected with anti-HCN4 antibody. (B) Palmitoylation stoichiometry of endogenous HCN4 in rat neonatal cardiac tissue (whole heart, atria) and transiently transfected cells relative to caveolin-3 and flotillin-2, respectively. Compared to caveolin-3 the fraction of HCN4 palmitoylated is ∼33 ± 4% in rat neonatal whole heart (n = 5) and ∼41 ± 9% in rat neonatal atria (n = 3). Compared to flotillin-2 the fraction of HCN4 palmitoylated in HEK-293 cells is ∼33 ± 7% (n = 9). Each spot in the bar chart represents a measurement made from an independent population of cells. UF: Unfractionated cell lysate; Palm: palmitoylated protein.
HCN4 palmitoylation sites are located in the protein’s amino terminus
We next set out to identify the palmitoylated cysteines in HCN4. Human HCN4 has seven intracellular cysteine residues: two in the amino terminus before the first transmembrane domain and five in the carboxyl tail after the sixth transmembrane domain (Figure 2A). In order to determine which region(s) of HCN4 contained the palmitoylation site(s) we fused the HCN4 amino terminus (1-266) or carboxyl terminus (518-1203) to YFP, expressed fusion proteins in HEK-293 cells and measured their palmitoylation by acyl-RAC (Figure 2B). Palmitoylation of the carboxyl terminal fusion protein was essentially undetectable, but a proportion of the amino terminal fusion protein was palmitoylated, suggesting one or both of the amino terminal cysteines are palmitoylated. We mutated one (C93A, C179A) or both (CC93/179AA) cysteines in the YFP fusion protein and assessed the palmitoylation status of the fusion proteins using acyl-RAC. Mutagenesis of C93 did not reduce the amount of YFP-tagged amino terminus captured by acyl-RAC, but mutagenesis of C179 did (Figure 2C). The modest reduction in the amount of C179A captured by acyl-RAC was significantly further reduced by mutagenesis of C93. The acyl-RAC assay captures proteins regardless of the number of palmitoylation sites occupied, and consequently does not differentiate between singly and doubly palmitoylated proteins. When a protein has one ‘dominant’ palmitoylation site and one ‘secondary’ palmitoylation site, if the secondary palmitoylation site is mutated then acyl-RAC still captures the protein via the dominant site. It is only when the dominant site has already been removed that the impact of mutating the secondary site can be seen. We conclude from these experiments that both cysteines in the fusion protein between YFP and the HCN4 amino terminus are palmitoylated, and that C179 may be the principal palmitoylation site.
[image: Figure 2]FIGURE 2 | Palmitoylation site mapping in HCN4. (A) HCN4 schematic indicating the positions of the HCN domain (HCND) in the intracellular amino terminus, the C-linker and cyclic nucleotide binding domain (CNBD) in the intracellular carboxyl terminus, and all intracellular cysteines (yellow circles) in the amino (C93, C179) and carboxyl (C586, C662, C679, C755, C887) termini. (B) Palmitoylation of full length HCN4, YFP-N-terminus (1-266) and YFP-C-terminus (518-1203) in transiently transfected HEK-293 cells was assessed by acyl-RAC. Full length HCN4 was detected with anti-HCN4 antibody and the YFP fused N-/C- terminal fragments were detected with anti-GFP antibody. Flotillin-2 enrichment (Flot 2) confirms the efficiency of the acyl-RAC assay. UF, Unfractionated cell lysate; Palm: Palmitoylated proteins; representative figure of n = 8. (C) Site-directed mutagenesis on the YFP-fused N-terminus reveals cysteine 93 and 179 as palmitoylation sites. (D) Palmitoylation of stably expressed wild type and mutant HCN4 confirm cysteine 179 as the primary palmitoylation site of HCN4. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001, one way ANOVA followed by Tukey’s post hoc test. All groups are not significantly different from each other except where indicated.
To confirm the identity of the HCN4 palmitoylation sites in the full-length protein we generated 293T cells stably expressing tetracycline inducible wild type (WT), C93A, C179A and CC93/179AA HCN4. This system enables consistent expression levels in all cells investigated so is, in principle, considerably superior to transient transfection. Mutagenesis of C179 caused the greatest reduction in the amount of HCN4 captured using acyl-RAC, and mutagenesis of both amino terminal cysteines further reduced the amount of palmitoylated HCN4 (Figure 2D). A small amount (10% ± 2% of total HCN4) of CC93/179AA HCN4 was purified by acyl-RAC, so we do not rule out residual palmitoylation of cysteines in the HCN4 C terminus. However, since the most quantitatively significant palmitoylation occurred in the HCN4 N terminus, in subsequent experiments we focussed on identifying the functional consequences of palmitoylation in this region of HCN4.
Palmitoylation does not influence cell surface delivery of HCN4
Palmitoylation can regulate both anterograde transport of proteins through the secretory pathway to the plasma membrane (Ernst et al., 2018), and the rate of internalisation of proteins from the plasma membrane (Tulloch et al., 2011). We first investigated steady state expression of HCN4 at the surface membrane using membrane-impermeable biotinylation reagents. The quantity of HCN4 present at the cell surface was not different between cells expressing WT, C93A, C179A or CC93/179AA HCN4 (Figure 3A). Next, we assessed the rate of degradation of surface-localised HCN4 using pulse chase experiments. Surface membrane proteins were biotinylated and either prepared immediately or after a 4 h ‘chase’ (Figure 3B). We compared the fraction of biotinylated HCN4 remaining after the 4 h chase with the fraction of the housekeeping protein Na+/K+ ATPase α1 subunit in the same samples (Figure 3B). The relative rate of degradation of HCN4 was not different between the different cell lines, leading to a conclusion that palmitoylation does not influence trafficking or degradation of HCN4.
[image: Figure 3]FIGURE 3 | Palmitoylation and HCN4 trafficking. (A) Surface membrane proteins were prepared from stably transfected 293T cells using membrane-impermeable biotinylation reagents and immunoblotted alongside their corresponding unfractionated cell lysate. The plasma membrane associated housekeeper Na+/K+ ATPase α1 subunit (Na pump α1) was used as a marker of assay efficiency. The bar chart presents quantification of biotinylated HCN4 and Na+/K+ ATPase α1 subunit relative to its total expression and normalised to the daily experimental average. WT, wild type; UF, unfractionated cell lysate; n = 5. (B) Surface membrane HCN4 (surface) purified at 0 h and 4 h after biotinylation of surface membrane proteins were immunoblotted alongside their unfractionated cell lysate (UF). The plasma membrane associated housekeeper Na+/K+ ATPase α1 subunit (Na pump α1) was used as a marker of assay efficiency. HCN4 turnover was normalised to the turnover of housekeeper Na+/K+ ATPase α1 subunit. WT, wild type; UF, unfractionated cell lysate; n = 5. No groups are significantly different from each other.
Palmitoylation modifies the magnitude but not the activation properties of HCN4-mediated currents
We used whole-cell patch clamping to evaluate HCN4 current (IHCN4) in stably transfected 293T cells in which HCN4 expression was induced with tetracycline. Endogenous HCN4 is not expressed in HEK293 cells, but this expression system is well-validated to interrogate IHCN4 (Varghese et al., 2006). Representative currents and current voltage relationships are presented in Figure 4, and analysis of these currents is presented in Figure 5. In cells expressing WT HCN4, hyperpolarising voltage steps for 2 s from a holding potential of −40 mV (protocol shown in Figure 4A) resulted in a brief instantaneous current followed by a progressively developing sigmoidal time-dependent current characteristic of IHCN4. Depolarising to 5 mV for 0.5 s following the hyperpolarising test pulse elicited outward tail currents which inactivated in a voltage-dependent manner. These WT currents are similar to those reported in prior studies of HCN4 expressed in HEK cells (Milanesi et al., 2006; Nof et al., 2007; Schweizer et al., 2010; Liao et al., 2012). The peak amplitude of the current elicited by each of the hyperpolarising test pulses was measured and normalised to the corresponding whole cell capacitance and data pooled across cells (Figure 4F). The amplitude of currents conducted by WT HCN4 was significantly larger than that of palmitoylation site mutants in the voltage range −90 mV to −120 mV. The normalised whole cell conductance (G/Gmax) values were plotted against their corresponding test voltage and the resulting data fitted with a standard Boltzmann function in order to establish the voltage dependence of activation of WT and mutant HCN4 (Figure 5A). There was no significant difference in the half maximal activation voltage (V0.5) between the WT and mutant channels (Figure 5B: −90.2 ± 1.1 mV for C93A, −90.1 ± 2.0 mV for C179A, −90.4 ± 1.6 mV for CC93/179AA vs. −90.4 ± 2.5 mV for WT). Similarly, there were no significant changes in the slope factor for the activation relation between the WT and the mutant HCN4 channels (Figure 5C: 7.1 ± 0.5 mV for WT, 6.0 ± 0.3 mV for C93A, 6.4 ± 0.5 mV for C179A, 6.0 ± 0.2 mV for CC93/179AA). The time dependence of IHCN4 activation was quantified by measuring the time to half-maximal current over a range of the test potentials from −90 mV to −120 mV, for each cell. There was no difference between the activation time-course of WT and mutant channels (Figure 5D). We therefore conclude that palmitoylation significantly influences IHCN4 magnitude but not activation gating.
[image: Figure 4]FIGURE 4 | Palmitoylation and HCN4 currents: current-voltage relationships. (A) Voltage protocol. Two second hyperpolarising voltage steps were made from a holding potential of −40 mV. B-E: Representative families of currents from cells stably expressing WT (B), C93A (C), C179A (D) and CC93/179AA (E) HCN4. (F) The average steady-state current-voltage relationship from 293T cells stably expressing WT (black), C93A (blue), C179A (green) and CC93/179AA (red) HCN4. The sinoatrial diastolic depolarisation voltage range is highlighted in grey. **, p < 0.01; ****, p < 0.0001 (two-way ANOVA followed by Tukey’s post hoc comparison); n = 8-13.
[image: Figure 5]FIGURE 5 | Palmitoylation and HCN4 currents: analysis. (A) Whole cell channel conductance (G) was normalised to the maximum conductance (Gmax) of each cell and fitted with a Boltzmann function. The sinoatrial diastolic depolarisation voltage range is highlighted in grey. (B) Half-maximal activation potentials (V0.5) obtained from the Boltzmann fits of the activation curves for each cell. (C) Slope factor (k) obtained from the Boltzmann fits of the activation curves for each cell. (D) Time to half-maximal activation at voltages −90 mV to −120 mV. No groups are significantly different from each other; n = 8-13.
Conservation of HCN4 palmitoylation sites
We investigated conservation of the HCN4 palmitoylation sites between species. A cysteine analogous to human C93 is present in all vertebrate HCN4 homologues but is absent from all invertebrates. In contrast, C179 is absent from invertebrates, fish, amphibia and reptiles but is conserved in mammals and possibly birds (Figure 6). These observations suggest that HCN4 regulation by palmitoylation is an adaptation specific for vertebrates and endotherms.
[image: Figure 6]FIGURE 6 | Conservation of palmitoylation sites amongst HCN4 homologues. (A) Conservation of cysteine 93. Alignment was generated using Clustal Omega. Palmitoylation site C93 and analogous cysteines are highlighted in bold. C93 is conserved in all vertebrates. The sequence surrounding C93 includes the cassette SSTNGDCRRFKGSLSSLTSR which is uniquely conserved amongst the vertebrates. (B) Conservation of cysteine 179. Alignment was generated using Clustal Omega. Palmitoylation site C179 and analogous cysteines are highlighted in bold. C179 is conserved in mammals and birds only.“*” below an amino acid indicates 100% conservation between isoforms; “:” indicates amino acids of highly similar properties; “.” indicates amino acids of weakly similar properties.
DISCUSSION
This study set out to investigate the functional impact of HCN4 palmitoylation. We identify two cysteines in the HCN4 amino terminus that are palmitoylated in mammalian cells. Mutation of one or both cysteines significantly reduces HCN4 palmitoylation and profoundly reduces the magnitude of HCN4-mediated currents. We therefore conclude that palmitoylation is a potent positive regulator of IHCN4. Given the importance of the funny current for diastolic depolarisation, HCN4 palmitoylation has the potential to exert a powerful influence on heart rate.
Palmitoylation and IHCN4
The results of prior experiments on HCN1 and HCN2 channels have suggested that amino terminal interactions are important for HCN subunit assembly (Proenza et al., 2002). Combined deletion of the amino and carboxyl termini of HCN4 has been reported to result in a ∼10 mV hyperpolarizing shift in voltage dependence of current activation and to slow activation timecourse (Ishii et al., 2001). Comparison of brain and heart HCN4 variants with distinct amino termini, together with mutagenesis studies have also demonstrated a role for the amino terminus in HCN4 channel activation (Liu and Aldrich, 2011). Our results showed no significant difference in the activation parameters investigated between WT and unpalmitoylatable HCN4, but found a profound effect on the magnitude of IHCN4. Similar results to those shown here for inducible HCN4 expression (Figures 4, 5) were seen in additional experiments (data not shown) using transient transfection. Macroscopic current magnitudes through any voltage sensitive channel are determined by the number of channels present at the cell surface (N), the single channel conductance (G), and the channel open probability (Po). We found no obvious influence of palmitoylation in the HCN4 amino terminus on steady state abundance of HCN4 protein at the cell surface membrane. We hence rule out any significant influence of palmitoylation on N. Since the HCN4 amino terminus is relatively far from the channel’s pore (Saponaro et al., 2021), it seems unlikely that palmitoylation produces a profound alteration in G. We therefore propose that HCN4 Po is regulated by palmitoylation. There is precedent for the single channel properties and Po of HCN4 to be regulated by the presence of an accessory subunit (Brandt et al., 2009). It is also well-established that HCN4 gating is not adequately described by a second-order Hodgkin-Huxley model (DiFrancesco et al., 1986; Hoppe et al., 1998). Five closed and five open states have been proposed (Altomare et al., 2001), and experimental recordings of single channel events are consistent with the existence of numerous open and closed states (Michels et al., 2005). Clearly there is considerable scope for post-translational events to control the lifetime of one or more state and consequently regulate HCN4 Po. However, we do not rule out the possibility that ‘silent’ channels in the plasma membrane are recruited by palmitoylation. Co-operative gating of individual HCN2 channels has also been described (Dekker and Yellen, 2006). If co-operativity were enhanced by HCN4 palmitoylation this would manifest as increased Po and larger currents. Future experiments measuring single channel activity in WT and unpalmitoylated HCN4 mutants are required to distinguish these possibilities. Experiments to determine how cAMP regulates palmitoylated and non-palmitoylated HCN4 are also a high future priority. Although cAMP binds to the channel’s carboxyl terminus we do not rule out the possibility that it differentially regulates channels based on the palmitoylation status of their amino terminus.
The typical consequence of protein palmitoylation is for the palmitoylated region of a protein to be anchored to the membrane (Main and Fuller, 2022). In the case of HCN4 our results are consistent with ‘pinning’ of the channel’s amino terminus to the membrane leading to enhanced Po. This implies either that in the unpalmitoylated state the HCN4 amino terminus (which is predicted to be highly disordered) negatively regulates channel activity or that in the palmitoylated state the amino terminus is a channel facilitator.
AlphaFold predicts the amino terminus of HCN4 to be extensively disordered, and no secondary structure was observed in this region of the protein in a recent HCN4 cryoEM structure (Saponaro et al., 2021). We acknowledge the possibility that cysteine to alanine mutagenesis of the HCN4 amino terminus may alter HCN4 behaviour independent of changes in palmitoylation. However, given the lack of structure in this region of the protein we suggest that the conservative substitutions introduced in this investigation are unlikely to significantly impact HCN4 folding.
Palmitoylation and HCN4 oligomerisation
We observe a substantial functional impact of palmitoylation on IHCN4 when only ∼33% of HCN4 is palmitoylated. Mature HCN4 channels are tetrameric (Saponaro et al., 2021). If palmitoylation has no influence on how monomers assemble to form this tetramer, then the probability of a tetramer assembling from entirely non-palmitoylated HCN4 is 0.674: approximately 0.2. Hence, we predict approximately 80% of HCN4 tetramers will contain one or more palmitoylated subunits. The oligomerisation of individual subunits offers an elegantly efficient way to achieve substantial functional differences even at a relatively low overall palmitoylation stoichiometry. If palmitoylation doesn't influence oligomerisation then mature HCN4 formed from a single palmitoylated subunit would be the most common form, but a significant proportion formed from two palmitoylated protomers would also exist. Future experiments using gain of function approaches to enhance HCN4 palmitoylation [for example, (Li et al., 2020)] will need to address whether there are functional differences between mature HCN4 formed from single or multiple palmitoylated monomers.
Palmitoylation and the regulation of other HCN channels
Although the present study is the first detailed study of sites and consequences of palmitoylation of HCN4, palmitoylation of HCN1, 2 and 4 has been described by others (Itoh et al., 2016). Multiple cysteines in the HCN2 amino terminus are palmitoylated, but no functional effect was observed when these sites were mutated. However, this earlier investigation relied on biochemical measurements of palmitoylation only in HEK cells but functional experiments only in Xenopus oocytes, and did not present evidence that HCN2 is palmitoylated in oocytes (Itoh et al., 2016). The lack of conservation of the human HCN4 palmitoylation sites in amphibians means it is doubtful whether oocytes possess the necessary enzymatic machinery to palmitoylate HCN channels. In addition, the membrane properties of an oocyte at room temperature are very different to a mammalian cell at 37°C. Since palmitoylation typically alters the relationship between an integral membrane protein and the phospholipid bilayer in which it resides, the usefulness of the oocyte system to evaluate the functional impact of palmitoylation is questionable. We suggest that the possibility that palmitoylation regulates important functional properties of other HCN channels in mammalian expression systems is one worthy of further pursuit.
Palmitoylation sites in HCN4
In our experiments, mutagenesis of the HCN4 amino terminal cysteines significantly reduced, but did not abolish its palmitoylation. We consider the small amount of residual CC93/179AA HCN4 captured in our palmitoylation assays to be largely ‘background’, but we do not rule out the possibility of a low level of palmitoylation in the channel’s C terminus. The HCN4 CryoEM structure does not resolve large regions of the amino (1-214) and carboxyl (716-1023) termini. Those cysteines in the C terminus that are resolved (C586, C662, C679) are not positioned near membrane, making them unlikely palmitoylation sites [juxtamembrane cysteines are typically palmitoylated because the active site of the palmitoylating enzymes lies at the membrane/cytosol interface (Rana et al., 2018)]. We cannot rule out palmitoylation of C755 or C887.
CONCLUSION AND FUTURE DIRECTIONS
The data in this study collectively indicate that native HCN4 protein in cardiac tissue is palmitoylated and reveal the importance of palmitoylation sites in the amino terminus of HCN4 channels. Further work, likely including measurements at the single channel level, is required to elucidate the mechanism(s) by which the loss of palmitoylation reduces IHCN4 magnitude. The differences in IHCN4 amplitudes observed here were significant at relatively negative membrane voltages. In order to determine the consequences of the loss of HCN4 amino terminal palmitoylation on the channel activity over diastolic depolarization voltages and function of the intact SAN, the future use of appropriately genetically modified mice is now warranted. This would allow effects of HCN4 modification by palmitoylation to be ascertained for the intact native SAN in the absence of whole cell dialysis. The present study provides a strong foundation from which such work can be undertaken.
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Acylation modifications play a central role in biological and physiological processes. Across a range of biomolecules from phospholipids to triglycerides to proteins, introduction of a hydrophobic acyl chain can dramatically alter the biological function and cellular localization of these substrates. Amongst the enzymes catalyzing these modifications, the membrane bound O-acyltransferase (MBOAT) family occupies an intriguing position as the combined substrate selectivities of the various family members span all three classes of these biomolecules. MBOAT-dependent substrates are linked to a wide range of health conditions including metabolic disease, cancer, and neurodegenerative disease. Like many integral membrane proteins, these enzymes have presented challenges to investigation due to their intractability to solubilization and purification. However, over the last several years new solubilization approaches coupled with computational modeling, crystallography, and cryoelectron microscopy have brought an explosion of structural information for multiple MBOAT family members. These studies enable comparison of MBOAT structure and function across members catalyzing modifications of all three substrate classes, revealing both conserved features amongst all MBOATs and distinct architectural features that correlate with different acylation substrates ranging from lipids to proteins. We discuss the methods that led to this renaissance of MBOAT structural investigations, our new understanding of MBOAT structure and implications for catalytic function, and the potential impact of these studies for development of new therapeutics targeting MBOAT-dependent physiological processes.
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1 INTRODUCTION
1.1 Membrane bound O-acyltransferase family—history and background
The membrane bound O-acyltransferase (MBOAT) family comprises a group of enzymes characterized by multiple transmembrane domains and a conserved histidine residue. The first family member reported in the literature was acyl-coenzyme A: cholesterol acyltransferase, also known as sterol O-acyltransferase (ACAT1/SOAT1) (Mukherjee and Alfin-Slater, 1958; Goodman et al., 1964). ACAT1/SOAT1 is responsible for the acylation of the alcohol on cholesterol to form cholesterol esters. ACAT1/SOAT1 was first extracted from rat liver homogenates and was later identified as a membrane bound enzyme (Mukherjee and Alfin-Slater, 1958; Goodman et al., 1964). Identification of the gene encoding ACAT1/SOAT1, the ACAT/SOAT gene, led to discovery of the homologous ACAT2/SOAT2 (Chang et al., 1993; Yang et al., 1996; Yu et al., 1996; Cases et al., 1998a; Anderson et al., 1998; Oelkers et al., 1998). In addition to ACAT2/SOAT2, a related enzyme diacylglycerol O-acyltransferase 1 (DGAT1) was identified by sequence similarity to ACAT1/SOAT1 (Cases et al., 1998b). This enzyme performs similar acylation modifications on a distinct substrate diacylglycerol with involvement in triglyceride biosynthesis. Further sequence analysis led to yet another enzyme, Porcupine (PORCN) (Hofmann, 2000). PORCN is an acyltransferase in the Wnt signaling pathway, where it acylates the secreted signaling protein Wnt in contrast to the lipid and cholesterol substrates for ACAT1/SOAT1 and DGAT1. In 2000, Hofmann identified PORCN as an additional acyltransferase and named this enzyme family the membrane bound O-acyltransferases (MBOAT) (Hofmann, 2000).
1.2 MBOAT family: acylation substrates lead to subfamily classifications
The MBOAT family of enzymes can be classified by the biochemical reaction each enzyme performs (Figure 1). MBOAT enzymes were first classified as enzymes that perform lipid biosynthesis. This group includes the ACAT/SOAT enzymes and DGAT1 that acylates cholesterol and triglycerides. Another group of MBOATs are lysophospholipid acyltransferases responsible for acylating phospholipids. The last group is responsible for acylating proteins and peptides. Below we describe the known mammalian MBOATs and their major roles in the cell. In section c we will describe their roles in signaling and disease.
[image: Figure 1]FIGURE 1 | Membrane bound O-acyltransferase (MBOAT) family of enzymes. These integral membrane enzymes acylate cholesterol, diacylglycerol, phospholipids, peptides, and proteins.
1.2.1 Lipid Biosynthesis
As noted above, ACAT1/SOAT1 is responsible for the acylation of cholesterol to cholesterol ester. Cholesterol esters provide a storage option to prevent cholesterol build-up in cell membranes. Consequently, ACAT1/SOAT1 is expressed in multiple cell types in the body. Chang and co-workers expressed and purified ACAT1/SOAT1 with full biological activity in 1998 (Chang et al., 1998). ACAT1/SOAT1 is a homotetrameric enzyme with 9 transmembrane domains per monomer, with this multimeric nature posing difficulties for enzyme studies (Yu et al., 1999). Two conserved amino acids, His460 and Asn421, have been implicated in its acylation activity (Guo et al., 2007). ACAT1/SOAT1 will bind sterols and steroids and contains multiple binding sites for these substrates.
ACAT2/SOAT2 is mainly found in the small intestine and liver (Anderson et al., 1998). Its expression and cloning was also reported in 1998 (Cases et al., 1998a). The predominant theory for the existence of both enzymes is that ACAT1/SOAT1 acts to maintain cholesterol levels throughout the body whereas ACAT2/SOAT2 is coupled to lipoprotein particle assembly and secretion (Joyce et al., 2000). Further analysis of acylation by these enzymes has been pursued using the structure publication that will be described below.
While ACAT/SOAT modifies cholesterol, acyl-CoA: diacylglycerol acyltransferase (DGAT) acylates precursors to create triglycerides. Triglycerides are used for energy storage and membrane lipid formation. While triglycerides are important for normal physiological behavior, an excess of these glycerol triesters can lead to disease states such as obesity (Birch et al., 2010; Lee et al., 2010). In 1956, it was reported that DGAT used fatty acyl-CoAs as acyl donors (Weiss and Kennedy, 1956), and the connection to the ACAT enzymes at the sequence level came in 1998 (Weiss et al., 1960; Cases et al., 1998b). Knockout of both DGAT1 and DGAT2 in mice lead to reduced triacylglyceride levels (Smith et al., 2000; Stone et al., 2004). DGAT1 prefers monosaturated substrates where DGAT2 did not show a saturation preference but a chain length preference. DGAT2 prefers shorter chain acyl-CoAs and short/medium chain fatty acyl moieties (Cases et al., 2001; Lardizabal et al., 2001). DGAT2 is more efficient at triacylglycerol (TAG) acylation, while DGAT1 has the potential to acylate multiple substrates (Ross, 1982; Batten et al., 2004; Yen et al., 2005). This is further believed to be true as their topologies are drastically different with DGAT1 containing multiple transmembrane domains and DGAT2 with significantly fewer domains (Cases et al., 2001; Cheng et al., 2001; Lardizabal et al., 2001; Weselake et al., 2006). For more detailed discussion of DGAT1 and DGAT2 activity, expression, and topology, the authors direct to the following excellent reviews on these topics by Yen et al., in 2008 and most recently by Chen et al., in 2022 (Yen et al., 2008; Chen et al., 2022).
1.2.2 Lysophospholipid acyltransferases
MBOAT family members also play key roles in phospholipid synthesis and recycling (Figure 2). Phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS) are the major phospholipids in membranes and surfactants in mammals. PC acyl chain remodeling is performed by lysophosphatidylcholine acyltransferases (LPCATs). Only LPCAT3 and LPCAT4 acylate lyso-PC with unsaturated acyl chains at the sn-2 hydroxyl, with both of these enzymes annotated as MBOAT family members (Hofmann, 2000; Hishikawa et al., 2008). LPCAT3/MBOAT5 has seven transmembrane domains and the conserved His and Asn residues that typify MBOAT family members. LPCAT3/MBOAT5 favors unsaturated fatty acyl-CoAs such as oleoyl-CoA, linoleoyl-CoA, and arachidonyl-CoA as acyl donors and 1-myristoyl-lyso-PC and 1-palmitoyl-lyso-PC as acyl acceptors/acylation substrates (Zhao et al., 2008; Jain et al., 2009). LPCAT4/MBOAT2 and LPEAT1/MBOAT1 both prefer oleoyl-CoA as their acyl donor and catalyze reactions with lyso-PC, lyso-PE, and lyso-PS (Hishikawa et al., 2008). The last lysophospholipid acyltransferase amongst the MBOATs is lysophosphatidylinositol acyltransferase 1 (LPIAT1). LPIAT1/MBOAT7 adds an arachidonic acid or an eicosapentaenoic acid onto lyso-PI (Caddeo et al., 2019; Caddeo et al., 2021). LPIAT1 catalyzes the transfer of an acyl chain to lyso-PI and mutations to its conserved Asn321 and His356 resulted in a loss of acyltransferase activity like most other MBOAT family members (Caddeo et al., 2021). LPIAT1 prefers polyunsaturated fatty acids as opposed to saturated or unsaturated fatty acids (Caddeo et al., 2021). LPIAT1 has a predicted six transmembrane domains and is an integral membrane enzyme tightly bound to endosomes (Caddeo et al., 2019).
[image: Figure 2]FIGURE 2 | Phospholipid remodeling MBOAT enzymes have multiple substrates and utilize multiple acyl-CoAs as acyl donors. Phospholipid remodeling enzymes can acylate various substrates using a range of acyl donors. This figure shows a subset of these potential enzyme-acyl acceptor–acyl donor combinations for acyl donors bearing unsaturated fatty acids. The hydroxyl group that becomes acylated in the acyl acceptor substrate is highlighted.
1.2.3 Acylation of proteins/peptides
There are three MBOATs that catalyze the acylation of proteins or peptides, PORCN, Hedgehog acyltransferase (HHAT), and ghrelin O-acyltransferase (GOAT/MBOAT4) (Figure 3). PORCN, identified as the first protein acylating MBOAT, acylates the signaling protein Wnt with a palmitoleate (C16:1) group (Zhai et al., 2004; Rios-Esteves et al., 2014). This modification occurs at a conserved serine and is required for receptor (Frizzled) binding and signaling (Takada et al., 2006; Janda et al., 2012). HHAT catalyzes the acylation of Hedgehog proteins (Sonic, Indian, and Desert) which bind and signal through the Patched receptor(Kong et al., 2019). HHAT palmitoylates (C16:0) the N-terminal cysteine on SHH (Pepinsky et al., 1998). GOAT octanoylates ghrelin on the third serine, and like HHAT/hedgehog and PORCN/Wnt this acylation modification is required for ghrelin binding and signaling through its receptor GHS-R1a (Kojima et al., 1999; Abizaid and Hougland, 2020).
[image: Figure 3]FIGURE 3 | Protein and peptide acylating MBOATs. GOAT acylates the peptide hormone ghrelin and prefers octanoyl-CoA as the acyl donor. Hedgehog (PBD: 6RVD) first gets modified with a cholesterol moiety (green) then gets acylated by HHAT with a preference for palmitoyl-CoA. Wnt (PDB: 4F0A) is acylated by PORCN using palmitoleoyl-CoA.
1.3 Importance of MBOATs in signaling and disease
1.3.1 ACAT/SOAT
Multiple studies show ACAT/SOAT to be an important enzyme to facilitate improvement in human health and disease. For example, inhibition of ACAT1/SOAT1 was shown to lower the level of neurological disease in an Alzheimer’s mouse model (Hutter-Paier et al., 2004; Bhattacharyya and Kovacs, 2010; Bryleva et al., 2010). It has been shown that by inhibiting ACAT1/SOAT1 cholesterol can be re-directed to repair other organelles (Hutter-Paier et al., 2004; Bhattacharyya and Kovacs, 2010; Bryleva et al., 2010). By way of modulating T-cell cholesterol metabolism, ACAT1/SOAT1 has been shown to facilitate cancer treatment (Yang et al., 2016). ACAT2/SOAT2 is only active in the hepatocytes and intestinal cells, and when ACAT2/SOAT2 is not functioning normally it can cause reduced assembly and secretion of low-density lipoprotein (LDL). This eliminates hypercholesterolemia and atherosclerosis (Buhman et al., 2000; Willner et al., 2003; Rudel et al., 2005; Ohshiro et al., 2015). Related to those diseases, a buildup of cholesterol and lipids in circulation can lead to heart attacks. Inhibiting ACAT2/SOAT2 has been suggested to be especially helpful in preventing these cardiovascular risks (Goldstein and Brown, 2009).
1.3.2 DGAT1
DGAT1 is expressed in multiple tissues throughout the body. It has a major role in dietary fat absorption and protecting the body by preventing fatty acid (FA)-induced toxicity (Yen et al., 2008). Unesterified FAs promotes endoplasmic reticulum (ER) stress leading insulin resistance and impaired (Chitraju et al., 2017). DGAT1 performs the last step in TAG biosynthesis in the Kennedy and monoacylglycerol (MG) pathways, and without DGAT1 there was a severe loss in dietary fat absorption (Buhman et al., 2002). Inhibition of DGAT1 would prevent the absorption of TAG into the body, leading to reduced lipid storage in the body (Smith et al., 2000; Chen et al., 2002). Consequently, DGAT is a target for prevention of obesity, glucose metabolism, and insulin secretion.
1.3.3 LPCAT3/MBOAT5
LPCAT3/MBOAT5 catalyzes a polyunsaturated acyl moiety (18:2 and 20:4) onto lyso-PC, lyso-PE, and lyso-PS (Hishikawa et al., 2008). This changes the composition of the cell membrane, and the function of the proteins in the surrounding area. LPCAT3 is a key component of the Kennedy pathway and the Lands’ Cycle (Kennedy and Weiss, 1956; Lands, 1958; Lands, 2000). LPCAT3 is primarily expressed in liver and is a key regulator of in phospholipid and triglyceride metabolism (Zhao et al., 2008). Of the four LPCATs, LPCAT3 is the major isoform in metabolic issues and has been proposed as a drug target for atherosclerosis and hyperlipidemia (Wang and Tontonoz, 2019; Liu et al., 2020). However, this approach has the potential for off target effects on cholesterol biosynthesis and fat accumulation (Rong et al., 2015; Wang et al., 2018). LPCAT3 has been implicated in obesity induced skeletal myopathy, with mice overexpressing LPCAT3 exhibiting worse skeletal myopathy when fed a high-fat diet then those mice fed a normal diet. LPCAT3 is consequently a therapeutic target for treatment of obesity induced skeletal myopathy (Zhang et al., 2012). LPCAT3 also plays a role in diabetes. Mice overexpressing LPCAT3 showed improved postprandial hyperglycemia and glucose tolerance (Ferrara et al., 2021). However, in skeletal muscle the opposite is observed with overexpression of LPCAT3 in skeletal muscle leading to glucose intolerance (Labonté et al., 2006). For more detailed discussion of recent progress in understanding LPCAT3’s role in cancer and diseases, the authors direct your attention to a recent review by Shao et al. (Shao et al., 2022).
1.3.4 LPCAT4/MBOAT2
Like LPCAT3, LPCAT4 is also a key component of the Kennedy pathway and Lands’ Cycle (Kennedy and Weiss, 1956; Lands, 1958; Lands, 2000). LPCAT4 is also referred to acyl-CoA:lyso-PE (LPEAT2) due to its lyso-PE activity, but following the publication by Hishikawa and co-workers it is now only called LPCAT4 (Hishikawa et al., 2008). LPCAT4 is responsible for acylating lyso- PC and lyso- PE that make up the cell membrane (Hishikawa et al., 2008). LPCAT4 is expressed in the brain, testis, epididymis, and ovary (Cao et al., 2008; Hishikawa et al., 2008). LPCAT4’s expression is upregulated in colorectal cancer cells. The ratio of PC to Lyso-PC has been implicated as a biomarker for colorectal cancer, indicating LPCAT4 as a key factor for improving standard of care for colorectal cancer (Kurabe et al., 2013). LPCAT4 is known to regulate chondrogenic differentiation in skeletal development (Tabe et al., 2017). Suppressing LPCAT4 activity has recently been implicated to slow down pancreatic tumor progression (Zhou et al., 2021; Li et al., 2022; Xie et al., 2022).
1.3.5 LPEAT1/MBOAT1
Lysophosphatidylethanolamine acyltransferase 1 (LPEAT1) acylates lyso-PE and lyso-PS with oleoyl-CoA (18:1) (Hishikawa et al., 2008). LPEAT1 is also a contributor to the Lands Cycle and Kennedy pathway (Kennedy and Weiss, 1956; Lands, 1958; Lands, 2000). The gene for LPEAT1 is located in chromosome 6 and when it is disrupted leads to brachydactyly-syndactyly syndrome (Dauwerse et al., 2007). Tabe et al. found that when LPEAT1 expression is knocked down, the growth of neurites decreased leading the authors to conclude that LPEAT is implicated in neurite outgrowth and function (Tabe et al., 2016). An exome screen in infertile Chinese male patients revealed two mtations in MBOAT1, the gene that encodes LPEAT1. This mutation, Thr257Met, impedes the translation of MBOAT1 and leads to a lower expression of LPEAT1 (Wan et al., 2022). Similar evidence of infertility related to low LPEAT1 expression has been reported in Drosophila (Steinhauer et al., 2009).These authors are excited to see more developments from those labs studying LPEAT1.
1.3.6 LPIAT1/MBOAT7
LPIAT1 is also one of the many acyltransferases in the Lands cycle (Lands, 1958; Lands, 2000). In a global study of patients with neurodevelopmental disorders, a significant number of patients had biallelic or pathogenic variants in LPIAT1 or MBOAT7 (Johansen et al., 2016). LPIAT1 was also shown to be required for correct brain development in mice (Lee et al., 2012; Anderson et al., 2013). Loss of lyso-PI acylation due to LPIAT1/MBOAT7 depletion resulted in a large increase in triglycerides in hepatocytes (Tanaka et al., 2021). Recently it has been suggested that LPIAT1 is a major contributor to liver disease, with a loss-of-function variant near MBOAT7 gene associated with various liver diseases such as metabolic-associated fatty liver disease, nonalcoholic fatty liver disease, and alcohol-associated liver disease (Varadharajan et al., 2022).
1.3.7 HHAT
Hedgehog signaling ligands were first discovered in Drosophila patterning (Nüsslein-Volhard and Wieschaus, 1980). Hedgehog acyltransferase (HHAT) catalyzes the lipidation of Hedgehog proteins (Buglino and Resh, 2008). This lipidation is essential to maintain Hedgehog signaling. Mutations to Hedgehog signaling proteins can cause congenital diseases and holoprosencephaly (Roessler et al., 1997; Briscoe and Thérond, 2013). Abnormal signaling of this pathway in involved in various malignancies including pancreatic, breast, and lung cancer (Konitsiotis et al., 2014; Wu et al., 2017; Chahal et al., 2018). The acylation activity of HHAT has been directly linked to pancreatic dual adenocarcinoma (Petrova et al., 2015). Hedgehog proteins are specific substrates for HHAT and this specificity makes HHAT a favorable pharmaceutical target. Abnormal Hedgehog signaling can be blocked by HHAT inhibitors. Multiple inhibitors have been designed to inhibit HHAT acylation activity, with photochemical probes utilized to identify the small molecule inhibitor binding site within HHAT (Lanyon-Hogg et al., 2015a; Lanyon-Hogg et al., 2015b; Lanyon-Hogg et al., 2016; Rodgers et al., 2016; Lanyon-Hogg et al., 2019; Lanyon-Hogg et al., 2021). One such example is RU-SKI 43 which was able to inhibit HHAT function in vitro and in cells with an IC50 of 850 nM (Petrova et al., 2013). A subsequent study demonstrated off-target cytotoxicity from RU-SKI 43 in cell studies and showed that a related compound RU-SKI 201 specifically inhibits HHAT acylation activity within cells with potencies in the range of 730–870 nM in independent assays (Rodgers et al., 2016).
1.3.8 PORCN
For Wnt to be trafficked from the ER to the Golgi and bind to its subsequent receptor Frizzled, it must undergo palmitoleoylation by PORCN (Takada et al., 2006; Galli et al., 2016). This chemical modification is required for proper Wnt signaling. Consequently, PORCN has been implicated as an important target for inhibition in the Wnt pathway (Chen et al., 2009; Dodge et al., 2012). Wnt signaling is implicated in several cancers and orphan diseases. Inhibition of PORCN was shown to prevent the growth of mammary tumors in mice with little toxicity to the mouse (Proffitt et al., 2013). Another PORCN inhibitor, LGK974, was found to prevent Wnt signaling in murine and rat mechanistic breast cancer models and human head and neck cell model (HN30) (Liu et al., 2013). PORCN inhibitors LGK974, ETC-159, CGX1321, and RXC004 have reached Phase I clinical trials as treatment for various cancers (Shah et al., 2021). In addition to developmental cancers, Wnt signaling is also implicated in focal dermal hypoplasia (FDH). Specifically, this disease is characterized by mutations to PORCN itself that impact Wnt acylation and subsequent biological activity (Wang et al., 2007; Barrott et al., 2011).
1.3.9 GOAT
GOAT is a key enzyme in the ghrelin signaling pathway. Ghrelin signaling was first linked to growth hormone secretion and appetite regulation (Müller et al., 2015). In addition it has implications in glucose metabolism, energy homeostasis, and organismal response to starvation (Egido et al., 2002; Reimer et al., 2003; Zhao et al., 2010a; Zhao et al., 2010b; Tong et al., 2010; Goldstein et al., 2011; Heppner et al., 2012; Li et al., 2012; Yada et al., 2014; Gagnon et al., 2015). Less obviously ghrelin signaling has also been implicated in cardio-protection, protection against muscle atrophy, and bone metabolism (Nass et al., 2008; Müller et al., 2015; Pearson et al., 2019; Tokudome and Kangawa, 2019; Agosti et al., 2020; Wu et al., 2020). Most recently ghrelin acylation and signaling has been linked to addictive behavior and alcoholism (Zallar et al., 2017; Farokhnia et al., 2019; Farokhnia et al., 2020; Farokhnia et al., 2021). Several classes of GOAT inhibitors that have been developed. The first are peptide-based drugs that mimic the product and/or substrate of GOAT. These molecules tend to be potent inhibitors, but have received little pharmaceutical interest due to their likely limited oral bioavailability (Iyer et al., 2020; Moose et al., 2020). Amongst small-molecule GOAT inhibitors, LY3073084 is in clinical trials for treatment of several metabolism-related disorders and BI 1356225 has been investigated in Phase 1 trials for treatment of obesity (Bianzano et al., 2023). Several more small molecule GOAT inhibitors have been reported, some with picomolar IC50, but these have yet to reach clinical trials (Moose et al., 2020).
2 MODELING MBOAT STRUCTURE USING COMPUTATIONAL METHODS
Like many integral membrane proteins, MBOATs have proven to be challenging to solubilize and purify for functional and structural studies. While recent work has accomplished significant advances in experimental structural determination of MBOAT family members, several MBOAT structural models were created using computational methods. These computational models proved useful for interpreting and designing biochemical studies of these enzymes, and comparison to more recently released structures of MBOAT family members demonstrated the power of computational methods to generate reasonable models for MBOATs.
2.1 GOAT
GOAT was computationally modeled using coevolutionary contact analysis combined with atomistic molecular dynamics (Figure 4) (Campaña et al., 2019). Coevolutionary contacts analysis relies on the hypothesis that amino acids that contact each other within a folded protein will co-evolve to maintain their interaction to create the most energetically favorable fold (Marks et al., 2012; Ovchinnikov et al., 2017). Using multiple sequence alignments to identify probable coevolutionary contacts, Campana and co-workers developed a set of distance constraints for computationally modeling human GOAT using standard protein folding approaches (Campaña et al., 2019). An array of 30,000 potential structures were created and evaluated for agreement with coevolutionary contact and topological constraints, leading to a best-fit structural model. This model was then embedded in a virtual lipid membrane and energy minimized by molecular dynamics (Campaña et al., 2019).
[image: Figure 4]FIGURE 4 | Computational model of ghrelin O-acyltransferase (GOAT). GOAT has 11 transmembrane helices and a transmembrane catalytic channel containing amino acids required for activity such as His 338 (green) and Asn 307 (blue) and residues implicated in acyl donor selectivity such as Trp351 and Phe331 (purple). The luminal pore for ghrelin binding and the catalytic channel can be seen in the top view from the luminal face of the membrane (right). Figure created using Biorender.
The structural model of human GOAT oriented the N-terminus within the ER lumen and the C-terminus in the cytoplasm and contained 11 transmembrane, consistent with a previously published topology of mouse GOAT (Taylor et al., 2013). Surprisingly, the GOAT model contains a channel through the core the enzyme connecting the lumen to the cytoplasm. This channel contains the conserved catalytically essential His338 residue, and extensive mutagenesis confirmed the functional requirement of this channel (Campaña et al., 2019). This channel and the core transmembrane helices surrounding it form what is now considered the MBOAT central core fold as denoted by Ma and co-workers (Ma et al., 2018).
The acyl donor octanoyl-CoA was docked into the GOAT model, illustrating the coenzyme A binding site on the cytosolic exposed face of the enzyme. The acyl donor chain penetrates into the core of GOAT and makes a turn to position it favorably for interactions with His338 and Asn307 (Campaña et al., 2019). Upon alanine mutagenesis of two aromatic residues contacting the distal end of the octanoyl chain, Trp351 and Phe331, GOAT lost the substrate preference for octanoyl-CoA and preferred longer-chain fatty acid chains as acyl donors (Campaña et al., 2019). This GOAT model and associated biochemical studies illustrated the structural basis for the unique octanoyl acyl chain selectivity exhibited by this enzyme in modifying ghrelin (Kojima et al., 1999; Darling et al., 2015), and is particularly important as there are no reported crystal or cryo-EM structures of GOAT.
2.2 HHAT
An HHAT homology model was published in 2021 by Lanyon-Hogg and co-workers. The published crystal structure of DltB and two published topology models for HHAT proved sufficient to support construction of this homology model (Konitsiotis et al., 2015; Matevossian and Resh, 2015; Ma et al., 2018). This model contained the protein/peptide MBOAT central core containing the catalytically essential His379 and Asp339 residues (Lanyon-Hogg et al., 2021). In addition, residues Pro212, Val213, and His215 involved in binding an HHAT inhibitor, (+)-6 IMP-1575, also located in this central core. The model has 10 integral membrane helices, with the N-terminus in the cytosol and the C-terminus in the luminal (Lanyon-Hogg et al., 2021). The overall shape of the HHAT model is consistent with the tent-like structure of the other protein/peptide acylating MBOATs. This model tends to be overlooked as experimental structures of HHAT were also published in 2021 as described below.
2.3 PORCN
Two computationally-derived structural models for PORCN were published in 2021. One model by Galli and co-workers was developed using homology modeling coupled with partial permeabilization studies and N-linked glycosylation analysis to establish the PORCN membrane topology (Galli et al., 2021). In this study, six different algorithms were applied to predict the PORCN membrane topology which yielded a range of 8–11 transmembrane domains. To experimentally determine the PORCN topology, introduction of antibody epitopes and N-linked glycosylation sites were used to identify if those epitopes/sites were exposed to the luminal space or the cytosol. Guided by these combined analyses, a homology model was developed consisting of nine transmembrane domains and two reentrant loops with the N-terminus facing the lumen and C-terminus in the cytosol. This model contains a funnel on the luminal side of the structure leading to a transmembrane tunnel, with the conserved His341 residue located in the center of the funnel (Galli et al., 2021).
A second PORCN computational model was created using homology modeling guided by the published MBOAT structures available at the time (Yu et al., 2021). Yu and co-workers used multiple sequence analysis algorithms and MODELLER to create their homology model for PORCN, which has ten transmembrane domains and both the N-terminus and C-terminus located in the cytoplasm. This model also contains a transmembrane tunnel with the conserved His341 residue and depicts binding sites for both the acyl donor and Wnt substrates. Several PORCN inhibitors were also docked into the homology model, with these inhibitors binding into the enzyme active site. These two PORCN structural models provided important context for understanding how this enzyme binds its substrates and catalyzes Wnt acylation, and served as points for comparison for the experimentally determined structure of PORCN released the following year, as described below (Liu et al., 2022).
3 EXPERIMENTALLY DETERMINED MBOAT STRUCTURES
3.1 DltB
In 2018, Ma and co-workers published the crystallographic structure of bacterial D-alanyltransferase DltB, the first such structure of an MBOAT family member (Ma et al., 2018). DltB is essential for the D-alanylation of cell wall teichoic acids, using an acyl carrier protein DltC as the acyl donor (Ma et al., 2018). The structure of this bacterial MBOAT homolog facilitated homology modeling of PORCN and provided a valuable reference to validate features of the computational GOAT structural model (Campaña et al., 2019; Galli et al., 2021; Yu et al., 2021). DltB was expressed in bacteria and solubilized with n-decyl-β-D-maltopyranoside, with samples for crystallization solubilized in n-decyl-nonyl-β-D-glucopyranoside (Ma et al., 2018). The DltB structure contains 17 helices and both the N-terminus and C-terminus are on the same side of the membrane. Of the 17 helical domains, 11 are transmembrane domains that form a ring-shaped cone with a conserved MBOAT structural core and a transmembrane channel with a funnel on the extracellular interface. At the time of publication, the DltB structure was described as a funnel with a fold dissimilar to any available structures. As described below, subsequent structures of additional MBOATs have revealed that DltB contains most of the conserved features of this enzyme family.
3.2 hACAT/hSOAT
2020 brought the MBOAT community the first structures of mammalian MBOATs, with two ACAT1/SOAT1 structures and two DGAT1 structures published in the same issue of Nature followed shortly by a third ACAT1/SOAT1 (Guan et al., 2020; Long et al., 2020; Qian et al., 2020; Sui et al., 2020; Wang et al., 2020).
3.2.1 ACAT1/SOAT1
ACAT1/SOAT1 was purified as a tetrameric protein or dimer of dimers in the three published structures (Figure 5) (Guan et al., 2020; Long et al., 2020; Qian et al., 2020). The four monomers in the ACAT1/SOAT1 complex provide sufficient size and mass to allow cryo-EM analysis of the enzyme complex alone. Each ACAT1/SOAT1 monomer contains nine transmembrane helices, where the N-terminus “hugs” or folds into the other N-terminii of the other monomers forming the tetrameric complex (Guan et al., 2020; Long et al., 2020; Qian et al., 2020). The tetramer, dimer, and monomer were tested for catalytic activity and it was found that only the monomer lacked ACAT1/SOAT1 acylation activity consistent with the dimer forming the catalytically active unit (Guan et al., 2020; Qian et al., 2020).
[image: Figure 5]FIGURE 5 | Independently determined structures of ACAT1/SOAT1 reveal common characteristics. All three published ACAT1/SOAT1 structures are consistent in identifying a multimeric complex, with at least two structures of the three also containing bound acyl donor and/or an inhibitor bound in the catalytic core of the enzyme. Different colors denote each monomeric unit within the dimeric or tetrameric complexes. Bound inhibitors are shown in purple, and acyl donor analogs are in orange. Figure created using Biorender.
In the structures by Long et al. and Qian et al., several amino acids (His425, Tyr433, Lys445, Ser456) interact with acyl-CoA and were annotated to either form the cytosolic interface or a cytosolic tunnel where the acyl donor binds (Long et al., 2020; Qian et al., 2020). However, Guan and co-workers did not identify an oleoyl-CoA binding site as the other structures described. These authors hypothesize that the inhibitor CI-976 bound in their preparation leads to an ACAT1/SOAT1 conformation that does not effectively bind the acyl-CoA donor.
In addition to the residues noted above in the acyl donor binding site, Asn 421 was also shown to be required for ACAT1/SOAT1 acylation activity (Long et al., 2020; Qian et al., 2020). These residues all reside in the catalytic core and have contacts with acyl-CoA. The structures also reveal two cholesterol binding sites, with one serving as the substrate binding site for this cholesterol acyltransferase and the other proposed to serve an allosteric role (Long et al., 2020). Qian et al. and Guan et al. suggest evidence of not only a CoA substrate tunnel, but a transmembrane channel that is hypothesized to bind cholesterol (Guan et al., 2020; Qian et al., 2020). This channel converges with the acyl-CoA donor binding site/tunnel at the conserved His460 residues within the enzyme core. Mutations along this tunnel were detrimental to activity, consistent with the proposed role for this feature in acylation catalysis (Qian et al., 2020).
3.2.2 ACAT2/SOAT2
ACAT2/SOAT2 was purified as a dimer of dimers with each monomer containing nine transmembrane helices with only a RMSD of 0.8Å between ACAT1/SOAT1 and ACAT2/SOAT2 (Figure 6) (Long et al., 2021). ACAT2/SOAT2 also contains the conserved acyl-CoA binding pocket and the hydrophobic core for cholesterol esterification observed in ACAT1/SOAT1 (Guan et al., 2020; Long et al., 2020; Qian et al., 2020; Long et al., 2021; Long et al., 2022). The cholesterol tunnel described for ACAT1/SOAT1 is also present in ACAT2/SOAT2 and has access to the proposed catalytic histidine His434 (Long et al., 2021). ACAT2/SOAT2 also contained an additional cholesterol binding site each monomer separate from the cholesterol present in the substrate binding site within the catalytic core. In both ACAT1/SOAT1 and ACAT2/SOAT2 the second cholesterol binding site is proposed to be allosteric and mutation of both of cholesterol binding sites reduce acylation activity (Long et al., 2020; Long et al., 2021).
[image: Figure 6]FIGURE 6 | Structure of ACAT2/SOAT2 bound to the PPPA inhibitor. (A) ACAT2/SOAT2 forms a tetramer, but only requires dimer formation for acylation activity. Monomers are shown in gray, blue, pink, and purple, and the PPPA inhibitor in each monomer is hot pink. (B) One molecule of PPPA binds per monomer of ACAT2/SOAT2, contacting residues Val489, Gln488, and Phe438. PDB ID: 7N6Q. Figure created using Biorender.
3.3 hDGAT1
Human diacylglycerol acyltransferase I (hDGAT1) was resolved as a dimer and structurally analyzed by cryo-EM (Figure 7) (Sui et al., 2020; Wang et al., 2020). In the study by Sui and co-workers, the amphipol PMAL-C8 was used to maintain a homogenous oligomer structure for structure determination (Sui et al., 2020). hDGAT1 has nine transmembrane domains with the N-terminus facing the cytosol and the C-terminus facing the lumen (Sui et al., 2020; Wang et al., 2020). The hDGAT1 dimer is formed through hydrogen-bonding and interactions with phospholipids present between monomers. DGAT1 has a large central core and a lateral gate that is open to the membrane. Its substrate diacylglycerol (DAG) can enter the membrane from the lumen or the cytosol. The conserved histidine His415 is also present in the large central core where the lateral gate connects to the active site (Sui et al., 2020; Wang et al., 2020) Oleoly-CoA binds within the central core, but the acyl binding site is long enough to accommodate longer chain fatty acids (Sui et al., 2020). Similar to the cholesterol acyltransferases, DGAT1 has a channel connecting to the lipid membrane and Sui and co-workers identified a diacylglycerol in this channel that co-purified with the enzyme. Wang et al. also found a similar lateral gateway, but could not resolve the density present in this chamber (Wang et al., 2020). DGAT has a bend in the lateral gateway that is proposed to select lipid substrates over rigid like structures like cholesterol (Sui et al., 2020). For a more detailed comparison of these structures, the authors direct attention to a recent review of DGAT enzymes (Chen et al., 2022).
[image: Figure 7]FIGURE 7 | DGAT1 is a dimeric enzyme with a central cavity and a lateral gate. Independent structures confirm the formation of functional dimers (blue and dark gray), with a lateral gate for substrate access denoted by black arrows on each structure’s top view from the luminal face (right). Both structures contain a non-hydrolyzable CoA analog in orange. (A) Structure by Wang and co-workers (PDB ID 6VP0). (B) Structure by Sui and co-workers (PDB ID 6VZ1). Figure created using Biorender.
3.4 cLPCAT3
While a mammalian lysophosphatidylcholine acyltransferase structure remains to be reported, Zhang and co-workers reported the crystal structure of chicken lysophophatidylcholine acyltransferase 3 (LPCAT3) (Figure 8). To obtain this structure, LPCAT3 was solubilized in undecyl maltoside and two residues at the enzyme C-terminus were removed to improve homogeneity and stability resulting structures at 3.4 Å resolution (Zhang et al., 2021). LPCAT3 has an overall bell shape comprising 11 transmembrane domains and 6 short helices, with the transmembrane domains surrounding a central cavity (Zhang et al., 2021). Similar to ACAT1/SOAT1 and DGAT1, LPCAT3 also contains a lateral tunnel connecting the central cavity to the surrounding membrane. To characterize the substrate binding pockets in LPCAT3, cryo-EM was utilized as substrate-bound crystals were not obtained. When purified in LMNG for cryo-EM analysis, cLPCAT3 was oligomeric. The cryo-EM structure was solved in the presence of both enzyme substrates, the arachidonoyl-CoA (araCoA) acyl donor and 1-dodecanoyl-sn-glyero-3-phosphocholine (12:0-LPC) in a dimeric state (Zhang et al., 2021). The cLPCAT3/araCoA structure had an araCoA in the central cavity with the acyl chain downstream of the unsaturation “kink” entering a side pocket. This acyl chain conformation leaves the horizonal tunnel available for the LPCAT3 acyl acceptor, resulting in araCoA lining up with the conserved His388 residue and acyl acceptor within the enzyme core (Zhang et al., 2021). Cross-linking studies support the biological relevance of cLPCAT3 dimerization, but the specific function of monomer-monomer interaction remains to be understood (Zhang et al., 2021). Looking towards the catalytic mechanism for lysophospholipid acylation, the authors suggest a mechanism for acyl transfer wherein the acyl donor and acyl acceptor are bound simultaneously within the enzyme core. The carbonyl carbon of the acyl donor is activated by Asn352 in a manner reminiscent of oxyanion hole interactions in serine proteases, while the sn-2 hydroxyl of the acyl receiver is activated by His388 acting as a general base. Acylation proceeds by attack of the activated sn-2 hydroxyl group on the activate thioester of the acyl donor and resolves with transfer of the acyl chain to the acceptor (Zhang et al., 2021).
[image: Figure 8]FIGURE 8 | cLPCAT3 structural analysis reveals a condition-dependent dimerization state. (A) X-ray crystal structure of cLPCAT3 (PDB ID 7EWT) solved without substrates bound. For comparison to the dimer structure from cryoelectron microscopy, the rotated image on the right is presented in the same orientation as the right (blue) subunit of the dimer in left side of panel (B) Dimeric structure of cLPCAT3 solved by cryoelectron microscopy (PDB ID 7F40) with arachidonoyl CoA (orange) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, lime green) bound to each monomer. Arrows on the cytosolic top view indicate the lateral/horizontal tunnel for acyl acceptor entry. Figure created using Biorender.
3.5 hHHAT
Human hedgehog acyltransferase (hHHAT) is a monomeric enzyme whose size is insufficient to support cryo-EM analysis of the enzyme alone, leading two research groups to employ antibody-derived binding partners to increase the enzyme-complex size sufficiently to allow structure determination (Figure 9) (Coupland et al., 2021; Jiang et al., 2021). The HHAT structures reveal 12 transmembrane helices connected by intervening alpha helical and loop regions forming the now-canonical “MBOAT fold”. This aligns the conserved His379 residue with the conserved residues in the structures of other MBOAT family members (Coupland et al., 2021; Jiang et al., 2021). Jiang and co-workers modeled a palmitoyl-CoA acyl donor into the central cavity of the enzyme. The central cavity connects to the cytosolic face of the ER membrane (Jiang et al., 2021). Coupland et al. also resolved a non-hydrolyzable palm-CoA analog bound within the central tunnel which would span from the cytosolic to luminal sides of the ER membrane. This places the palmitoyl-CoA close to the conserved His379 and catalytically required Asp339 residues (Coupland et al., 2021). Surprisingly, both structures revealed a heme coordinated to Cys324, with subsequent mutagenesis and functional studies indicating this heme is required for enzyme stability (Coupland et al., 2021; Jiang et al., 2021). Jiang and co-workers suggest a one-step mechanism where Asp339 activates the N-terminal cysteine of Hedgehog for nucleophilic attack on the thioester carbonyl atom of the acyl donor, with the Oxford group supporting further studies before defining a mechanism (Coupland et al., 2021; Jiang et al., 2021). The HHAT structure was solved with the IMP1575 inhibitor bound by three labs (Coupland et al., 2021; Jiang et al., 2021; Liu et al., 2022). IMP1575 is the most potent reported HHAT inhibitor (Lanyon-Hogg et al., 2021). This structure depicted a directed binding interaction to the catalytic His379 and creates a conformational change within the enzyme. This conformational change rearranges Asp339, Asn443, and Trp335. Trp335 rotates into the binding pocket, and this residue is responsible for preventing water penetration into the enzyme core without palmitoyl-CoA bound (Coupland et al., 2021).
[image: Figure 9]FIGURE 9 | Antibody-based complexes enabled cryoelectron microscopy determination of HHAT structure, revealing substrate binding sites, inhibitor binding, and an unanticipated heme cofactor. (A) Cryo-EM structure of HHAT by Jiang and co-workers (PDB ID 7MHY) shows the overall structure of the enzyme complexed to antibodies on both the cytoplasmic and luminal interfaces. (B) Binding to a designed megabody partner enabled the cryo-EM structure of HHAT by Coupland and co-workers (PDB ID 7Q1U). (C, D) Both groups report the presence of a heme (violet) in their structures; antibodies/megabody shown in beige, palmitoyl-CoA in orange, and palmitic acid in green. (E) Heme binding site in PDB ID 7Q1U showing heme iron coordination by Cys324. Figure created using Biorender.
3.6 hPORCN
In 2022 the structure of PORCN, the acyltransferase responsible for Wnt acylation (Figure 10), was published by Lie and co-workers (Liu et al., 2022). Similar to HHAT, PORCN was purified as a monomer which required antibody-derived binding partners to reach the mass/size range compatible with cryo-EM methods. Consistent with the computational models described above, PORCN was determined to contain 11 transmembrane helical domains with 6 intervening alpha helices and 2 beta strands. The Wnt substrate binding site on the luminal face of the enzyme is composed of portions of TMs 1, 2, 5, and 7. The catalytic core and central domain of PORCN containing the conserved His336 residue are consistent with other protein/peptide acylating MBOAT. A co-structure with palmitoleoyl-CoA showed this core also binds the acyl donor substrate in a cavity made by TM7 and TM10. A zinc ion found coordinated to four residues (Cys370, Cys376, Cys380, and His382) consistent with previous studies of PORCN, although the role of zinc in PORCN structure and function remains to be defined (Lee et al., 2019; Liu et al., 2022). In addition to the palmitoleoyl-CoA co-structure, one additional co-structure was solved with a PORCN inhibitor LGK974 bound (Liu et al., 2013). This co-structure found that Ser332 of PORCN interacts with the carbonyl oxygen of LGK974 and is consistent with the acyl-CoA competitive nature of this inhibitor (Liu et al., 2022).
[image: Figure 10]FIGURE 10 | Structures of PORCN bound to substrates. (A) Overall structure of PORCN with 11 transmembrane domains and both the N-terminus and C-terminus in the ER lumen. (B) PORCN in complex with palmitoyl-CoA (orange) (PDB ID 7URA), showing the bound zinc ion (magenta) and palmitic acid (green). The antibody structural chaperone is shown in wheat. Figure created using Biorender.
4 CONCLUSION AND LESSONS LEARNED FROM MBOAT STRUCTURES
For more than two decades, the MBOAT enzyme family has posed intriguing challenges across the fields of enzymology, structural biology, lipid synthesis and remodeling, and cellular signaling by acylated proteins (Hofmann, 2000). The recent explosion in MBOAT structures and structural models spanning all three classes of acylation substrates has dramatically advanced our understanding of these integral membrane enzymes (Table 1). These structures have revealed family-wide shared characteristics, illustrated distinct properties of enzymes depending on their acyl acceptor substrates, and brought into clearer focus questions regarding their acylation mechanisms and the potential for inhibitor creation towards therapeutic application. Between experimental structural studies, structure modeling using the approaches described in this review, and application of AI-based folding prediction approaches such as AlphaFold (Jumper et al., 2021; Binder et al., 2022), the prospects for continuing the rapid advancement in our understanding of the MBOAT enzyme family are incredibly promising.
TABLE 1 | MBOAT structures from computational and experimental studies.
[image: Table 1]Comparison of all reported MBOAT structures supports the establishment of a “MBOAT core” fold, with a cone shaped bundle of transmembrane domains surrounding a conserved core region. This core region, comprising helices and domains annotated as cytoplasmic loops in topological studies, contains an open channel or cavity within which sits the conserved histidine residues that is a hallmark of MBOAT family members. This central catalytic channel also connects to an acyl donor binding site exposed to the cytoplasmic space. We note that, except for the bacterial MBOAT DltB, all other MBOATS utilize acyl-coenzyme A as their acyl donor substrates. These enzymes feature catalytic cores that lie within the plane of their surrounding membranes, presenting an elegant answer to early questions in the MBOAT field of whether their active sites would lie on the cytoplasmic or luminal/extracellular faces of these acyltransferases.
Within the MBOAT family, structural and mechanistic distinctions are most notable between the protein-modifying members (GOAT, HHAT, and PORCN) and the small molecule/lipid modifying enzymes. The protein-modifying members are active as monomers, which corresponds with their experimentally solved structures. In contrast, the small molecule/lipid acylation MBOATs function as dimers or higher oligomers consistent with the tetramers or dimer of dimers in the experimentally determined structures. Focusing on the location of the acyl acceptor entry site and nature of the catalytic channel, the protein-modifying family members all contain channels that completely span the membrane with acyl acceptors (ghrelin, Hedgehog, and Wnt) entering the enzyme through a luminal pore and acyl donors binding from the cytoplasmic interface. This catalytic topology matches what would be expected for modification of proteins transiting the secretion pathway through the ER lumen. The channel in the protein/peptide MBOATs structures explains how substrates on opposites sides of the membrane interact to effect substrate acylation, a long-outstanding question in the MBOAT community. Rather than entry from the lumen, acyl acceptors for the small molecule/lipid modifying family members enter through a “lateral gate” into the central channel/core that presumably allows these hydrophobic substrates to transit from the membrane bilayer into the enzyme active site for acylation. Several of the small molecule/lipid modifying MBOATs also contain secondary binding sites for cholesterol and lipids, although the functional importance of these sites remains to be conclusively demonstrated. Perhaps the most surprising finding amongst the MBOAT structures is the heme binding site within HHAT that impacts enzyme stability. It is hypothesized the heme binding is essential to stabilize enzyme structure, rather than participating directly in the enzyme catalysis of substrate acylation.
Moving forward with this newfound bounty of MBOAT structural data, our studies should focus on a comprehensive mechanistic understanding of acyl transfer by MBOATs and development of potent and specific MBOAT inhibitors. For example, on the mechanistic front it remains unresolved whether these enzymes use a one-step direct transfer mechanism with the acyl chain moving directly to acyl acceptor or a two-step transfer mechanism involving an acyl-enzyme intermediate. Given the structural and topological distinctions between the protein- and small molecule/lipid-modifying MBOAT family members, it will be interesting to determine whether these distinct enzyme subclasses also exhibit mechanistic differences. Combination of current and future structural information with mechanistic insights will guide the creation of the next-generation of MBOAT inhibitors, which are needed to explore and exploit the therapeutic potential of these enzymes for treating a range of human diseases.
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One of the first molecular events in neurodegenerative diseases, regardless of etiology, is protein mislocalization. Protein mislocalization in neurons is often linked to proteostasis deficiencies leading to the build-up of misfolded proteins and/or organelles that contributes to cellular toxicity and cell death. By understanding how proteins mislocalize in neurons, we can develop novel therapeutics that target the earliest stages of neurodegeneration. A critical mechanism regulating protein localization and proteostasis in neurons is the protein-lipid modification S-acylation, the reversible addition of fatty acids to cysteine residues. S-acylation is more commonly referred to as S-palmitoylation or simply palmitoylation, which is the addition of the 16-carbon fatty acid palmitate to proteins. Like phosphorylation, palmitoylation is highly dynamic and tightly regulated by writers (i.e., palmitoyl acyltransferases) and erasers (i.e., depalmitoylating enzymes). The hydrophobic fatty acid anchors proteins to membranes; thus, the reversibility allows proteins to be re-directed to and from membranes based on local signaling factors. This is particularly important in the nervous system, where axons (output projections) can be meters long. Any disturbance in protein trafficking can have dire consequences. Indeed, many proteins involved in neurodegenerative diseases are palmitoylated, and many more have been identified in palmitoyl-proteomic studies. It follows that palmitoyl acyl transferase enzymes have also been implicated in numerous diseases. In addition, palmitoylation can work in concert with cellular mechanisms, like autophagy, to affect cell health and protein modifications, such as acetylation, nitrosylation, and ubiquitination, to affect protein function and turnover. Limited studies have further revealed a sexually dimorphic pattern of protein palmitoylation. Therefore, palmitoylation can have wide-reaching consequences in neurodegenerative diseases.
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1 INTRODUCTION
Regardless of the etiology, one of the first insults in all neurodegenerative diseases is mislocalization of proteins. Protein mislocalization in neurons is often linked to proteostasis deficiencies, which can lead to a build-up of misfolded proteins or damaged organelles, ultimately resulting in cell death (Martin et al., 2015; Suk and Rousseaux, 2020). In this review, we discuss the contribution of palmitoylation to protein dysfunction related to neurodegeneration. S-palmitoylation, the reversible addition of the lipid palmitate to specific cysteine residues via a labile thioester bond, helps to anchor proteins to membranes, allowing dynamic regulation of protein localization. Thus, the reversibility of S-palmitoylation allows soluble proteins to be directed to and from membranes throughout neurons, including synapses, dendrites, and axons. Palmitoylation can also occur on transmembrane proteins, dynamically regulating their function without affecting localization (Zaballa and van der Goot, 2018). Irreversible palmitoylation is less common but possible via a stable amide bond (N-palmitoylation) or ester bond (O-palmitoylation) (Buglino and Resh, 2008; Ji et al., 2016; Gao and Hannoush, 2018). In this review, however, palmitoylation refers to S-palmitoylation.
Palmitoylation is important in many cellular and metabolic processes and has been implicated in neurodegeneration and diseases of the nervous system (Resh, 1999; 2016; Linder and Deschenes, 2007; Sanders et al., 2015; Cho and Park, 2016) The addition of the 16-carbon fatty acid palmitate to cysteine residues is facilitated by palmitoyl acyl transferases (PATs) that are characterized by and named after their conserved Asp-His-His-Cys with Zinc fingers (ZDHHC) active site domains (Fukata et al., 2004; Roth et al., 2006; Hou et al., 2009). The removal of palmitate from proteins is facilitated by several classes of serine hydrolases (Figure 1), including acyl protein thioesterase (APTs), protein palmitoyl thioesterase (PPTs), and α/β-hydrolase domain (ABHD) proteins (Chen, Fan, and Boehning, 2021; Bononi et al., 2021; Hornemann, 2015; Lin and Conibear, 2015; Toyoda, Sugimoto, and Yamashita, 1999; Duncan and Gilman, 1998; Yokoi et al., 2016).
[image: Figure 1]FIGURE 1 | Palmitoylation mechanism. Palmitoylation involves the reversible addition of palmitate to cysteine residues through a labile thioester bond. The palmitate is added to proteins by palmitoylate acyl transferases (PATs) and removed by α/β serine hydrolases (ABHDs) and thioesterases (APTs and PPTs).
2 GOING OFF COURSE: DIRE CONSEQUENCES OF ALTERED PALMITOYLATION IN NEURONS
Palmitoylation regulates many aspects of neuronal protein trafficking and function (reviewed in Philippe and Jenkins, 2019; Petropavlovskiy et al., 2021). Neurons are polarized cells with long thin axons and shorter, thicker dendrites. Using action potentials that run from the cell body down the length of the axon, neurons communicate with each other through synapses, the connection points between axons and dendrites from different neurons (Bullock et al., 2005). At the synapse, distinct proteins and receptors localize to the post-synapse and pre-synapse. A recent compendium of 15 palmitoyl-proteome studies, found an enrichment of palmitoylation in the synaptic proteome (Sanders et al., 2015). Now, nearly 50% of synaptic proteins are considered to be palmitoylated (Petropavlovskiy et al., 2021). The reversibility of palmitoylation allows neurons to dynamically create and maintain this specific protein localization (Matt et al., 2019; Philippe and Jenkins, 2019). Thus, the quick reversibility of palmitoylation and its importance in regulating protein localization makes it a compelling candidate for functional regulation in neurodegenerative diseases.
Not surprisingly, a mammalian palmitoyl-proteome study identified numerous biomarker-based disease-association enrichments of neurodegenerative diseases and neurodevelopmental disorders (Sanders et al., 2015). These diseases and disorders include, but are not limited to, schizophrenia, chorea, Huntington Disease (HD), spinal cord diseases, Amyotrophic Lateral Sclerosis (ALS), and cranial nerve disease (Sanders et al., 2015). Indeed, key proteins involved in HD, ALS, and Alzheimer Disease (AD) have already been shown to have altered palmitoylation in disease states (Yanai et al., 2006; Cho and Park, 2016; Antinone et al., 2017).
Considering the enrichment of palmitoylated proteins and the dynamic role it plays in cells, palmitoylation has emerged as an attractive area of research in neurodegenerative diseases. The role of palmitoylating and depalmitoylating enzymes in neurodegenerative diseases is discussed in the next section. Importantly, palmitoylation acts as a mediator and modulator of numerous functions within the cell, but is best known for shuttling soluble proteins to membranes. However, palmitoylation does not act alone, but in concert with or in addition to other posttranslational modifications, discussed in section 4. The interplay of palmitoylation with other posttranslational modifications is tightly regulated and important for proteostasis, which is disrupted in numerous diseases (See section 5). Finally, there is growing evidence of sex differences in palmitoylation, indicating a role of palmitoylation in the regulation of sex differences in disease, discussed in section 6.
3 PUTTING TOGETHER THE ANCESTRAL PUZZLE OF PALMITOYLATION: LESSONS FROM MODEL ORGANISMS
Studying protein palmitoylation using lower model organisms like Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster and Mus musculus has immense potential to provide critical insights due to the conserved role of palmitoylation and associated pathological processes contributing to neurodegeneration (Hayashi, 2021). Studies have identified 7 PATs in Saccharomyces cerevisiae, 15 in Caenorhabditis elegans, 22 in Drosophila melanogaster and 24 in Mus musculus (Bannan et al., 2008; Edmonds and Morgan, 2014; Zaballa and van der Goot, 2018). All these PATs share the characteristic cysteine-rich domain (CRD) containing the “DHHC” motif unique to palmitoylating enzymes highlighting the conserved mechanisms PATs use in palmitoylating their substrates. Importantly, model organisms have and continue to serve as a valuable tool to decipher the role of palmitoylation in cellular function and pathogenesis by facilitating the ability of researchers to run a diverse set of genetic manipulation, localization studies, and behavioural assays.
3.1 Model organisms used in palmitoylation studies
Yeast was the first model system used to identify palmitoylation through the identification of zinc-finger-like CRD containing palmitoylating enzymes Akr1 and Erf2 (Lobo et al., 2002; Roth et al., 2002) that eventually led the way to the identification of a family of 23–24 ZDHHC isoforms in mammals (Fukata et al., 2004; Huang et al., 2004; Keller et al., 2004). Yeast has been an invaluable model organism to identify PAT interactors through high throughput knock-out studies, which has helped identify palmitoylation of various neurodegeneration proteins. The fruit fly model, Drosophila melanogaster, is emerging as another model organism for studying palmitoylation and has been key in modelling neurodegenerative diseases. Flies allow sophisticated genetic manipulation and molecular analysis at an organismal level that can be coupled with various behavioural assays (Lu and Vogel, 2009; Nitta and Sugie, 2022).
3.2 Uses of model organisms in high throughput studies
Apart from PAT substrate identification, yeast has provided a robust and efficient model for high throughput screening of the global S-palmitoyl-proteome under various nutrient conditions (Roth et al., 2006) as well as identification of palmitoylation inhibitors (Coronel Arrechea et al., 2021). Once validated, these inhibitors could be translated to higher model organisms and ultimately lead to palmitoylation-related therapeutic development for neurodegenerative diseases. While yeast has been an invaluable model to identify PATs, PAT substrates, establish high throughput approaches, and identify pharmacological inhibitors, they are unable to provide understanding of the nervous system. To inform the role of palmitoylation in the nervous system and organisms at a global scale, Drosophila melanogaster and Mus musculus have been used.
The Korey group (Bannan et al., 2008) was the first to identify all 22 PATs and their expression profile in flies. Many fly PATs are highly expressed in the nervous system, emphasizing palmitoylation’s role in neuronal health and function. A recent S-palmitoyl-proteome study in Drosophila-derived S2R+ cells identified an estimated 3.5% of expressed genes in these cells to be palmitoylated. Interestingly, these palmitoylated proteins were found to be more conserved between flies and mammals compared to non-palmitoylated proteins (Porcellato et al., 2022). They also identified putative substrates and interaction partners of the various PATs through DHHC-BioID, a proximity biotinylation-based method, which they validated in larval and adult flies for a complete organismal study. Although the function of each PAT in fly neuronal health and their conservation to the mammalian system remains to be characterized, this work provides the foundation for more in-depth studies involving PATs in the nervous system and their roles in neurodegeneration.
The utilization of mice in recent RNA sequencing studies has resulted in the curation of a valuable resource for palmitoylation enzymes in the mouse brain, BrainPalmSeq (Wild et al., 2022). This resource combines information from numerous single-cell RNAseq studies, complemented with bulk and pooled-cell RNAseq studies which include a diversity of brain regions, and ages of tested mice. The authors revealed cell-type-specific and regional ZDHHC expression in the nervous system. They further found interrelated patterns of expression between ZDHHC enzymes and their substrates, as well as depalmitoylating enzymes and other brain-expressed genes (Wild et al., 2022). They recently expanded on this to create CellPalmSeq, a new interactive tool and RNAseq database for multiple human and laboratory cell lines (Wild et al., 2023). The same group identified substrates that are differentially palmitoylated and speculated based on co-localization analysis that the dynamic palmitoylation of a subset of these substrates was mediated by ZDHHCs 2, 5, and 8 (Nasseri et al., 2022) This suggests that palmitoylation in the brain is highly regulated and influenced by external stimuli. Thus, this information provides valuable insight into the roles of palmitoylating enzymes in the mammalian brain and nervous system.
3.3 Putting PATs in their place: how PATs fit in neurodegeneration
In this section, we outline the roles and contributions of specific PATs in mechanisms of neurodegeneration and diseases of the brain and nervous system as known in the current literature.
3.3.1 Huntington disease (ZDHHC17 and ZDHHC13)
Huntington Disease (HD) is an autosomal-dominant progressive neurodegenerative disease caused by a mutation in the HTT gene. This single mutation results in an expansion in the polyglutamine (polyQ or CAG repeat in the HTT gene) region at the N-terminus of the huntingtin (HTT) protein (The Huntington’s Disease Collaborative Research Group, 1993). Repeats greater than 36 result in mutant huntingtin (mHTT) and increases the risk of developing HD. The larger the repeat region, the earlier the age of onset and the more severe the symptoms. In HD, mHTT has reduced palmitoylation compared to the wild-type form, which is linked to increased insoluble mHTT and decreased ZDHHC17 activity (Yanai et al., 2006; Huang et al., 2011). Increasing brain palmitoylation in HD mouse models acts to rescue the phenotype and is emerging as a potential therapeutic approach (Lemarié et al., 2021; Virlogeux et al., 2021).
ZDHHC17 is the most well-conserved PAT, from yeast to humans (Young et al., 2012; Butland et al., 2014). Both ZDHHC17 and ZDHHC13 are unique among the PATS due to the presence of their N-terminal ankyrin-repeat domains (facing the cytosol), absent in other PATs (Mitchell et al., 2006; Tabaczar et al., 2017). Moreover, they have 6 predicted transmembrane domains as opposed to the typical 4, also reflected in the yeast ZDHHC17 homolog Akr1 (Politis, Roth, and Davis, 2005; Mitchell et al., 2006; Tabaczar et al., 2017). ZDHHC17 was initially discovered as an interactor protein of HTT via a yeast two-hybrid screen (Singaraja et al., 2002) and was initially named Huntingtin Interacting Protein 14 (HIP14). Due to its similarity to ZDHHC17, ZDHHC13 was named HIP14-Like or HIP14 L. The HTT–ZDHHC17 interaction is disrupted by the pathogenic expansion of the mHTT polyQ domain (128Q compared with 15Q for the wild-type protein) (Singaraja et al., 2002). The study was later validated in an HD mouse model, suggesting that defects in HTT palmitoylation could contribute to the disease (Yanai et al., 2006).
ZDHHC17 and ZDHHC13 are essential for regulating mHTT function in HD, specifically through palmitoylation (Huang et al., 2011). Further, in the presence of mHTT with an expanded polyQ tract in the YAC128 HD mouse model, there is reduced HTT palmitoylation and reduced interaction between HTT and ZDHHC17 (Singaraja et al., 2002; Huang et al., 2004; Yanai et al., 2006). In a mouse model expressing truncated ZDHHC13 that retains the N-terminal ankyrin repeat, mice have abnormalities in hair, skin, and bone, as well as reduced survival and increased amyloidosis, indicating a role of ZDHHC13 in regulating essential functions in multiple tissue and cell types, including neurons, epithelial, and bone (Saleem et al., 2010). Interestingly, a less severe phenotype is linked to Zdhhc13 knockout. This may suggest that the ankyrin repeat has a dominant negative effect in the truncation model (Sutton et al., 2013). In contrast, mouse models of Zdhhc17 deficiency or deletion have more severe phenotypes. In the constitutive Zdhhc17 hypomorph model, the resulting behavioural and physiological deficits resemble those of an HD mouse model (Singaraja et al., 2011). In the conditional inducible Zdhhc17 knockout mouse model, adulthood deletion of Zdhhc17 resulted in sudden death due to rapidly progressing paralysis within 10 weeks post-induction (Sanders et al., 2016). These data suggest a significant role of ZDHHC17 in modulating pathology in HD, but also suggest that ZDHHC17 is an essential PAT, likely due to its many interactors and substrates (Butland et al., 2014). This may be linked to recently identified ZDHHC17 substrates dual leucine-zipper kinase (DLK) and nicotinamide mononucleotide adenylyltransferase-2 (NMNAT2) (Niu et al., 2020). DLK and NMNAT2 are involved in a compartmentalized retinal ganglion cell death model where these enzymes form a “trust but verify” system. Specifically, palmitoylated DLK is involved in conveying an axon-to-soma pro-degenerative signal in the event of a neuronal insult like axon injury, through upregulation of pro-apoptotic genes, while palmitoylated NMNAT2 is important in maintaining axon integrity through inhibition of Wallerian degeneration. Thus, ZDHHC17-mediated palmitoylation of DLK and NMNAT2 may be a critical regulator that decides neuronal cell fate (Niu et al., 2020).
Similar results have been recapitulated in flies. Presynaptic localization for dHIP14 (fruit fly orthologue for ZDHHC17) (CG6017 in Figure 2) has been reported in the central nervous system as well as the neuromuscular junction (Ohyama et al., 2007; Stowers and Isacoff, 2007). There, dHIP14 is involved in subcellular distribution of a variety of neuronal proteins in flies, including the synaptosomal associated protein of 25 kDa (SNAP-25) and cysteine string protein (CSP), and is required for photoreceptor synaptic transmission, thus suggesting palmitoylation as a possible mechanism to rapidly regulate synaptic efficiency. Indeed, dHIP14 was shown to be required for synaptic vesicle exocytosis and loss of dHIP14 led to mislocalization of SNAP25 and CSP. Moreover, dHIP14 mutants show exocytic defects at low-frequency stimulation and a nearly complete loss of synaptic transmission at higher temperatures, demonstrating the importance of dHIP14 in neurotransmitter release (Ohyama et al., 2007). This suggests that ZDHHC17’s neuronal functions are conserved across species.
[image: Figure 2]FIGURE 2 | Phylogenetic Tree comparing PATs in yeast, flies, and humans. Maximum Likelihood midpoint-rooted phylogenetic tree of full-length ZDHHC proteins from Saccharomyces cerevisiae (red), Drosophila melanogaster (blue), and Homo sapiens (black) generated in Mega 11 software with 100 bootstrap replication and Jones-Taylor-Thornton model for amino acid substitution model (Tamura et al., 2021). The Drosophila PATs that cluster together (CG17196-PA--CG10344) are expressed only in fly testes.
3.3.2 Alzheimer disease (ZDHHC12, ZDHHC7, and ZDHHC21)
Alzheimer Disease (AD) is a progressive neurodegenerative disorder resulting in brain atrophy and increased cell death, characterized by plaque formation within the brain, primarily consisting of the amyloid-beta (Aβ) protein. Aβ is formed by the sequential cleavage of amyloid precursor protein (APP) by β- and ɣ-secretases. Thus far, nearly all the primary players in AD have been shown to be palmitoylated, including APP (Bhattacharyya, Barren, and Kovacs, 2013), two ɣ-secretase subunits, APH1aL and Nicastrin (Meckler et al., 2010), and β-secretase 1 (BACE1) (Benjannet et al., 2001).
AD is the most common form of progressive dementia characterized by the accumulation of Aβ or tau protein aggregates (Nah, Yuan, and Jung, 2015; W; Zhang et al., 2022). The Aβ peptides are generated as a cleavage product of the APP. APP palmitoylation at C186 and C187 by ZDHHC7 and ZDHHC21 is required for APP to exit the ER and its normal processing (Bhattacharyya, Barren, and Kovacs, 2013). Increased palmitoylation of APP improves targeting of APP to lipid rafts where APP is cleaved, forming increased levels of Aβ aggregates. While treatment with palmitoylation inhibitors reduced the presence of palmitoylated APP in lipid rafts as well as the Aβ aggregate production, thus suggesting a role of palmitoylation in AD disease pathogenesis (Bhattacharyya et al., 2016). APP is cleaved by BACE1, followed by subsequent cleavage by γ-secretase to produce Aβ fragments. BACE1 is palmitoylated at four sites; C478, C482, and C485 in the cytosolic region (Benjannet et al., 2001; Vetrivel et al., 2009; Motoki et al., 2012), and C474 in the transmembrane domain (Vetrivel et al., 2009; Motoki et al., 2012). Studies have reported contrasting effects of BACE1 palmitoylation on APP processing. Two separate studies by the Thinakaran and the Araki groups demonstrated that mutation of the four cysteines to alanine resulted in reduced lipid raft localization in heterologous cell lines and primary neuronal cultures (Vetrivel et al., 2009; Motoki et al., 2012). However, no loss in BACE1 protein stability or subcellular localization was observed (Vetrivel et al., 2009). The non-palmitoylated form of BACE1 did not affect the APP processing and Aβ production in comparison to the wild-type BACE1 despite the loss in lipid raft association. Thus, indicating that β-cleavage of APP by BACE1 is not influenced by lipid raft microdomains (Vetrivel et al., 2009; Motoki et al., 2012). Conversely, in 2011, the Thinakaran group demonstrated that BACE1 engineered to be localized onto the lipid rafts by the addition of glycosylphosphatidylinositol (GPI) led to improved Aβ production (Vetrivel et al., 2011). Since localization to the lipid raft was palmitoylation dependent, this indicates that BACE1 palmitoylation may be contributing to APP processing. An in vivo study conducted in a knock-in BACE1-palmitoylation deficient mouse model revealed that although lack of palmitoylation did not affect APP processing, the synaptic activity-dependent release of Aβ aggregates increased in BACE1 palmitoylation deficient mice compared to wild-type controls as determined by the analysis of brain interstitial fluid (Andrew et al., 2017). They further showed that lack of BACE1 palmitoylation reduced cerebral amyloid burden indicating that palmitoylation may be an important modulator of amyloid burden in AD (Andrew et al., 2017).
Lipid raft-associating subunits of the γ-secretase, Nicastrin and APH-1 are also known to be palmitoylated. Nicastrin is palmitoylated at transmembrane C689 while APH-1 is palmitoylated at cytosolic C182 and C245 sites (Cheng et al., 2009). Although palmitoylation defective forms of these proteins do not affect γ-secretase assembly and function, studies have shown that the palmitoylation of these proteins is necessary for their nascent stability as well as association with lipid rafts, suggesting a role of palmitoylation in protein stability and lipid raft localization (Cheng et al., 2009; Meckler et al., 2010). Transgenic AD mice co-expressing palmitoylation deficient forms of APH1aL, an isoform of APH-1 and Nicastrin had significantly reduced Aβ aggregate deposition in the frontal cortex compared to the ones expressing WT forms of the subunits (Meckler et al., 2010). Thus, suggesting that the palmitoylation status of these proteins can influence disease pathology in AD. ZDHHC12 is implicated in regulating palmitoylation of key proteins in AD. ZDHHC12 was initially found to inhibit APP metabolism and Aβ production in AD in mouse-derived neuroblastoma cells (N2A cells) (Mizumaru et al., 2009). In addition, a recent genome-wide association study found a significant association of ZDHHC12 in structural brain connectivity in a comparison of control patients, patients with mild cognitive impairment, and patients with AD, indicating a role of ZDHHC12 in alterations of AD brain segregation and integration (Elsheikh et al., 2020). Together with data from in vitro studies, this suggests ZDHHC12 may be involved in the early development of Aβ plaques in AD.
3.4 Depalmitoylation in neurodegenerative disease
In contrast to the PAT ZDHHC enzymes, Palmitoyl-protein thioesterase (PPT) and ABHD enzymes depalmitoylate proteins. Depalmitoylation and some of the enzymes that facilitate it have been implicated in neural diseases as well as neuronal functions.
3.4.1 Neuronal ceroid lipofuscinosis type 1 (PPT1)
Neuronal ceroid lipofuscinosis type 1 (CLN1), also known as infantile neuronal ceroid lipofuscinosis (INCL), is a rare (1 in 100,000 births), but one of the most lethal, inherited neurodegenerative lysosomal storage disorders caused by mutations in the PPT1 gene resulting in PPT1 deficiency. PPT1 depalmitoylates proteins in the lysosome to facilitate protein degradation. Consequently, loss of PPT1 activity is toxic, resulting in the accumulation of pathological sphingolipids in patient cells and subsequent lysosomal enlargement (Tyynelä et al., 1993; Ahtiainen et al., 2006). Patients with CLN1 generally develop symptoms around 18 months of age, including visual defects, blindness, motor and cognitive deficits, seizures and death between 8–13 years of age (Santavuori, 1988).
Ppt1 function is well conserved from flies to humans; thus, the INCL pathologies may be due, in part, to the accumulation of various embryonic neural defects, similar to that of Drosophila, and may be relevant for understanding the developmental origin of neural deficiencies in INCL. Fly embryos bearing loss-of-function Ppt1 mutations display numerous neural defects ranging from abnormal cell fate specification, missing and disorganized neurons, faulty motoneuronal axon trajectory, and mild to severe defects in the longitudinal axon bundles of the ventral nerve cord (Chu-LaGraff et al., 2010). Further, the two Ppt1 mutant strains with single point mutations (S77F and A179T) showed defects in the developing peripheral nervous system, specifically in the chordotonal neural cluster, with decreased number of sensory neurons and abnormal neuronal shapes with aberrant dendritic projections. Moreover, Ppt1 deficiency in adult flies leads to abnormal accumulation of lysosomal storage material, albeit in a different pattern than observed in human patient cells, and reduced lifespan (Hickey et al., 2006). A study overexpressing Ppt1 in the visual system of adult transgenic flies linked Ppt1 function to synaptic vesicle cycling, endo-lysosomal trafficking, synaptic development, and activity-dependent remodelling of the synapse (Buff, Smith, and Korey, 2007). Together, these results suggest that Ppt1 is essential for synaptic and lysosomal activity, and for proper neuronal cell fates and organization in early development.
A study of brain tissue from INCL patients and a constitutive Ppt1 knockout (Ppt1-KO) mouse model linked rapid neurodegeneration to increased apoptosis indicated by elevated levels of caspases 3 and 9 and cleaved poly-ADP ribose polymerase enzyme (PARP) (Kim et al., 2006). Levels of superoxide-dismutase 2 (SOD-2) in INCL patient hippocampus and Ppt1-KO mouse brains were also increased indicating elevated oxidative stress and generally associated with higher reactive oxygen species (ROS). This was confirmed in cultured neurospheres from Ppt1-KO and wild-type mice. Ppt1-KO neurospheres had elevated levels of ROS and SOD-2, as well as SOD-2 activity (Kim et al., 2006). Together, these results suggest the rapid neurodegeneration in INCL patients and in Ppt1-KO mice is likely caused, in part, by a combination of ER-stress-mediated caspase-12 activation (mediates caspase-3 activation and apoptosis (Zhang et al., 2006)) as well as elevated ROS production (causes destabilization of calcium homeostasis activating caspases-3, -9, and apoptosis) (Kim et al., 2006). Furthermore, a study using a Ppt1-KO mouse model found therapeutic potential in supplementing the lack of PPT1 function by using a depalmitoylation molecule, N-tert-butyl-hydroxylamine (NtBuHA). Specifically, NtBuHA crossed the blood-brain barrier, depleted lysosomal ceroid, suppressed neuronal apoptosis, slowed neurological deterioration, and extended lifespan (Sarkar et al., 2013). As such, the deficiency of PPT1’s depalmitoylating activity is integral to the development of CLN1. Indeed, in a recent study, the same group found reduced ZDHHC5 and ZDHHC23 levels in the brains of the same Ppt1 KO mouse model (Sadhukhan et al., 2021). Moreover, membrane-bound APT1 levels were suppressed, which stimulated microglia proliferation through increasing plasma-membrane H-Ras. In turn, this neuroinflammation phenotype was rescued by treatment with NtBuHA (Sadhukhan et al., 2021). These studies suggest that NtBuHA may be used as a therapeutic to lower palmitoylation in the brain, also indicating PPT1’s depalmitoylating function in INCL. Furthermore, altered palmitoylation of substrates of PPT1, APT1, ZDHHC5 and ZDHHC23 likely contribute to CLN1 pathogenesis. Previously, PPT1’s substrates were unknown. However, a recent study identified more than 100 novel PPT1 substrates, many of which have functions at the synapse, including channels and transporters, G-protein-associated molecules, endo/exocytic components, synaptic adhesion molecules, and mitochondrial proteins (Gorenberg et al., 2022). This indicates a role of PPT1-mediated depalmitoylation in synaptic and neuronal function and further supports PPT1’s effects on neuronal function in CLN1.
3.4.2 Hereditary spastic paraplegia (ABHD16A)
ABHD16A, also known as Human Lymphocyte Antigen B-associated transcript 5 (BAT5), is a phosphatidylserine lipase recently identified as a novel protein depalmitoylating enzyme that has been linked to complex hereditary spastic paraplegia (HSP) (Lemire et al., 2021; Yahia et al., 2021; Miyake et al., 2022). ABHD16A is highly conserved in mammals, is composed of 558 residues in humans and mice, and was found to be genetically distant from other members of the ABHD family (Xu et al., 2018). ABHD16A exhibits ubiquitous expression with highest expression being in skeletal muscle and the brain (Xu et al., 2018). It is also palmitoylated (Martin and Cravatt, 2009) and localized in the plasma membranes in human platelets and mouse megakaryocytes (Senis et al., 2007).
HSP is a genetically and clinically heterogeneous group of inherited neurodegenerative diseases (Mackay-Sim, 2021). Patients with “complex” HSP display additional symptoms, including neuronal and non-neuronal features (Mackay-Sim, 2021). In one study of four patients from two Sudanese families, two ABHD16A null variants were identified to segregate in an autosomal recessive pattern of inheritance within these families, with a severe clinical presentation in the patients of developmental delay, intellectual impairment, spasticity, and skeletal deformities, similar to complex HSP (Yahia et al., 2021). The group further confirmed, in comparison to sibling controls, a lack of ABHD16A expression in patient fibroblasts (derived from 3 of the four patients) and found increased expression of the lipid phosphatidylserine with long-chain fatty acid, implicating ABHD16A’s role in lipid metabolism in the disease (Yahia et al., 2021). In another study of 11 patients from 6 families with diverse origins, homozygous variants of ABHD16A were identified across the ABHD16A gene, leading to diverse complex forms of HSP in each of the studied patients, and confirmed a lack of ABHD16A expression in fibroblasts derived from 4 patients (Lemire et al., 2021). In a third study of two affected children from a Chilean family, researchers identified a homozygous ABHD16A variant to lead to HSP (Miyake et al., 2022). These studies suggest various mutations within the ABHD16A gene may lead to diverse forms of complex HSP, but it remains unclear if this is due to ABHD16A’s role in lipid metabolism or protein depalmitoylation activity or perhaps both.
3.4.3 Other links between depalmitoylation and neuronal mechanisms
While some depalmitoylating enzymes have been implicated in specific neural diseases, in other instances either depalmitoylation or depalmitoylating enzymes have been linked to neuronal mechanisms that may be involved in disease. Post-synaptic density-95 (PSD95) undergoes rapid palmitoylation cycling to regulate its functions in neurons (El-Husseini et al., 2002). Increased PSD95 levels were found to prevent the effects of Aβ on synapses by preventing Aβ′s modification of the NMDA receptor C-terminal domain (CTD) conformation, its interaction with protein phosphatase 1 (PP1), and thus preventing synaptic weakening. By treating with palmostatin B, a depalmitoylation inhibitor, PSD95 levels were upregulated and Aβ′s interaction with the NMDAR and PP1 were prevented, having a protective effect (Dore et al., 2021). Similarly, inhibiting mHTT depalmitoylation using an APT1 inhibitor in mammalian cells has a protective effect against forming aggregates (Lemarié et al., 2021). Similar to mHTT, increasing PSD95 palmitoylation may be a therapeutic avenue of research in diseases associated with Aβ, such as AD. ABHD17A, 17B, and 17C were found to selectively depalmitoylate PSD95 in rat hippocampal neurons, and may serve as potential therapeutic targets in conditions with Aβ dysfunction (Yokoi et al., 2016). APT1 and APT2 have both also been linked to regulate neuronal substrates (Milde and Coleman, 2014; Sadhukhan et al., 2021; Shen et al., 2022). Specifically, APT1 was found to depalmitoylate PSD-95 and glutamate receptors in rat hippocampal neurons, and also found to affect neuronal synaptic plasticity (Shen et al., 2022). Further, both APT1 and APT2 were found to depalmitoylate the axon survival factor NMNAT2 (Milde and Coleman, 2014).
4 HITTING THE MARK: INTERRELATIONSHIP OF PALMITOYLATION AND OTHER PTMS
Posttranslational modifications (PTMs) govern many aspects of protein function and are strictly regulated. Therefore, it is not surprising that aberrant PTMs are intimately linked to neurodegenerative diseases (Ren et al., 2014; Didonna and Benetti, 2016). Despite in-depth studies of individual modifications in neurodegeneration, it remains a challenge to build a map of the complex interplay and regulation of all PTMs that are implicated in neurodegenerative diseases. However, it is important to recognize collective patterns of PTM combinations in different neurodegenerative diseases, referred to as the “PTM code” (Lothrop, Torres, and Fuchs, 2013). To date, a comprehensive overview of interactions in the context of palmitoylation within the PTM network has yet to be fully recorded. In this review, well-established PTMs that are involved in neurodegeneration will be of focus in examining crosstalk with palmitoylation (Calabrese, Molzahn, and Mayor, 2022; Didonna and Benetti, 2016; Ren et al., 2014).
4.1 Phosphorylation
The interaction of palmitoylation with phosphorylation has been studied to a greater extent than other PTMs in neurodegeneration. The combinatorial interplay of the two has an important role in protein trafficking and localization due to the reversibility of both modifications that can be rapidly and dynamically regulated (Stram and Payne, 2016; Zaballa and van der Goot, 2018). Studies have shown varied types of interactions including synergistic, reciprocal, and precursor regulation between the two PTMs (Salaun, Greaves, and Chamberlain, 2010; Shipston, 2011; Gauthier-Kemper et al., 2014; Moritz et al., 2015; Berg et al., 2016; Main and Fuller, 2022). The addition of the negatively charged phosphate group can modulate membrane binding by interacting with the positively charged head groups in the lipid bilayer or interrupt the interaction of polybasic domains of proteins with negatively charged head groups (Quatela et al., 2008; Vitrac et al., 2017). Palmitoylation also mediates membrane interactions for anchoring by increasing hydrophobicity (Zaballa and van der Goot, 2018). Therefore, it is not surprising that the two PTMs can operate synergistically. Indeed, the neuronal Growth Associated Protein 43 (GAP43), essential for axonal growth, requires both palmitoylation and phosphorylation for transport and association with the plasma membrane (Gauthier-Kemper et al., 2014). However, palmitoylation, not phosphorylation, was shown to be required for proper sorting from the soma to the tip of the growth cone, likely by facilitating active transport, as the non-palmitoylatable mutant remained diffuse in the cytosol (Gauthier-Kemper et al., 2014). Therefore, phosphorylation, in concert with palmitoylation, can regulate and promote protein trafficking and localization.
Reciprocal, or antagonistic, regulation has also been reported between phosphorylation and palmitoylation. Dopamine transporters are mutually regulated by protein kinase C (PKC)-mediated phosphorylation and palmitoylation where an increase in phosphorylation decreases palmitoylation, consequently down-regulating dopamine transport capacity, and vice versa (Moritz et al., 2015). This may contribute to the reduction in dopamine levels in Parkinson Disease (PD) (Bu, Farrer, and Khoshbouei, 2021). Similarly, synapsin 1, involved in regulating clustering of synaptic vesicles, is also antagonistically controlled where an increase in phosphorylation negatively regulates its palmitoylation, which is required for synaptic vesicle binding thereby hindering clustering at the synapse (Yan et al., 2022). This may contribute to the defects in a-synuclein synaptic vesicle docking observed in PD (Man et al., 2021; Zou, Tian, and Zhang, 2021).
In some cases, palmitoylation acts as a precursor for phosphorylation. For example, APT1-mediated depalmitoylation is required to precede phosphorylation within the Akt/mTOR/p70S6 signalling pathway (Berg et al., 2016). Regardless of the nature of regulation, aberrant phosphorylation is a prevalent characteristic of neurodegenerative diseases, particularly in those involving protein aggregation (Tenreiro, Eckermann, and Outeiro, 2014; Xia, Prokop, and Giasson, 2021). However, the crosstalk of palmitoylation and phosphorylation is highly variable; therefore, the relationship will need to be determined for individual proteins or diseases of interest. This suggests that palmitoylation should not be studied in isolation, but with the effects of other PTMs kept in mind.
4.2 Acetylation
Palmitoylation has been suggested to regulate acetylation in neural stem cell differentiation (Chen et al., 2016). Acetylation involves the transfer of an acetyl group from acetyl-CoA to lysines and is catalyzed by lysine acetyl transferases and de-acetylases, more commonly known as histone acetyl transferases (HATs) and histone de-acetylases (HDACs) (Didonna and Benetti, 2016). Disruptions in the balance between HAT/HDAC activity contribute to neurodegeneration. At the transcriptional level, histone hypo-acetylation at one or multiple genetic loci leads to lower expression and loss of function, or widespread transcriptional disruptions, respectively (Didonna and Benetti, 2016). At the protein level, several proteins in polyglutamine neurodegenerative diseases are acetylated and palmitoylated, including HTT in HD and ataxins in spinocerebellar ataxias. Here, protein acetylation was impeded by palmitoylation, via either inhibiting HAT or upregulating HDAC activity (Didonna and Benetti, 2016; Li et al., 2002; Sugars and Rubinsztein, 2003; Blanc et al., 2015; Yanai et al., 2006; Wei et al., 2014).
Similarly, tubulin acetylation may be regulated by palmitoylation. Tubulin is the structural subunit of microtubules that is critical for axonal structure and transport. Consequently, disruptions in tubulin have been linked to several neurodegenerative diseases (Sferra et al., 2020; Santiago-Mujika et al., 2021). Acetylated tubulin requires palmitoylation to facilitate microtubule assembly and stability in cilia and other compartments in HEK293T cells, primary astrocytes, ependymal cells, and neurons derived from inducible pluripotent stem cells (Tripathi et al., 2021). Two acetylation sites have been identified in tubulin: a-subunit K40 that faces the microtubule lumen and mediates binding with microtubule associated proteins and β-subunit K252 at the interface of the two subunits, which is thought to regulate dimerization and microtubule assembly (LeDizet and Piperno, 1987; Chu et al., 2011; Wloga, Joachimiak, and Fabczak, 2017). Interestingly, K252 and C354 are in close physical proximity (PDB ID: 1TUB) (Nogales, Wolf, and Downing, 1998; Madej et al., 2014; Thinon et al., 2018), which may suggest a potential regulatory interaction of palmitoylation at C354 and K252 acetylation in microtubule assembly. Thus, altered tubulin palmitoylation may lead to mislocalization or decreased microtubule formation and contribute to disease pathogenesis (Nekooki-Machida and Hagiwara, 2020). Taken together, palmitoylation regulation or interference with acetylation may be a common mechanism in neurodegeneration.
4.3 S-nitrosylation
S-nitrosylation involves the reversible addition of a nitric oxide (NO) group to cysteines and has a wide range of crosstalk with other PTMs (Hess and Stamler, 2012). S-nitrosylation plays an important role in modulating signal transduction pathways (Anand and Stamler, 2012; Corpas et al., 2015). S-nitrosylation increases with age and aberrant S-nitrosylation has been reported in a number of key proteins and neurotoxic pathways involved in various neurodegenerative diseases, including AD, PD, and HD (Nakamura et al., 2015). Because S-nitrosylation and palmitoylation both occur on cysteines, their potential interrelationship in regulating protein function is particularly interesting, but has not been well-characterized. Moreover, S-nitrosylation can be detected by the commonly used acyl-exchange assays. Therefore, caution must be taken when studying the two PTMs using the acyl-exchange assays. A high-throughput study using a mass spectrometric approach found changes in the crosstalk of the S-nitrosylation and palmitoylation of many synaptic proteins upon stress induction, suggesting that this interaction is important in the brain (Zaręba-Kozioł et al., 2021).
There may be direct competition at the target residue or the presence of NO may be targeting the addition of the reactive cysteine to CoA and blocking the formation of fatty acyl-CoA needed for palmitoylation entirely, leaning towards competitive regulation, especially in synaptic proteins (Salaun, Greaves, and Chamberlain, 2010; Hess and Stamler, 2012). Consistent with this notion, NO agents that induce S-nitrosylation inhibit palmitoylation of SNAP-25 and GAP43, which are required for neuronal plasticity and growth (Hess et al., 1993; Matt et al., 2019). Similarly, PSD-95 is S-nitrosylated and palmitoylated on the same cysteines, while upregulation of one inhibits the other (Ho et al., 2011). Inhibitory effects have also been reported in other proteins. For example, NO inhibits the SARS-CoV spike protein palmitoylation and reduces binding to angiotensin-converting enzyme 2 receptor on the host cell, thereby affecting infectivity (Akerström et al., 2009). However, this may not always be the case as NO has been shown to increase palmitoylation of H-Ras (Baker, Booden, and Buss, 2000).
Conversely, palmitoylation also regulates nitric oxide synthase, which is a source of NO within the cell (Iwakiri et al., 2006). Given that NO synthesis is coupled to S-nitrosylation in mammals, palmitoylation and depalmitoylation may play a direct role in global S-nitrosylation as a whole (García-Cardeña et al., 1996; Yeh et al., 1999; Navarro-Lérida et al., 2004; Anand and Stamler, 2012).
For example, S-nitrosylation regulates phosphatase with sequence homology to Phosphatase and Tensin (PTEN)/Akt signaling, and consequently, either promotes neuroprotective processes via inhibition of PTEN and activation of Akt, or inhibiting protective pathways by S-nitrosylation of Akt directly (Numajiri et al., 2011; Nakamura et al., 2013). In line with this notion, aberrant S-nitrosylation of sequestosome 1 (SQSTM1), or p62, hinders the clearance of built-up protein by directly inhibiting autophagy in PD (Oh et al., 2022). Correspondingly, the protein misfolding repair activity of protein disulfide-isomerase (PDI), which mediates ER stress by suppressing the buildup of aberrant proteins, is compromised by S-nitrosylation (Uehara et al., 2006; Nakamura et al., 2013). It is important to note that almost all of the aforementioned S-nitrosylated proteins in neurodegeneration are predicted to be palmitoylated, with some experimentally validated (Blanc et al., 2015). If palmitoylation, in general, inhibits S-nitrosylation, this provides another means to target pathogenic processes in neurodegeneration.
Taken together, S-nitrosylation may play a mechanistic role in disrupting palmitoylation-mediated protein trafficking, proteostasis, and function, or may function downstream of palmitoylation. The potential inhibitory regulation of palmitoylation needs to be further examined in the study of protein S-nitrosylation in neurodegeneration.
4.4 Ubiquitination
Crosstalk between ubiquitin and other PTMs is important in maintaining proteostasis. Ubiquitination refers to the conjugation of ubiquitin to lysine or N-terminal methionine of target substrates, including ubiquitin itself (Sadowski et al., 2012). Ubiquitin can also be removed by deubiquitinases (Komander and Rape, 2012; Schmidt et al., 2021). Although ubiquitin can signal non-degradative processes, the primary function of ubiquitin conjugation is protein targeting and tagging for degradation through the ubiquitin-proteasome system (UPS), which is often impaired in neurodegenerative diseases, thus contributing to protein aggregation (Sadowski et al., 2012; Didonna and Benetti, 2016; Watanabe, Taguchi, and Tanaka, 2020). This mechanism involves a cascade of enzymes, namely, E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases (Komander and Rape, 2012; Schmidt et al., 2021). Ubiquitin signalling is one of the most important mechanisms in the pathogenesis of neurodegenerative diseases (Le Guerroué and Youle, 2021).
In many cases, palmitoylation has been shown to antagonize ubiquitination by increasing protein stability and preventing degradation. For example, sortilin turnover is mediated by ubiquitination which has several implications in neurodegeneration (Carlo, Nykjaer, and Willnow, 2014). Sortilin is a lysosomal sorting receptor which binds apolipoprotein and amyloid complexes in AD (Carlo et al., 2013; Carlo, Nykjaer, and Willnow, 2014). It is also involved in the delivery of progranulin to the lysosome for degradation, therefore contributing to the loss of progranulin which leads to frontotemporal dementia and TDP-43 pathology in ALS (Hu et al., 2010; Kumar-Singh, 2011; Carlo, Nykjaer, and Willnow, 2014; Gan, Khan, and Gitcho, 2015). Sortilin itself is protected from degradation by palmitoylation as it shuttles between the Golgi and endosomes (Dumaresq-Doiron, Jules, and Lefrancois, 2013). Similarly, palmitoylation protects endosomal SNARE proteins that shuttle between endosomes and Golgi in yeast by preventing ubiquitin ligase recognition (Valdez-Taubas and Pelham, 2005; Greaves and Chamberlain, 2007). In addition, voltage-gated calcium channels required for neurotransmitter release, such as Cav2.2 (Saegusa et al., 2020), are also protected from degradation by palmitoylation (Page, Rothwell, and Dolphin, 2016).
On the other hand, palmitoylation plays an important role in the proper functioning of the UPS machinery. A number of E3 ubiquitin ligases themselves require palmitoylation. For example, palmitoylation of a rat E3 ubiquitin ligase enriched in the brain increases levels of overall polyubiquitination (Araki et al., 2003). In addition, E3 ubiquitin ligases, including Gp78, require palmitoylation in their canonical RING finger motifs for their enzymatic activity (Fairbank et al., 2012). Therefore, palmitoylation may protect proteins from degradation while trafficking within the cell, allowing them to carry out their functions. In contrast, aberrant palmitoylation can contribute to the ubiquitin-associated degradation or build-up of important proteins in neurodegeneration. Conversely, palmitoylation is implicated in defects within the UPS machinery, thus contributing to toxic protein build-up leading to cell death.
4.5 PTM network and palmitoylation
Taken together, palmitoylation is closely related to many PTMs that are disrupted in neurodegenerative diseases. Although few studies examine the co-regulatory relationship of palmitoylation and another PTM on target proteins, some commonalities and themes emerged (Figure 3). So far, palmitoylation has been shown to compete with S-nitrosylation and inhibit ubiquitination directly. In contrast, palmitoylation has also shown synergy with other PTMs such as phosphorylation. Palmitoylation may precede other PTMs by facilitating correct subcellular localization of specific proteins to enable further modifications. Alternatively, palmitoylation may in turn regulate the enzymatic machinery of PTMs, such as in phosphorylation and ubiquitination, affecting the modifications on a larger scale. Regardless of the affected pathway, aberrant palmitoylation has been shown to play an important role in the pathogenesis of neurodegenerative diseases, thus presenting the need for more in-depth examinations of palmitoylation in the PTM network of neurodegeneration.
[image: Figure 3]FIGURE 3 | PTM network and palmitoylation. Schematic representation of the interrelationship of palmitoylation and other PTMs. Palmitoylation and S-nitrosylation mostly compete and inhibit each other on target cysteines. With phosphorylation and acetylation, both competitive and complementary interactions with palmitoylation have been recorded where palmitoylation may either inhibit or act synergistically with the other modification. Similarly, and perhaps paradoxically, palmitoylation can inhibit ubiquitination of target substrates, but is also required for activation and function of some E3 ubiquitin ligases.
5 TRAFFIC JAM: PALMITOYLATION REGULATES PROTEOSTASIS
Following mislocalization, a primary hallmark of many neurodegenerative diseases is protein aggregation caused by deficiencies in protein turnover (Menzies et al., 2017; Ma, Attarwala, and Xie, 2019; Stavoe and Holzbaur, 2019). The cell has two primary methods to remove misfolded proteins; the UPS system, described above, and autophagy. Autophagy is an intracellular pathway responsible for the clearance of damaged organelles and toxic or aggregated proteins. The process is also important for neuronal health. With age, neuronal cells accumulate damaged organelles that can be toxic. Not surprisingly, dysfunctional autophagy has emerged as a common pathway in many neurodegenerative disorders (Nah, Yuan, and Jung, 2015).
Since neurons are terminally differentiated postmitotic cells that cannot replenish via cell division, autophagy plays an integral role in ensuring the removal of toxic cargo to maintain cellular homeostasis (reviewed in (Kulkarni and Maday, 2018; Stavoe and Holzbaur, 2019)). There are three types of autophagy pathways: microautophagy, macroautophagy, and chaperone-mediated autophagy (CMA). The best-characterized pathway is macroautophagy which will be the focus of this section, henceforth referred to as ‘autophagy’. Autophagy begins with a double membrane precursor structure called a phagophore which engulfs the target waste, consisting of damaged organelles and toxic protein aggregates (Menzies et al., 2017). Phagophores mature and close, forming a double-membraned vesicle called the autophagosome. The cargo-carrying autophagosomes fuse with lysosomes for degradation (Martin et al., 2015; Menzies et al., 2017). The autophagy pathway is regulated by several autophagy-related proteins (ATG proteins). Microtubule light chain (LC3) is an important autophagy protein involved in autophagosome formation and elongation. p62 is an autophagy receptor that delivers toxic cargo to lysosomes for degradation of the toxic aggregates (Ma, Attarwala, and Xie, 2019). p62 binds to the ubiquitinylated proteins marked for degradation and directly interacts with LC3-II. The interaction of p62 and LC3-II results in the formation of cargo carrying autophagosomes, that later fuse with lysosomes for the removal of cellular waste (Menzies et al., 2017).
5.1 Palmitoylation and autophagy
Autophagy is a highly membrane-dependent process that requires proteins to quickly relocalize to membranes to initiate the formation of the autophagosome from donor membranes, inhibitory proteins need to translocate from membranes to the cytosol, and autophagosomes must fuse with lysosomes. Therefore, dynamic palmitoylation could provide a mechanism for proteins to mediate these processes. As mentioned, proteostasis deficiencies was among the top diseases enriched in palmitoylated proteins, suggesting a role for palmitoylation in autophagy (Sanders et al., 2015). In turn, several autophagy-related proteins are predicted to be palmitoylated (Ren, Jhala, and Du, 2013), while a few have recently been validated, but not in the context of autophagy. Thus, we compared the known genes of proteins from mouse, rat, and humans provided by SwissPalm (Blanc et al., 2015) and autophagy core and regulatory proteins from the autophagy regulatory network (Türei et al., 2015) (Figure 4). Remarkably, over 60% (727/1171) of autophagy regulatory genes have a proteoform that is potentially palmitoylated.
[image: Figure 4]FIGURE 4 | Comparison of palmitoyl-proteomes and autophagy network. The overlap between genes that encode palmitoylated proteins from the SwissPalm database (Blanc et al. 2015) and the core as well as regulatory autophagy proteins available on the Autophagy Regulatory Network (Türei et al. 2015) is represented in the Venn diagram.
Akt is a key autophagy regulator recently shown to be palmitoylated (Blaustein et al., 2021). Akt, or protein kinase B, is a serine-threonine kinase with three isoforms Akt1, Akt2, and Akt 3. Akt has multiple targets within the cell. One of the downstream targets of the Akt pathway is the mechanistic target of rapamycin (mTOR) which is a major kinase regulator of the autophagy pathway that receives signals from various signalling pathways (reviewed in (Heras-Sandoval et al., 2014)). Activation of the AKT/mTOR pathway inhibits autophagy by mTOR activation and therefore, protects and promotes cell survival. In a recent study, Akt1 and Akt2 were reported to be palmitoylated in heterologous cells (Blaustein et al., 2021). Furthermore, they confirmed that Akt1 is palmitoylated at C344. This study revealed that palmitoylation of Akt1 not only regulates its membrane association but also showed that phosphorylation at T308, required for activity of non-palmitoylated Akt1 mutant, was downregulated significantly. Thus, suggesting that palmitoylation of Akt1 is important for Akt activity during autophagy.
Both Akt and the multimeric complex mTOR complex 1 (mTORC1) are negative regulators of autophagy and Akt suppresses autophagy through downstream activation of mTORC1. mTORC1 is an important regulator for many cellular functions, including protein synthesis, autophagy, and neuronal cell development (Deleyto-Seldas and Efeyan, 2021) and was recently shown to contain palmitoylated components, including the catalytic subunit mTOR (Sanders, Simone, and Thomas, 2019). mTORC1 suppresses autophagy activation by phosphorylation-dependent inhibition of ULK1/2, TFEB, and Atg13 in the early stages of autophagy. This prevents the expression of lysosomal and autophagy genes, thus inhibiting lysosomal biogenesis. The activation of the complex depends on the recruitment of mTOR to lysosomes, where mTORC1 assembles. In turn, recruitment of LAMTOR1 to the lysosome is also required for mTORC1 signaling and is also palmitoylated (Sanders, Simone, and Thomas, 2019). Subsequently, LAMTOR1 has been shown to interact with ZDHHC3 (Tang et al., 2022). However, investigations involving palmitoylation-specific assays are required to confirm whether ZDHHC3 is the PAT regulating palmitoylation of LAMTOR1. Results from Sanders et al. suggest that the activity of mTORC1 is palmitoylation-dependent in heterologous cells and hippocampal neurons (Sanders, Simone, and Thomas, 2019). Although these studies did not look at autophagy specifically or neurodegeneration, this strongly suggests that mTORC signaling during autophagy likely requires palmitoylation, further confirming the role of palmitoylation of autophagy regulators in the nervous system. Altered palmitoylation may be linked to disruptions in the PI3K/AKT/mTOR pathway in AD and PD (reviewed in (Rai et al., 2019)).
5.2 PATs and proteostasis
Under nutrient starvation conditions, the Golgi complex disassembles and fragments. These fragments are delivered to autophagosomes for degradation by CALCOCO1 in a selective form of autophagy referred to as Golgiphagy (Nthiga et al., 2021). CALCOCO1 is localized to the Golgi through its interaction with ZDHHC17, via the zDHHC Ankyrin-repeat binding motif (zDABM). The Johansen group identified ZDHHC17 and ZDHHC13 as interactors of CALCOCO1 (Nthiga et al., 2021), which directly binds to ZDHHC17 on the Golgi and recruits the ATG8 family of proteins at its LC3-interacting region to promote autophagy-mediated degradation of Golgi. They also observed reduced degradation of the Golgi complex in CALCOCO1 KO HeLa cell lines that were supplemented with the mutant-zDABM CALCOCO1, incapable of interacting with ZDHHC17, suggesting an important role of ZDHHC17-CALCOCO1 interaction for degradation. They predict that since palmitoylation studies have not identified CALCOCO1 as a palmitoylation substrate, the ZDHHC17 regulation of Golgiphagy is likely palmitoylation-independent. However, it will be important to confirm and investigate the effect of palmitoylation on ZDHHC17-CALCOCO1 interaction during Golgiphagy.
That said, this is a particularly interesting new avenue of research connecting autophagy and PATs in a potentially palmitoylation-independent pathway. Although ZDHHC13 and ZDHHC17 are PATs, they have several palmitoylation-independent interactors, which remain to be characterized. For instance, ZDHHC17 binds another autophagy receptor, optineurin (OPTN), in a palmitoylation-independent manner (Butland et al., 2014). It is possible that the ZDHHC17-OPTN complex may regulate another form of selective autophagy.
5.3 Palmitoylation beyond huntingtin in Huntington Disease
HTT is a scaffold protein that is involved in various cellular processes, including autophagy (Ochaba et al., 2014; Gelman, Rawet-Slobodkin, and Elazar, 2015; Martin et al., 2015; Rui et al., 2015; Ashkenazi et al., 2017). The build-up of toxic mutant HTT (mHTT) aggregates has been suggested to stem from impaired autophagy that is disrupted at various stages in HD. One of the characteristics of HD is the accumulation of empty autophagosomes, which is linked to disrupted cargo recognition during autophagy (Martinez-Vicente et al., 2010). HTT is now known to play multiple roles in basal autophagy (Martin et al., 2014; 2015; Ochaba et al., 2014; Rui et al., 2015; Ashkenazi et al., 2017; Ehrnhoefer et al., 2018). HTT interacts with p62 and facilitates its association with LC3 thereby playing an integral role in autophagosome formation (Rui et al., 2015). All together, these reports now implicate a role for HTT in regulating basal autophagy independent from fasting-induced autophagy. Thus, many of the defects in autophagy in HD, may be due to a loss wildtype HTT function that is also disrupted by mutant HTT.
5.4 Palmitoylation of HTT
Although HD is caused by a polyQ expansion at the N-terminus of HTT, there is an enrichment of palmitoylated proteins in the HD-related proteins (Sanders et al., 2015), suggesting that this PTM may be playing an important role in disease pathogenesis. HTT is palmitoylated by ZDHHC17 at the C214 site (Yanai et al., 2006; Butland et al., 2014) and depalmitoylated by APT1 and APT2 (Lin and Conibear, 2015; Lemarié et al., 2021). It was recently reported that the palmitoylation of mHTT is reduced in HD mouse models which decreases further with age (Yanai et al., 2006; Lemarié et al., 2021). Importantly, treating mHTT-expressing cells with APT inhibitors can normalize mHTT palmitoylation levels. Moreover, improved palmitoylation levels reduced mHTT aggregation and cytotoxicity in COS-7 cells and cultured YAC128 mouse neurons (Lemarié et al., 2021). A similar study demonstrated that inhibition of depalmitoylation with the APT1 inhibitor ML348 restored neuropathology in HD CAG140 knock-in mice, suggesting that overall rescue of brain palmitoylation improves HD phenotype in the CAG140 mouse models (Virlogeux et al., 2021).
The increased clearance of mHTT promoted by inhibiting depalmitoylation may be linked to autophagy by making mHTT a better substrate or redirecting mHTT to the autophagosome while also aiding wildtype HTT regulate basal autophagy. Characterizing the role of palmitoylation in autophagy regulation is important and understanding this mechanism may provide a novel therapeutic target for HD. As such, further research in this area will shed light on the link between palmitoylation and autophagy in HD. A recent study has identified several new palmitoylation sites in full-length HTT, which may provide greater insight into how mHTT is targeted for degradation (Lemarié et al., 2023).
5.5 Autophagy dysregulation in Alzheimer Disease
Furthermore, several studies supporting the role of autophagy dysfunction in AD pathogenesis have been reported. The first evidence emerged in 2005 when the accumulation of autophagosomes was confirmed in AD patients’ brains by immunogold fluorescence and electron microscopy techniques suggesting impairment of later stages of autophagy, particularly autophagosome to lysosome maturation (Nixon et al., 2005). This is associated with elevated p62 levels in AD patients (W. Zhang et al., 2022). It was previously reported that the purified autophagosomes from the liver of transgenic mice overexpressing APP were enriched in APP, Aβ, and proteases and secretases involved in APP cleavage (Yu et al., 2004). These findings link the build-up of Aβ aggregates with impaired autophagy. Recently, elevated p62 levels were detected in the cerebrospinal fluid (CSF) from AD and frontotemporal dementia patients, further providing evidence of autophagy dysregulation in AD (Rubino et al., 2022).
The Aβ aggregates are known to activate the mTORC1 pathway resulting in the inhibition of autophagy (Caccamo et al., 2011). Evidence so far suggests that palmitoylation plays an integral role in AD pathogenesis and mTORC1 localization and activity. Therefore, further investigations are necessary to understand the specific role of palmitoylation in autophagy regulation in AD pathogenesis.
5.6 Autophagy dysregulation in Parkinson Disease
A recent palmitoyl-proteome study revealed dysregulation of palmitoylation in the cortex of Parkinson Disease (PD) patients, suggesting a role of palmitoylation and protein mislocalization in PD pathophysiology (Cervilla-Martínez et al., 2022). PD is characterized by the accumulation of alpha-synuclein and ubiquitin in intracytoplasmic inclusions called Lewy bodies (Nah, Yuan, and Jung, 2015). While about 5% of PD cases are hereditary, mutations in LRRK2 (Encoding leucine-rich repeat kinase 2, LRRK2) are considered to be one of the most common causes of genetic PD (Pang et al., 2022).
LRRK2 mutations lead to increased kinase activity (West et al., 2005) as well as the accumulation of autophagosomes (Alegre-Abarrategui et al., 2009; Bravo-San Pedro et al., 2013). Reduced co-localization of autophagosome and lysosomal markers suggests that LRRK2 mutations impair autophagosomal maturation to lysosomes (Sánchez-Danés et al., 2012). Interestingly, LRRK2 is predicted to be palmitoylated (Schapansky et al., 2014). Although they did not perform palmitoylation-specific assays, the group observed a decrease in dimerization of LRRK2 protein in total RAW264.7 cell lysates in response to treatment with 2-bromopalmitate, suggesting a potential role of palmitoylation in LRRK2 activity. Due to the broad off-target effects of 2-bromopalmitate, further investigations are necessary to characterize LRRK2 palmitoylation and its potential role in autophagy contributing to PD pathogenesis.
5.7 Autophagy dysregulation in ALS
Amyotrophic Lateral Sclerosis (ALS) is a fatal adult-onset progressive motor neuron disease characterized by the loss of upper (motor cortex, bulbar-onset) and lower (brainstem, spinal onset) motor neurons. About 5%–10% of ALS cases are inherited, categorized as familial ALS (fALS), while the remainder of ALS cases occur sporadically, referred to as sporadic ALS (sALS). Superoxide dismutase 1 (SOD1) was the first protein linked to ALS and mutations in the SOD1 gene lead to 20% of fALS cases (Trojsi et al., 2020). A palmitoyl-proteomic study revealed an enrichment of palmitoylation in ALS biomarkers (Sanders et al., 2015). Indeed, palmitoylation of the fALS-linked mutant form of SOD1 (G93A-SOD1) is increased in HEK293 and motor neuron cell lines, while SOD1 palmitoylation is increased in ALS patient spinal cord tissues (Antinone et al., 2013; 2017). In cells, increased palmitoylation of G93A-SOD1 was associated with increased ER retention and decreased SOD1 maturation.
Treatment of G93A-SOD1 mice with rapamycin, an inhibitor of the mTOR pathway, leads to the accumulation of autophagosomes and yet fails to reduce levels of toxic SOD1 mutants (Zhang et al., 2011). This may be due the increased autophagosomes already detected in the spinal motor neurons of G93A-SOD1 mutant transgenic mouse models compared to age-matched controls (A. Li, Zhang, and Le, 2008) and increased autophagic flux in ALS patient lymphoblasts bearing the SOD1 mutation (Lastres-Becker et al., 2021). Since palmitoylation of SOD1 mutant is dysregulated in ALS, it will be worth investigating how palmitoylation may be regulating the autophagic flux in ALS disease.
Since the identification of SOD1’s role in ALS, over 30 genes have now been linked to ALS, many of which are required for autophagy, while the vast majority have been identified in large palmitoyl-proteomic studies (Chen et al., 2012; Cirulli et al., 2015; Blanc et al., 2015; Sanders et al., 2015). In particular, the ZDHHC17 binding partner OPTN is highly associated with ALS. This provides another strong link to palmitoylation and ALS. Furthermore, a recent genome-wide meta-analysis reported a strong association between ALS and single nucleotide polymorphisms in ZDHHC6 (Iacoangeli et al., 2020). However, the actual role of these PATs in ALS remains unknown, therefore, it is worth investigating the role of palmitoylation on regulating ALS disease progression.
6 SEX DIFFERENCES IN PALMITOYLATION AND NEURODEGENERATION
Many neurodegenerative diseases, including AD, PD, and ALS, demonstrate sex differential etiology and diagnoses (Hanamsagar and Bilbo, 2016; Ullah et al., 2019). These sex differences are generally understudied; indeed, many therapeutic strategies are often tested in one sex over the other. As such, therapeutic strategies and a holistic understanding of disease is lacking, thus requiring an understanding of the underlying causes of sex differences. There is evidence to suggest one of these underlying causes is fatty acylation. There is a demonstrable sex difference in palmitoylation in the nervous system (Hohoff et al., 2019; Zaręba-Kozioł et al., 2021). Specifically, in a mouse model of ZDHHC7 knockout, there is a sex difference in hippocampal structure and synaptic transmission in the medial prefrontal cortex (Hohoff et al., 2019). Additionally, ZDHHC7 KO reduced anxiety-related behaviours in female mice, with no effect in males (Hohoff et al., 2019). A follow-up study compared synaptoneurosomes from male and female ZDHHC7 knockout mice for palmitoylation using mass spectrometry. Here, they found sex specifically regulated substrates of ZDHHC7 and their resulting palmitoylation, suggesting that the observed sex differences may arise from divergent substrate specificity of ZDHHC7 in male and female synapses (Zaręba-Kozioł et al., 2021).
Palmitoylation plays an important role in regulating sex hormone activity, particularly through regulating sex steroid receptors, presenting another underlying mechanism for palmitoylation to act on sex differences (Pedram et al., 2007; 2012; Cohen et al., 2021). Sex steroid receptors are transcription factors that work by activating or inhibiting gene expression, with secondary activity on rapid cellular mechanisms through membrane-bound receptor subtypes (Michels and Hoppe, 2008). Notably, both the androgen and estrogen receptors undergo S-palmitoylation and N-myristoylation (Acconcia et al., 2004; Marino and Ascenzi, 2006; Marino, Ascenzi, and Acconcia, 2006; Pedram et al., 2007; La Rosa et al., 2012). Myristoylation is similar to palmitoylation, but involves the irreversible co-translational addition of the 14 carbon fatty acid myristate to N-terminal glycines (Martin, Beauchamp, and Berthiaume, 2011). Both ZDHHC7 and ZDHHC21 palmitoylate the sex receptors (Pedram et al., 2012). Functionally, palmitoylation directs the sex steroid receptors to the cell membrane, a required step for transcriptional activity (Pedram et al., 2007). At the cell membrane, sex steroid receptors can have rapid effects on cell signaling processes (Acconcia et al., 2004). Once sex steroid receptors are transported to the nuclear membrane, they can enter and bind to DNA, regulating transcription.
There is increasing evidence suggesting that palmitoylation-derived sex differences contribute to neurodegeneration. However, current evidence linking the two is limited and palmitoylation-induced sex differences need to be further explored as a source of sexually dimorphic disease phenotypes.
7 CONCLUSION
It will be important that palmitoylation continue to be studied in the context of neurodegenerative disease. Palmitoylation is particularly relevant in post-mitotic cells, such as neurons, due to its reversibility. This reversibility makes palmitoylation a prime candidate for treatment in neurodegenerative diseases. Importantly, palmitoylation can impact cellular functions and phenotypes in neurodegeneration through several pathways, particularly protein turnover and autophagy. Autophagy is dysregulated in many neurodegenerative diseases, and many proteins involved are predicted or confirmed to be palmitoylated. Palmitoylation also interacts with other posttranslational modifications, which is another potential target in neurodegeneration. The enzymes regulating palmitoylation and depalmitoylation are also potential targets in specific diseases. For example, DLK is required for the retrograde prodegenerative signal along axons after injury in a palmitoylation-dependent manner. As highlighted above, DLK is palmitoylated by ZDHHC17. Furthermore, inhibiting DLK kinase activity has emerged as a target in multiple neurodegenerative diseases and spinal cord injury and kinase inhibitors have moved into clinical trials. Recent work from the Thomas Group has shown that blocking DLK palmitoylation is as effective as inhibiting kinase activity itself (Holland et al., 2016), and have designed high throughput drug screens to identify novel small molecules that target DLK palmitoylation (Martin et al., 2019). Indeed, targeting kinase activity tends to lead to off-target inhibition of closely related kinases but targeting DLK palmitoylation may result in more specific inhibition. Thus, understanding the molecular mechanisms of palmitoylation in neurons is likely to lead to new therapeutics or targets in neurodegenerative diseases. Ravikumar et al., 2004, Tamura et al., 2021.
As the field of palmitoylation grows and we begin to match more palmitoylation substrates with their ZDHHCs, and better understand how the interrelationship of palmitoylation and other PTMs contribute to the pathogenesis in neurodegeneration, we will be able to fully identify novel therapeutic targets.
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PORCN 2020 Monomer n/a Galli et al. (2021)
PORCN 2020 Monomer n/a Yu et al. (2021)
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DGAT1 2020 Dimer 6VPO Wang et al. (2020)
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LPCAT3 2021 Dimer 7F3X, 7F40 Zhang et al. (2021)
HHAT 2021 Monomer 7QIU, 7Q6Z Coupland et al. (2021)
HHAT 2021 Monomer TMHY Jiang et al. (2021)
HHAT 2022 Monomer 7URE Liu et al. (2022)
PORCN 2022 Monomer 7URA, 7URC, Liu et al. (2022)
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NuPAGE LDS Sample Buffer (4X) Thermo Fisher Scientific #NP0007
NuPAGE Transfer Buffer (20X) Invitrogen #NP00061
NuPAGE Novex 3%-8% Tris-Acetate gels Thermo Fisher Scientific #EA0375
PROTEAN II xi Cell system Bio-Rad #1651804
Protein Assay Reagent A Bio-Rad #5000113
Protein Assay Reagent B Bio-Rad #5000114
Tween 20 Thermo Fisher Scientific #BP337-500
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