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Abstract

Protein depalmitoylation describes the removal of thioester-linked long chain fatty acids from 

cysteine residues in proteins. For many S-palmitoylated proteins, this process is promoted by acyl 

protein thioesterase enzymes, which catalyze thioester hydrolysis to solubilize and displace 

substrate proteins from membranes. The closely related enzymes acyl protein thioesterase 1 

(APT1; LYPLA1) and acyl protein thioesterase 2 (APT2; LYPLA2) were initially identified from 

biochemical assays as G protein depalmitoylases, yet later were shown to accept a number of S-

palmitoylated protein and phospholipid substrates. Leveraging the development of isoform-

selective APT inhibitors, several studies report distinct roles for APT enzymes in growth factor 

and hormonal signaling. Recent crystal structures of APT1 and APT2 reveal convergent acyl 

binding channels, suggesting additional factors beyond acyl chain recognition mediate substrate 

selection. In addition to APT enzymes, the ABHD17 family of hydrolases contribute to the 

depalmitoylation of Ras-family GTPases and synaptic proteins. Overall, enzymatic 

depalmitoylation ensures efficient membrane targeting by balancing the palmitoylation cycle, and 

may play additional roles in signaling, growth, and cell organization. In this review, we provide a 

perspective on the biochemical, structural, and cellular analysis of protein depalmitoylases, and 

outline opportunities for future studies of systems-wide analysis of protein depalmitoylation.
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Introduction

S-palmitoylation describes the addition of a long-chain fatty acid to a cysteine residue via a 

thioester linkage (Tom and Martin 2013). This hydrophobic post-translational modification 

promotes the membrane tethering, trafficking, and localization of a significant fraction of 

membrane-associated proteins. While the term “S-palmitoylation” implies exclusive 

modification by 16:0 fatty acids, the cellular profile of fatty acylated cysteine residues likely 

includes a variety of long chain fatty acids with differing unsaturation (Liang et al. 2001; 

Thinon et al. 2016; Greaves et al. 2017), and is interchangeably used with the term “S-
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acylation”. Protein S-palmitoylation is catalyzed by a family of protein acyl transferases, 

termed zDHHC enzymes due to their predicted Zn2+-binding and conserved Asp-His-His-

Cys motif (Lobo et al. 2002; Fukata et al. 2004; Gottlieb et al. 2015). These multipass 

transmembrane proteins catalyze acyl transfer from long chain fatty acyl-CoAs to cysteine 

residues in proteins. Humans express 23 zDHHC enzymes that influence many diverse 

cellular pathways. For example, deletion of zDHHC5 blocks neuronal stem cell 

differentiation (Li et al. 2012). In addition, zDHHC5 and its close homologue zDHHC8 

localize to synapses in neurons (Thomas et al. 2012) where they influence activity-

dependent endocytic trafficking, excitability, and synaptic connectivity (Brigidi et al. 2015). 

In addition, zDHHC2 palmitoylates Src-family kinases (Zeidman et al. 2011), while 

inhibition of close homologue zDHHC20 prevents EGFR S-palmitoylation and enhances the 

action of EGFR inhibitors (Runkle et al. 2016). zDHHC9 is reported to S-palmitoylate Ras 

(Swarthout et al. 2005; Chai et al. 2013), and is genetically linked to X-linked mental 

retardation (Raymond et al. 2007). Across dozens of publications, zDHHC enzymes have 

emerged as critical regulators of protein S-palmitoylation and membrane targeting (Tom and 

Martin 2013; Lemonidis et al. 2015).

Perhaps the most intriguing aspect S-palmitoylation is its reversibility, since thioester 

hydrolysis eliminates the fatty acyl anchor to modulate membrane localization and/or 

function. For example, cycles of acylation and deacylation are required for the plasma 

membrane association of Ras-family small GTPases and G proteins (Buss and Sefton 1986; 

Hancock et al. 1989; Linder et al. 1993), establishing a distinct mode of peripheral 

membrane protein directionality dependent on a continuous palmitoylation cycle (Rocks et 

al. 2005; Rocks et al. 2010). Indeed, pharmacological inhibition with promiscuous inhibitors 

of either zDHHC PATs or depalmitoylases block the plasma membrane targeting of Ras and 

G proteins (Webb et al. 2000; Rocks et al. 2010; Martin and Lambert 2016). Microinjection 

of semi-synthetic fluorescently-labeled S-palmitoylated Ras rapidly redistributes to the 

Golgi, which is established as the destination of depalmitoylated Ras (Rocks et al. 2005). 

Based on these findings, peripheral membrane protein S-palmitoylation requires a balanced 

cycle of both zDHHC enzymes and depalmitoylating enzymes for efficient transport along 

the flux of the secretory pathway towards the plasma membrane (Rocks et al. 2010). 

Furthermore, both Ras and G proteins are rapidly depalmitoylated in their GTP-bound state 

(Mumby et al. 1994; Wedegaertner and Bourne 1994; Willumsen et al. 1996), which 

coincides, but is not required for agonist dependent-internalization to internal membranes 

(Martin and Lambert 2016). Based on these examples, constitutive protein S-palmitoylation 

is required for proper trafficking of many peripheral membrane proteins, but may also 

function as a reversible signal analogous to protein phosphorylation (Figure 1). For example, 

serum, growth factor, or phorbol ester addition triggers deacylation of a 64 kD protein in 

[3H]-palmitate labeled mouse BH3C1 cells (James and Olson 1989), which in light of more 

recent proteomics studies (Martin et al. 2011), likely corresponds to depalmitoylation of 

metadherin, a major driver of cancer and metastasis (Wan L and Kang 2013). Therefore, 

external stimuli trigger either direct activation of depalmitoylases, or facilitate 

conformational changes that enhance depalmitoylase accessibility, which then tip the 

balance of the palmitoylation cycle to reorganize membrane distribution and signaling 

outputs.
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While this model is appealing, a number of fundamental questions remain, such as 1) what 

enzymes catalyze depalmitoylation of different S-palmitoylated proteins, 2) what, if 

anything, triggers their activation, and 3) is there a coincident dysregulation of protein acyl 

transferase enzymes to block re-palmitoylation? In addition to peripheral membrane 

proteins, many integral membrane proteins such as channels, receptors, and adhesion 

proteins also require S-palmitoylation for proper activation, sensitization, or microdomain 

localization. Given the ever-expanding number of bona fide S-palmitoylated proteins (Blanc 

et al. 2015), how broad is the role for depalmitoylases in regulating S-palmitoylation 

stability? What is the scope of enzymatic depalmitoylation compared with the intrinsic 

hydrolysis of the high-energy thioester linkage? Through the development of new methods 

and model systems, these questions are central to understanding the role of dynamic S-

palmitoylation in physiological systems.

Assays for depalmitoylation

Protein S-palmitoylation was first reported nearly 40 years ago (Schlesinger et al. 1980), but 

even the most basic experiments were hindered by the limitations of [3H]-palmitate labeling. 

The low radioactivity and incorporation efficiency typically required weeks to return results 

for a single experiment (Tsai et al. 2014). Furthermore, assaying [3H]-palmitate 

incorporation requires immunoprecipitation of a single protein, limiting the scope of the 

analysis to only specific hypotheses. Nonetheless, [3H]-palmitate metabolic labeling is the 

most accepted method for studying S-palmitoylation, particularly for measuring stability in 

pulse-chase assays. In this approach, cells are labeled with [3H]-palmitate for a fixed amount 

of time, followed by washes and incubation in media supplemented with excess unlabeled 

palmitic acid (Tsai et al. 2014). After immunoprecipitation and SDS-PAGE, the rate of 

palmitate turnover on a specific protein can be quantified by autoradiography. Through such 

analysis, the rate of protein S-palmitoylation turnover is generally faster than the rate of 

protein turnover, establishing that multiple S-palmitoylation and depalmitoylation events 

occur throughout the lifetime of an S-palmitoylated protein (Martin et al. 2011). Thus, 

different PATs and APT enzymes may function at different stages of protein trafficking to 

promote plasma membrane delivery and residency.

The recent development of non-radioactive detection methods has rejuvenated interest in S-

palmitoylation, providing simple methods that accelerate the identification and quantitation 

of S-palmitoylated proteins (Hang et al. 2007; Martin and Cravatt 2009). The primary 

method for biochemical analysis of S-palmitoylation uses hydroxylamine to hydrolyze all 

thioesters across the proteome, followed by capture of the newly liberated thiols (Drisdel 

and Green 2004; Wan J et al. 2007; Kang et al. 2008). These hydroxylamine-switch methods 

begin with reduction of disulfides with tris(2-carboxyethyl)phosphine (TCEP), followed by 

treatment with maleimide to alkylate all reduced thiols. Next, neutral hydroxylamine is 

added to hydrolyze thioesters, which coincidentally hydrolyzes other mechanistic protein-

linked thioesters including ubiquitin ligases and lipoamide-dependent dehydrogenases. Any 

hydroxylamine sensitive thiols are then captured using a pyridyl-disulfide biotin conjugate 

for streptavidin-resin enrichment (biotin-exchange) or captured directly with pyridyl-

disulfide resin (Acyl-resin assisted capture; Acyl-RAC) for further analysis (Forrester et al. 

2011). Pyridyl-disulfide resin capture has at least three advantages. First, it limits capture to 
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hydroxylamine-sensitive thioesters, and does not capture products from other ester or other 

functional groups. Second, the captured disulfide adduct is easily reversible by TCEP, 

allowing simple elution for gel-based or proteomic analysis of site-specific S-palmitoylation. 

Finally, since these methods avoid metabolic labeling, primary tissues can be readily 

analyzed to provide a snapshot of the steady state levels of S-palmitoylation. Most 

importantly, biotin-exchange and acyl-RAC have enabled mass spectrometry-based 

discovery and analysis across hundreds of S-palmitoylated proteins, allowing correlated 

annotation of the exact sites of S-palmitoylation (Forrester et al. 2011). Such large-scale 

profiling efforts provide long lists of putative S-palmitoylated proteins, which warrant 

additional biochemical validation. This is somewhat mitigated by the S-palmitoylation 

database SwissPalm (Blanc et al. 2015), which provides a searchable platform to qualify 

candidates across published datasets and compare data from distinct experimental systems, 

enrichment methods, and laboratories.

The commercially available alkynyl fatty acid derivative 17-octadecynoic acid (17-ODYA) 

provides a second non-radioactive approach for detecting S-palmitoylation (Charron et al. 

2009; Martin and Cravatt 2009; Hernandez et al. 2013). After addition to the cell culture 

media, cells process the free alkynyl fatty acid to form the coenzyme A (CoA) conjugate, 

which then serves as a substrate for enzymatic transfer to endogenous sites of S-

palmitoylation. Cells collected at different time points are then lysed and conjugated by 

copper-catalyzed azide alkyne cycloaddition (CuAAC) to reporter-linked azides 

(fluorophores or biotin) for gel-based or mass spectrometry analysis. Saturated incorporation 

typically occurs in a few hours, although shorter time points can probe more rapid acylation 

events. For mass spectrometry-based analysis, lysates are conjugated to biotin-azide for 

streptavidin enrichment, and comparative mass spectrometry is performed using 

hydroxylamine-treated or palmitic acid treated samples as controls. Additional precautions 

are necessary to prevent thioesterase hydrolysis during sample preparation, including 

addition of generic esterase inhibitors, limiting total sample processing time, and careful 

monitoring of the pH of all reagents (Martin 2013). Several proteomic studies report 

bioorthogonal alkynyl-fatty acid labeling for profiling S-palmitoylation, including analyses 

in immune cells (Yount et al. 2010; Martin et al. 2011; Li et al. 2012), epithelial cells 

(Hernandez et al. 2016), and protozoa (Jones et al. 2012; Foe et al. 2015). Importantly, 

alkynyl-fatty acid labeling provides a natural complement to hydroxylamine-switch 

methods, establishing two distinct enrichment methods for more confident analysis.

Alkynyl-fatty acid metabolic labeling has opened new opportunities for non-radioactive 

profiling of dynamic changes in S-palmitoylation. For example, Lck S-palmitoylation 

turnover in Jurkat T-cells was assayed using alkynyl-fatty acid pulse-chase methods and 

quantified by in-gel fluorescence (Zhang et al. 2010). Surprisingly, Lck depalmitoylation 

was accelerated after treatment with the phosphatase inhibitor pervanadate, yet stabilized by 

incubation with the non-selective hydrolase inhibitor methyl arachidonyl fluorophosphonate 

(MAFP). Thus, activated T-cells increase Lck S-palmitoylation cycling, which is dependent 

on one or more MAFP-sensitive thioesterase enzymes.

Using similar pulse-chase methods, proteome-wide S-palmitoylation dynamics were profiled 

by quantitative proteomics in a mouse B-cell line (Martin et al. 2011). Using stable isotope 
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labeling with amino acids in cell culture (SILAC) methods, matched “light” and “heavy” 

replicates were labeled with 17-ODYA over a 2 hr pulse. One of the samples was then 

further incubated with 10-fold excess palmitic acid in the presence of the translation 

inhibitor cycloheximide. After combining the two samples together, the pooled lysates were 

conjugated to biotin-azide for enrichment and quantitative proteomic analysis. While most 

S-palmitoylated proteins cycled palmitate at a uniform rate in the pulse-chase assay, a subset 

of proteins demonstrated accelerated turnover, including G proteins, Ras-family GTPases, 

and a number of cell polarity proteins. Furthermore, treatment with the non-selective lipase 

inhibitor hexadecylfluorophosphonate (HDFP) stabilized the same subset of dynamically S-

palmitoylated proteins, confirming direct enzymatic contribution to S-palmitoylation 

dynamics on key signaling and polarity scaffolding proteins. Based on these results, the 

majority of S-palmitoylated proteins undergo basal hydrolysis, while a small subset of S-

palmitoylated proteins are rapidly depalmitoylated by HDFP-sensitive lipases.

Alkynyl fatty acid labeling has several inherent limitations, primarily the direct 

incorporation of the labeled fatty acid across a variety of phospholipids. Longer incubation 

times lead to more extensive alkynyl-fatty acid incorporation into phospholipid pools (Thiele 

et al. 2012), reducing the effectiveness of any later chase with free palmitate. This pulse-

chase suppression potentially excludes a number of proteins from dynamic analyses. 

Furthermore, addition of palmitate has major effects on cellular metabolism. For instance, 

addition of 500 µM palmitate to human primary melanocytes expressing the variants of the 

melanocortin 1 receptor (MC1R) increased cAMP levels by almost 3-fold, potentially 

through direct enhancement of GPCR S-palmitoylation (Chen et al. 2017). Exogenous fatty 

acids also increase cellular acyl-CoA levels (Greaves et al. 2017), which may enhance S-

palmitoylation levels by driving zDHHC activity or by non-enzymatic thioester exchange 

with accessible cysteine residues. For example, 17-ODYA in the presence of 2-

bromopalmitate (a non-selective palmitoylation inhibitor) only partially reduces 

incorporation of the 17-ODYA (Davda et al. 2013). Therefore, non-enzymatic palmitoylation 

levels may be enhanced by 17-ODYA incubation, elevating acyl-CoA pools to driving non-

physiological thioester exchange to enhance levels of S-acylation.

Another major caveat is metabolic labeling can only occur at accessible, reduced cysteines. 

Thus, stable S-palmitoylated cysteines are essentially invisible, since they do not turnover to 

present a free thiol substrate for zDHHC PAT enzymes. Accordingly, the more stable S-

palmitoylation site, the more challenging it is to assay by metabolic labeling. In addition, 

high palmitate levels can induce oxidative stress (Xu S et al. 2015), which may trap 

depalmitoylated thiols as oxidized disulfides or glutathione adducts. Different zDHHC 

enzymes have also been shown to prefer different fatty acyl-CoAs (Greaves et al. 2017), 

suggesting an additional level of diversity that could select against a single alkynyl fatty acid 

species to bias probe incorporation. Varying the acyl length of the alkynyl reporter revealed 

different acyl preferences, particularly since terminal azide conjugates surprisingly have 

little influence on zDHHC acyl specificity (Greaves et al. 2017). Moreover, any differential 

turnover rates between distinct sites in the same protein are effectively averaged in shotgun 

proteomics experiments, since there are no robust mass spectrometry methods to broadly 

profile fatty S-acylated peptides. [3H]-palmitate can be elongated or shortened by ß-

oxidation, further diversifying the labeled acyl species. This is particularly problematic when 
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17-ODYA is shortened to 13-tridecynoic acid or 15-pentadecynoic acid, which can be 

enzymatically incorporated into N-myristoylation sites (Hang et al. 2007; Martin and Cravatt 

2009). Despite these pitfalls, metabolic labeling remains the only approach to profile S-

palmitoylation dynamics, on select proteins or across the proteome.

Palmitoyl protein thioesterase 1

Several early reports demonstrated enhanced depalmitoylation upon hormonal stimulation, 

suggesting activation of specific depalmitoylases might regulate intracellular signaling 

pathways (Wedegaertner and Bourne 1994; Willumsen et al. 1996; Wang et al. 2015). For 

example, both Ras and G proteins are more rapidly depalmitoylated after activation, which 

was believed to contribute to more efficient internalization. Several candidate 

depalmitoylating enzymes were later identified by activity-guided fractionation and 

purification from soluble tissue homogenates (Camp and Hofmann 1993; Duncan and 

Gilman 1998). While technically feasible, this approach excluded analysis of any 

membrane-bound depalmitoylating enzymes.

Nonetheless, the lysosomal hydrolase PPT1 was identified as the most robust H-Ras 

depalmitoylase in vitro (Camp and Hofmann 1993). PPT1 was later found to localize 

exclusively in lysosomes and late endosomes (Verkruyse and Hofmann 1996), functionally 

separating PPT1 from depalmitoylase activity in the cytosol or on plasma membrane. PPT1 

is one of 14 genes genetically linked to the family of human neuronal ceroid lipofuscinosis 

(NCL) lysosomal storage diseases, characterized by accumulation of lysosomal 

autofluorescent storage material, neurodegeneration, and childhood mortality (Vesa et al. 

1995). Interestingly, while not localized in the lysosome, mutations in cysteine string protein 

alpha gene (CSPα) also lead to NCL (Greaves et al. 2012). CSPα is multiply S-

palmitoylated, and functions as a HSC70 interacting J-protein important for protein folding 

and synaptic vesicle function. In CSPα mutant cells, PPT1 is highly over-expressed 

(Henderson et al. 2016). Furthermore, PPT1 can depalmitoylate CSPα in vitro, which is 

reported to lead to the formation of insoluble aggregates. Acyl-RAC analysis of CSPα 
mutant cells revealed decreased S-palmitoylation of several synaptic proteins and neuronal 

signaling proteins. Overall, PPT1 is likely not contributing to plasma membrane 

depalmitoylation, but could play a role in vesicular depalmitoylation and lysosomal 

degradation of S-palmitoylated proteins.

Acyl protein thioesterases

The reported lysophospholipase LYPLA1 was identified by screening soluble tissue 

homogenates for G protein depalmitoylase activity (Duncan and Gilman 1998), and 

subsequently renamed acyl protein thioesterase 1 (APT1). In addition to its depalmitoylase 

activity, APT1 hydrolyzes a broad profile of lysophospholipids and other long-chain mono-

acyl glycerol esters, albeit at a lower catalytic efficiency than high-energy S-palmitoylated 

substrates (Sugimoto et al. 1996; Hedberg et al. 2011). Since APT1 was first reported before 

the development of RNAi methods, much of the first decade of depalmitoylase research 

relied on in vitro biochemistry or over-expression studies. Over-expression of APT1 

enhances the depalmitoylation of small GTPases (Dekker et al. 2010; Kong et al. 2013), 
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endothelial nitric oxide synthase (Yeh et al. 1999), and a number of other peripheral 

membrane proteins in transfected cells. Such over-expression could lead to a number of 

potential artifacts, either by disruptive fusion of epitope tags or fluorescent proteins, or 

through saturation of binding partners at non-physiological expression levels. If the enzyme 

concentration increases much beyond physiological levels, the rate of substrate hydrolysis 

will also increase, and potentially promote depalmitoylation of non-physiological substrates. 

In addition, over-expression could also impart non-physiological depalmitoylase activity to 

otherwise dedicated lipid modifying enzymes, particularly since thioesters are high energy 

bonds readily hydrolyzed by even weak nucleophiles. Over-expressing candidate S-

palmitoylated substrates is also problematic, since high expression levels can approach the 

enzyme Km, yielding measureable APT1-dependent depalmitoylation of non-native 

substrates. Even so, APT1 can depalmitoylate a number of proteins in cells. In fact, the 

neuronal microRNA mi138 modulates APT1 levels in synaptic spines, which decreases 

Gα13 S-palmitoylation to reduce spine volume (Siegel et al. 2009).

In addition to APT1, vertebrates express the highly similar depalmitoylase APT2, (68% 

identical, 81% similar). APT2 also hydrolyzes lysophospholipids (Toyoda et al. 1999), but in 

contrast to APT1, it also hydrolyzes prostaglandin glycerol esters (Manna et al. 2014). Both 

APT1 and APT2 act as efficient depalmitoylases in vitro (Hedberg et al. 2011), and are 

presumed to broadly regulate S-palmitoylation and trafficking of peripheral membrane 

proteins in cells. Unfortunately, there are no high quality commercial sources of APT1 and 

APT2 antibodies, since they are likely poorly immunogenic due to nearly exact conservation 

across most mammals, including mice, rabbits, and humans. Thus, most studies on APT1 

and APT2 localization have used GFP or epitope fusions for subcellular analysis. The 

literature consensus reveals both enzymes are primarily cytoplasmic, although partially 

localized on internal membranes (Vartak et al. 2014) or in some instances on the plasma 

membrane (Kong et al. 2013; Adachi et al. 2016). Both APT1 and APT2 share a cysteine at 

the second position immediately following the initiator methionine, and are reportedly both 

S-palmitoylated (Yang et al. 2010; Kong et al. 2013; Vartak et al. 2014). After removal of the 

initiator methionine, if the N-terminus is not acetylated, it may readily undergo N-acyl 

transfer to form a stable amide linkage. Interestingly, APT1 S-palmitoylation has been 

reported in only one proteomics experiments using hydroxylamine switch methods, but 

never by alkynyl fatty acid labeling (Yang et al. 2010; Blanc et al. 2015). APT1 and APT2 

are expressed and active across nearly all tissues (Bachovchin et al. 2010; Abrami et al. 

2017), yet their absence in most large-scale profiling efforts suggests they may not be 

stoichiometrically S-palmitoylated. This low-level S-palmitoylation may be linked to an 

alternative translational start site (potentially Met-6) or possibly through auto-

depalmitoylation. Nonetheless, knockdown of either APT1 or APT2 promotes plasma 

membrane association of the other APT enzyme, suggesting an interdependent S-

palmitoylation cycle (Kong et al. 2013).

It also remains unclear if APT1 and APT2 are functionally redundant or hydrolyze distinct 

substrates. While APT1 over-expression has no effect on GAP-43 S-palmitoylation, APT2 

over-expression promotes more rapid GAP-43 depalmitoylation in cells (Tomatis et al. 

2010). In another example, APT2 (but not APT1) is essential for depalmitoylation and 

stabilization of zDHHC6 (Abrami et al. 2017), which is important for efficient S-
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palmitoylation of calnexin cytoplasmic domains, as well as a number of other S-

palmitoylated ER proteins. Additionally, agonist-dependent S-palmitoylation of the β2-

adrenergic receptor is reversed by APT1, but not APT2 (Adachi et al. 2016). Clearly, APT1 

and APT2 either access a different pool of substrates or are mechanistically directed toward 

select S-acylated proteins.

Based on their predicted role in regulating peripheral membrane protein localization, 

peptidomimetic inhibitors of APT1 were synthesized that upon microinjection could 

mislocalize N-Ras away from the plasma membrane (Deck et al. 2005). Based on these 

studies, derivatives of the generic natural product lipase inhibitor tetrahydrolipstatin were 

identified that potently inhibited both APT1 and APT2 (Dekker et al. 2010). The β-lactone 

mechanism-based inhibitors Palmostatin B and the choline-derivative Palmostatin M 

(Hedberg et al. 2011) were developed as dual inhibitors of both APT enzymes. Palmostatin 

B treatment led to accumulation of N-Ras on internal membranes, as well as partial rescue 

of E-Cadherin membrane localization (Dekker et al. 2010). Interestingly, knockdown of 

APT1 was not sufficient to reproduce the pharmacological effects to statistical significance, 

demonstrating possible compensatory mechanisms, either by APT2 or by other unannotated 

depalmitoylating enzymes. Single cell studies revealed altered trafficking dynamics of over-

expressed N-Ras fluorescent protein fusions and microinjection of semi-synthetic, 

fluorescently labeled N-Ras. Upon growth factor stimulation, Palmostatin B treated cells 

showed reduced Ras activation on the Golgi. Later studies demonstrated selective growth 

inhibition of N-Ras, but not K-Ras driven growth of myeloid progenitors (Xu J et al. 2012). 

Accordingly, Palmostatin B directly modulates N-Ras localization and activity by disrupting 

the Ras palmitoylation cycle (Grecco et al. 2011).

While Palmostatin B demonstrates high potency against both APTs (IC50 < 5 nM) (Hedberg 

et al. 2011), phenotypic effects often require > 20 µM (Dekker et al. 2010; Yokoi et al. 2016; 

Hernandez et al. 2017). Early studies suggested that Palmostatin derivatives are highly 

unstable in serum, requiring repeated cycles of inhibitor addition to maintain inactivation 

(Siegel et al. 2009). Nevertheless, this compound has been used in numerous studies to 

profile APT1 and APT2 function. For instance, Palmostatin B addition accelerated the 

incorporation of the 17-ODYA in Lck in unstimulated T-cells (Akimzhanov and Boehning 

2015). However, the compound failed to block depalmitoylation once the cells were 

stimulated with Fas ligand. The authors suggested that there may be distinct pools of 

depalmitoylases once the receptors are activated. In addition, the neuronal RGS-binding 

protein R7BP accelerates the deactivation of Gi/o proteins. Inhibition with Palmostatin B or 

HDFP both redistributed R7BP from the plasma membrane to endomembranes, disrupted 

association with G protein-regulated inwardly rectifying potassium (GIRK) channels, and 

slowed GIRK channel closure (Jia et al. 2014). Importantly, knockdown of both APT1 and 

APT2 had no effect on GIRK inactivation, suggesting the presence of additional 

depalmitoylating enzymes. Chronic lymphocytic leukemia (CLL) B-cells express nearly 10-

fold more APT2 and 2-fold more APT1. Palmostatin B treatment or APT knockdown 

increased CD95-mediated apoptosis (Berg et al. 2015). Activity-based protein profiling 

(ABPP) studies later demonstrated that Palmostatin B is not exclusive for APT1/APT2, and 

inactivates a number of other lipid processing serine hydrolases with somewhat weaker 

potency, including ABHD6, ABHD16A, ABHD17A-C, PNPLA6, and FASN (Lin and 

Won et al. Page 8

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conibear 2015). Accordingly, Palmostatin B should be used only as a generic 

depalmitoylase inhibitor, with an understanding that multiple enzymes are blocked at 

concentrations required for sustainable depalmitoylase inhibition, and the biological 

outcomes may reflect polypharmacology summed across many enzymes.

Despite these issues, Palmostatin B remains a popular tool for blocking depalmitoylase 

activity, and even attenuates depalmitoylation in vivo after intraperitoneal injection (Chen et 

al. 2017). The MC1R G-protein-coupled receptor triggers melanin production and enhances 

DNA repair after ultraviolet irradiation. Mice with red hair MC1R variants have reduced 

MC1R S-palmitoylation, weaker cAMP stimulation, and are more susceptible to developing 

melanoma. Remarkably, intraperitoneal injection of Palmostatin B (10 mg kg−1) prior to UV 

irradiation increased MC1R S-palmitoylation and clearance of DNA photoproducts while 

reducing tumor growth. While Palmostatin B is promiscuous, at this relatively low-dose, 

APTs are likely to be the primary targets. APT inhibition also prevents melanoma tumor cell 

invasion by regulating the S-palmitoylation of the polarity organizing protein MCAM (Wang 

et al. 2015). Wnt5a stimulation promotes APT1-dependent depalmitoylation of MCAM, 

inducing asymmetric MCAM localization to promote a more invasive state. Taken together, 

APT inhibitors may be valuable prophylactics in topical sunscreens to prevent melanoma. 

Nonetheless, the APT1 and APT2 inhibitors ML348 and ML349 had no effect on MAPK 

signaling or growth across several N-Ras-dependent melanoma cell lines (Vujic et al. 2016), 

demonstrating APT activity is not essential across all cancers stages or cell types.

A number of more selective APT inhibitors have been developed with more drug-like 

properties. Isoform-selective inhibitors of APT1 (ML348, Ki = 280 nM) and APT2 (ML349, 

Ki = 120 nM) were identified by high throughput screening using a competitive fluorescence 

polarization assay (Adibekian, Martin, et al. 2010b, 2010a; Adibekian et al. 2012). These 

inhibitors share a common piperazine-amide scaffold, but diverge through additional 

modifications to impart isoform selectivity. For example, APT1 inhibitor, ML348 has 

piperazine amide adjacent to a furanyl group but APT2 inhibitor, ML349 has a thiophene 

conjugated to thiochromane 1,1-dioxide. These isoform-selective inhibitors are active in vivo 
following intraperitoneal injection, and engage their respective targets across all major 

tissues (Adibekian et al. 2012). Furthermore, chemical proteomics analysis of biotin-

conjugated ML349 confirmed largely selective inhibition across the proteome at low 

micromolar concentrations (Won et al. 2017). Other covalent APT1/APT2 dual inhibitors 

have been reported, including the commercially available triazole urea ML211 (Adibekian, 

Martin, Speers, et al. 2010; Adibekian et al. 2011) and the N-hydroxyhydantoin carbamate 

ML378 (Hulce et al. 2010; Cognetta et al. 2015). ML211 is more potent, yet the higher 

reactivity reflects a smaller selectivity window limiting in vivo applications. ML378 also 

inhibits ABHD6 and FAAH in mouse brain homogenates, yet selective inhibitors to ABHD6 

and FAAH can be used as anti-target controls. Based on our studies, we highly recommend 

ML348 and ML349 as probes for exploring APT function in cells and model organisms 

(Figure 2).

Arguably, the development of APT inhibitors has outpaced detailed biochemical analysis of 

APT function in cells. According to pulse-chase S-palmitoylation proteomics studies, the 

tumor suppressor Scribble (Scrib) demonstrated the fastest S-palmitoylated turnover in 
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aggressive B-cell hybridoma cells (Martin et al. 2011). Importantly, this turnover was 

completely blocked by treatment with the non-selective lipase inhibitor HDFP. Originally 

identified in Drosophila, the cell polarity tumor suppressor Scrib has emerged as a central 

regulator of cell growth, invasion, and malignancy (Bilder and Perrimon 2000; Dow et al. 

2003; Feigin et al. 2014). While Scrib is not widely mutated in cancers, its mislocalization 

and amplification are clinically correlated with high-grade cervical carcinomas (Nakagawa 

and Huibregtse 2000; Nakagawa et al. 2004), as well as malignant colon (Gardiol et al. 

2006), prostate (Pearson et al. 2011), breast cancers (Zhan et al. 2008; Pearson et al. 2011), 

and other epithelial cancers (Vaira et al. 2011) (Figure 3A). In addition, Scrib+/− 

heterozygous male mice develop widespread epithelial hyperplasia (Pearson et al. 2011), and 

MMTV-driven conditional knockout of Scrib in female mice induces breast hyperplasia and 

widespread tumor formation (Feigin et al. 2014).

In order to explore the mechanism of Scrib membrane mislocalization in cancer, cells were 

engineered cells to over-express the epithelial to mesenchymal transition transcription factor 

(EMT-TF) Snail. Snail reprograms cells to transform to a more stem cell-like state, which 

eliminates basolateral polarity and leads to Scrib translocation from membrane to the cytosol 

(Cordenonsi et al. 2011) (Figure 3B). Importantly, Scrib fusion to a C-terminal CAAX 

prenylation motif is reported to rescue plasma membrane localization and reduces levels of 

activated TAZ (Cordenonsi et al. 2011), the central transducer of the Hippo signaling 

pathway. Without its plasma membrane localization, Scrib no longer represses Ras/MAPK-

driven cell invasion and EMT phenotypes, yet retains the ability to suppress anchorage-

independent growth (Elsum and Humbert 2013). Interestingly, Snail expression in either 

MDCK or MCF10A cells led to the repression of select zDHHC protein acyl transferases 

and increased expression of the depalmitoylase APT2, suggesting Snail initiates a 

transcriptional program that directly targets the S-palmitoylation cycle (Hernandez et al. 

2016; Hernandez et al. 2017). When Snail over-expressing cells are treated with the APT2 

inhibitor ML349 or APT2 siRNAs, Scrib localization is largely restored to the plasma 

membrane, rescuing markers of cell polarity and suppressing MAPK signaling (Hernandez 

et al. 2017) (Figure 3C). ML349 had no effect on Ras-GTP levels, but markedly reduced Raf 

and MEK activation, suggesting S-palmitoylated Scrib organizes a signaling complex that 

regulates Raf activation downstream of Ras. Importantly, overnight incubation with 

Palmostatin B also rescued Scrib membrane localization, but required 100-times higher 

concentrations than ML349. Surprisingly, the APT1 inhibitor ML348 had no effect on Scrib 

localization, confirming isoform-selective depalmitoylase regulation of S-palmitoylation. 

Altogether, this data demonstrates that APT2, but not APT1, participates in an altered S-

palmitoylation cycle that becomes imbalanced to promote pathways that drive malignancy. 

Furthermore, this work established a unique biochemical pathway that reverts certain 

malignant phenotypes in cancer through pharmacological perturbation of the Scrib 

palmitoylation cycle, without directly affecting Ras activation or signaling.

Beyond their role as protein depalmitoylases, APT enzymes can also hydrolyze a variety of 

other esters and thioester metabolites (Davda and Martin 2014). APT1 and APT2 were 

originally characterized as lysophospholipase enzymes (Sugimoto et al. 1996; Toyoda et al. 

1999), yet later studies demonstrated enhanced catalytic efficiency towards acyl-thioester-

linked proteins (Duncan and Gilman 1998). Interestingly, APT2 was identified as the 
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primary prostaglandin glycerol esterase, while APT1 had no significant activity (Manna et 

al. 2014). Both APT1 and APT2 accelerate the deacylation of octanoyl-ghrelin in serum, 

suggesting these enzymes may also be secreted from cells (Satou et al. 2010). 

Lipopolysaccharide (LPS) treatment increased in APT1 serum levels, potentially through 

release from liver. Furthermore, the intracellular APT1 mRNA and protein levels were 

reduced after LPS stimulation, yet APT2 levels were unaffected. Overall, APTs likely 

hydrolyze a number of more soluble acyl-esters and thioesters, and may have broader 

functional roles in vivo beyond depalmitoylation.

To add spatial and temporal resolution to depalmitoylation enzymes, a series of mechanism-

based octanoyl-thioester fluorogenic probes were developed for live cell imaging (Kathayat 

et al. 2017). Approximately half of the probe fluorescence produced in HEK293T cells was 

blocked by ML348 or Palmostatin B, and APT1 siRNA knockdown reduced probe 

fluorescence produced by 25%. Interestingly, EGF stimulation reduced the probe 

fluorescence produced by about 10% in live cells, suggesting some growth factor regulation 

of deacylase activity. While intriguing, further evidence is needed to establish if such 

reductions affect steady-state cellular S-palmitoylation levels, particularly of S-

palmitoylated growth signaling mediators. Given the large number of candidate octanoyl-

thioesterases, these probes provide a useful cell-based platform to explore deacylase activity 

in live cells, and measure contributions across different candidate enzymes.

Structural insights to APT enzymes

In order to explain the functional differences between APT1 and APT2, the first high-

resolution structures bound to their respective inhibitors were recently solved (Won et al. 

2016). While the structure of apo-APT1 was reported (Devedjiev et al. 2000), there were no 

additional studies to analyze the structure of APT1 or any structures of APT2 for 

comparison. Before solving the structures of each enzyme, we profiled the thermostability of 

APT1 and APT2 bound to different ligands. APT1 was more thermostable than APT2 by 

5°C, suggesting previous efforts to crystalize APT2 were likely stymied by additional 

flexibility or disorder. Compared to free enzyme, APT1 binding to ML348 or APT2 binding 

to ML349 increased the thermostability by 4°C, which confirms thermodynamically 

favorable inhibitor engagement. Furthermore, incubation with HDFP led to a surprising 

10°C stabilization. Accordingly, APT enzymes were predicted to harbor an acyl-binding 

pocket to stabilize the enzyme upon substrate binding. Based on these observations, we 

identified co-crystallization conditions and solved the structures of both APT1•ML348 (1.55 

Å; 5SYM) and APT2•ML349 (1.64 Å; 5SYN) by x-ray crystallography (Figure 4).

APT1 and APT2 feature unusual α/β serine hydrolase fold where the first β1 strand in the 

‘canonical’ fold is missing and the fourth α-helix is replaced by a short α-helical segment 

termed G3. These enzymes include unique insertions, which add the short β4-β5 sheet and 

the β5-α2 loop. This loop contributes to forming a relatively long channel flanking the 

catalytic triad of both enzymes. Comparison of apoAPT1, APT1•ML348, and APT2•ML349 

revealed this loop has varying degrees of openness, suggesting dynamic movement may 

engage various substrates. This feature functionally replaces the ‘cap’ or ‘lid’ domain found 

in many lipases, contributing to substrate engagement and providing thermodynamically 
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stable environment for the catalysis (Khan et al. 2017). Both ML348 and ML349 make 

unique interactions with the divergent residues along this channel (Figure 5). However, these 

residues are either protruding away from the core of the protein (I76/M79, Q83/P86) or are 

similar in characteristics (eg. I75/L78). Importantly, mutational analysis identified a single 

residue I75/L78 (APT1/APT2) that establishes steric constraints to impart isoform selective 

inhibition. Similarly, the residues within the loop of the catalytic D174/176 does not show 

obvious differences. Other divergent residues in the G3 helix show marginal contributions to 

inhibitor selectivity, potentially by constraining the dynamics of the β5-α2 loop.

The β5-α2 loop and the surrounding residues around the active site form a hydrophobic 

channel, that may enhance the entry and engagement of hydrophobic substrates. While it is 

tempting to think that peptide component of substrates might occupy the channel, docking 

simulations further support exclusive acyl chain occupancy. As further evidence, ML349-

fluorescein binding to APT2 is blocked by pre-treatment with palmitic acid. Together with 

the observed 10°C thermal stabilization upon HDFP engagement, we hypothesize long chain 

fatty acyl substrates bind in the channel, locking the substrate to promote ester hydrolysis. 

The channel and residues in proximity are probably not involved in the selectivity of the 

enzymes towards palmitoylated substrates, but rather select for acyl chain length through 

stabilization of the β5-α2 loop. Of note, the structures of both APT1•ML348, and 

APT2•ML349 lack the first few N-terminal residues. Since APT enzymes may be S-

palmitoylated themselves near the N-terminus, it remains unclear how this may influence 

hydrophobic channel orientation and engagement of palmitoylated substrates. However, 

APT enzymes are largely soluble present in the cytosol, so we predict APTs may only be 

fractionally S-palmitoylated.

Our structural analysis of APT1 and APT2 reveal strikingly similar substrate binding regions 

and surface polarity, and only conservative mutations across the enzyme active site (Figure 

6). ML348 and ML349 are isoform selective apparently by coincidence and not by 

evolutionary selection in substrate discrimination. Therefore, any specific biological roles 

for each enzyme may be due to distinct protein-protein interactions, post-translational 

processing, differential expression, or distinct subcellular localizations. This raises several 

questions, such as why would evolution keep two isoforms of APT enzymes? What imparts 

the functional divergence between APT enzymes? Although these enzymes share nearly 

70% identity, overexpression and knockdown studies clearly show preferences for specific 

palmitoylated substrates. One explanation could be the large difference in melting 

temperatures between isoforms, which suggest APT2 is more flexible and may be able to 

accept more diverse substrates than APT1. Furthermore, the single acyl binding channel 

explains the reduced activity towards diacylated substrates, and emphasizes a potential role 

for APT enzymes as general esterases for long-chain monoacylated substrates, including 

lysophospholipids, prostaglandin glycerol esters, and S-palmitoylated proteins. Overall, 

structural analysis of APT1 and APT2 does not provide a definitive explanation of how these 

enzymes are functionally divergent.
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ABHD17 family thioesterases

Until recently, APT1 was recognized as the primary depalmitoylase in cells, yet mutants in 

yeast, Drosophila, and C. elegans have no reported phenotypes. Given that APT1 was 

initially described as the primary depalmitoylase regulating N-Ras activity, this was quite 

puzzling. Cracks in this model began to appear throughout a number of publications, most 

strikingly from evidence that H-Ras depalmitoylase activity was exclusively in insoluble cell 

fraction (P100), and not with APT1 in the soluble fraction (S100) (Ahearn et al. 2011). 

Later, APT1/APT2 knockdown was shown to have no effect on R7BP depalmitoylation, 

while treatment with Palmostatin B or HDFP both blocked activity (Jia et al. 2014). This 

was followed by detailed activity-based profiling of Palmostatin B targets, and the 

realization that Palmostatin B is broadly reactive across a number of candidate 

depalmitoylases (Lin and Conibear 2015). Clearly other depalmitoylase activities beyond 

APT1/APT2 are present in cells, and likely contribute to the depalmitoylation of plasma 

membrane localized targets, including Ras.

In order to identify these additional depalmitoylases, Palmostatin B targeted hydrolases were 

over-expressed and assayed for S-palmitoylation turnover using 17-ODYA pulse-chase 

methods. This led to the identification of ABHD17 enzymes as candidate N-Ras 

depalmitoylases in COS-7 cells (Lin and Conibear 2015). Over-expression of catalytic dead 

enzyme or N-terminal truncated mutants did not affect the N-Ras palmitoylation cycle, 

confirming ABHD17 enzymes are functional depalmitoylases in cells. ABHD17 hydrolases 

(ABHD17A, ABHD17B, and ABHD17C) are broadly expressed in all vertebrates, and 

harbor multiple conserved cysteines near their N-termini (Figure 7A). The N-terminal 

cysteine rich domain is essential for both S-palmitoylation and plasma membrane 

association (Martin and Cravatt 2009). Thus, ABHD17 enzymes are themselves S-

palmitoylated, which is necessary for plasma membrane association and proximity to other 

potential S-palmitoylated protein substrastes (Figure 7B). Importantly, deletion of the N-

terminal cysteine rich domain has no effect on ABHD17 reactivity with fluorophosphonate 

activity-based probes, suggesting the palmitoylation motif is primarily responsible for 

directing membrane localization and not for enzyme activity. ABHD17A over-expression 

shifted N-Ras localization from the plasma membrane to internal membranes, indicative of 

more rapid S-palmitoylation turnover. Triple ABHD17 (A-C) knockdown stabilized N-Ras 

17-ODYA labeling, while APT1/APT2 inhibition with ML348 and ML348 had no effect. 

Accordingly, ABHD17 enzymes (but not APT1/APT2) contribute to N-Ras depalmitoylation 

in cells.

The synaptic protein PSD-95 is rapidly de-palmitoylated after depolarization. In order to 

identify PSD-95 depalmitoylase(s), a panel of serine hydrolases were individually co-

expressed with PSD-95 in 293T and COS-7 cells (Yokoi et al. 2016; Tortosa et al. 2017). 

Over-expressed ABHD17 enzymes efficiently depalmitoylated PSD-95 in 293T, COS-7, and 

primary neuronal cultures, while other Palmostatin B targets ABHD12, ABHD13, APT1, 

and APT2 had only fractional reductions in PSD-95 S-palmitoylation (Figure 8). ABHD17 

over-expression reduced the synaptic clusters of PSD-95 and AMPA receptors in neurons, 

while ABHD17A/ABHD17B/ABHD17C knockdown stabilized palmitoylated PSD-95 and 

prevented the decrease in synaptic PSD-95 clustering. In addition, ABHD17 overexpression 
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in primary neurons reduces the S-palmitoylation of microtubule-associated protein 6 

(MAP6), causing MAP6 retention in axons and microtubule stability (Tortosa et al. 2017). 

Recently the international knockout mouse consortium identified ABHD17A as one of the 

top suppressors of distal cancer metastasis in mice (van der Weyden et al. 2017), suggesting 

it may play a role in immune cell activation or surveillance.

Despite this growing number of cell-based ABHD17 studies, there is no biochemical 

evidence demonstrating in vitro depalmitoylation, enzyme kinetics, substrate specificity, or 

other functional properties of each ABHD17 enzyme. ABHD17 enzymes may hydrolyze 

other lipids, particularly since their plasma membrane association delivers them in proximity 

to a number of potential substrates. A reported biochemical high throughput screen 

identified moderately potent inhibitors of an N-terminal truncated ABHD17B protein, yet 

these inhibitors failed to inhibit full-length, mammalian cell expressed protein (National 

Center for Biotechnology Information. PubChem BioAssay Database; AID=2200). 

Structural studies are clearly necessary to understand if the N-terminal 100 amino acids 

before the conserved α/β-hydrolase domain function solely as a platform for S-

palmitoylation and membrane tethering, or if they impart additional structural features 

important for substrate engagement. Clearly future efforts are needed to explore the substrate 

profile, redundancy between isoforms, and physiological roles for each ABHD17 enzymes.

Conclusions

Cycles of S-palmitoylation and depalmitoylation provide a mechanism for membrane 

sampling and trafficking of peripheral membrane proteins to the plasma membrane (Rocks 

et al. 2010). Such directional palmitoylation cycles are demonstrated for G proteins, Ras, 

Scrib, and other central regulators of cell growth and organization. G protein internalization 

occurs even in the presence of generic depalmitoylation inhibitors, demonstrating that while 

depalmitoylation may be necessary for plasma membrane trafficking, agonist-dependent 

internalization occurs independent of depalmitoylation (Martin and Lambert 2016). Based 

on these findings, many peripheral membrane proteins require cycles of S-palmitoylation 

and depalmitoylation for plasma membrane delivery, but there are no definitive examples of 

post-translational regulation of depalmitoylation activity. Rather, depalmitoylation appears 

to depend more on sub-cellular localization and regulated expression. ABHD17 enzymes 

localize to the plasma membrane, where they have direct access to neuronal scaffolding 

proteins and growth regulators. APT enzymes are soluble, and largely cytoplasmic, and play 

active roles in maintaining the directional palmitoylation cycle important for peripheral 

membrane protein trafficking.

Future efforts to understand regulation of depalmitoylation will continue to leverage 

emerging chemical and genetic technologies. While Palmostatin B and HDFP are useful 

generic inhibitors of depalmitoylases, selective inhibitors of APT enzymes should now be 

routinely used to individually perturb each APT isoform. These reagents will be valuable for 

parsing how APT1 and APT2 function either independently or in conjunction to influence 

distinct cellular outcomes. Future efforts are needed to validate APT1 and APT2 

localization, interaction partners, and modifications to fully understand the divergent 

phenotypes. This would be greatly accelerated by knockout animal models, allowing 
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detailed biochemical and phenotypic analysis for each APT enzyme in their native 

physiological environments.

Similarly, ABHD17 enzymes are largely unannotated, and without biochemical analysis, it is 

not clear if each of the three enzymes are bona fide depalmitoylases or if each isoform 

carries out unique cellular functions. Clearly, ABHD17A plays a major role in suppressing 

growth of distal metastases, which likely reflects a role in immune regulation. Surely there 

are additional depalmitoylating enzymes, whether as their primary biochemical role or 

through non-specific acyl-thioester hydrolysis. Furthermore, Palmostatin B and HDFP likely 

act though polypharmacology, inhibiting a number of depalmitoylase (or lipase) enzyme 

activities to affect global depalmitoylation dynamics. Further functional studies of other 

hydrolases are likely to add to the growing number of factors contributing depalmitoylation 

dynamics in cells.

Finally, with the emergence of novel depalmitoylating enzymes, it is important to annotate 

the substrate profile and functional regulation for each enzyme. For example, cells could be 

treated with ML348 or ML349 to profile differential enrichment by mass spectrometry. Such 

experiments may be complicated by compensatory mechanisms, requiring simultaneous 

inhibition across a panel of depalmitoylases. Current enrichment and mass spectrometry 

detection methods are either indirect (Acyl-RAC) or require non-physiological metabolic 

labeling (17-ODYA). Since current liquid chromatography methods are optimized for polar 

peptides, future efforts are needed to extend quantitative proteomics to more hydrophobic 

peptides, allowing direct analysis of the modified peptide and the specific acyl chain. This 

could readily be accomplished by changing the column resin or adapting the mobile phase 

composition. Investment in sample preparation methods to optimize acyl-thioester stability, 

separation, ionization, and fragmentation have not been explored outside of single peptide 

measurements (Ji et al. 2013). In addition, multiplexed quantitative proteomics has emerged 

as a promising approach for time-dependent analyses, providing multiple measurements in a 

single combined proteomics experiment. We anticipate that ongoing advances in sample 

preparation and analysis will ultimately resolve many unanswered questions, providing a 

direct approach to profile the hydrophobic proteome and enzyme regulation.
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Figure 1. Cellular pathways of protein depalmitoylation
Protein depalmitoylation can proceed either by non-enzymatic hydrolysis, inducible 

depalmitoylation, or constitutive cycles of palmitoylation and depalmitoylation during 

trafficking. zDHHC enzymes are shown as either 4 or 6 transmembrane domains. A color 

version of the figure is available online.
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Figure 2. APT inhibitor selectivity index
All listed inhibitors are commercially available, except the promiscuous lipase inhibitor 

HDFP. HDFP (fluorophosphonate), Palmostatin B (b-lactone), ML378 (N-hydroxyhydantoin 

carbamate), and ML211 (triazole urea) are covalent inhibitors, although the covalent 

Palmostatin B adduct is slowly reversible. ML211 inhibits ABHD11 (Adibekian, Martin, 

Speers, et al. 2010) and PPT1 (unpublished results). ML378 inhibits ABHD6, FAAH, and 

PPT1 at higher doses (Cognetta et al. 2015). A color version of the figure is available online.
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Figure 3. APT2 inhibition restores Scribble plasma membrane localization in Snail-expressing 
cells
(A) Scribble (Scrib) moves from the plasma membrane to the cytosol in more malignant 

cells. (B) Scrib is localized at the plasma membrane in MDCK polarized epithelial cells. (C) 

APT2 inhibition significantly rescues Scrib plasma membrane localization in Snail 

expressing MDCK cells. Adapted with permission from (Hernandez et al. 2017). A color 

version of the figure is available online.
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Figure 4. Divergence in APT1•ML348 and APT2•ML349 structures
Blue regions signify divergence between APT1 and APT2. The inhibitor selectivity filter 

APT1-L176M and APT2-M178L is shown in grey sticks in the β8/α4 region. Adapted with 

permission from (Won et al. 2016). A color version of the figure is available online.
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Figure 5. Isoform-selective inhibitor binding in APT1•ML348 and APT2•ML349
Alignment demonstrates inhibitor engagement spanning along a hydrophobic channel 

towards the catalytic triad. Select residues are highlighted with sequence divergence between 

APT1 and APT2. Adapted from (Won et al. 2016). A color version of the figure is available 

online.
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Figure 6. Surface polarity of APT1•ML348 and APT2•ML349
Both APT1 and APT2 have similar surface polarity, with similar distributions of polar and 

hydrophobic surfaces. A color version of the figure is available online.
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Figure 7. ABHD17 enzymes are S-palmitoylated and localize to the plasma membrane
(A) ABHD17A-C are S-palmitoylated in a conserved N-terminal cysteine-rich motif 

separate from the α/β-hydrolase domain. (B) ABHD17A-GFP localization in HeLa cells 

demonstrates predominant plasma membrane localization. A color version of the figure is 

available online.
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Figure 8. Homology, depalmitoylase activity, and Palmostatin B inhibition of HDFP-sensitive 
serine hydrolases
HDFP-sensitive seine hydrolases reported from mouse B-cell hybidoma cells (Martin et al. 

2011) are shown based on active-site anchored homology. Palmostatin B targets are 

highlighted in red (Savinainen et al. 2014; Lin and Conibear 2015). Enzymes that reduced 

PSD-95 S-palmitoylation after over-expression are labeled with a red star (Yokoi et al. 

2016). A color version of the figure is available online.
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