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Abstract

S-acylation, whereby a fatty acid chain is covalently linked to a cysteine residue by a thioester 

linkage, is the most prevalent kind of lipid modification of proteins. Thousands of proteins are 

targets of this post-translational modification, which is catalyzed by a family of eukaryotic integral 

membrane enzymes known as DHHC protein acyltransferases (DHHC-PATs). Our knowledge of 

the repertoire of S-acylated proteins has been rapidly expanding owing to development of the 

chemoproteomic techniques. There has also been an increasing number of reports in the literature 

documenting the importance of S-acylation in human physiology and disease. Recently, the first 

atomic structures of two different DHHC-PATs were determined using x-ray crystallography. This 

review will focus on the insights gained into the molecular mechanism of DHHC-PATs from these 

structures and highlight representative data from the biochemical literature that they help explain.

Introduction

Protein lipidation brings together two crucial classes of macromolecules, proteins and lipids, 

by means of a covalent bond. Because proteins are inherently larger than lipids, the result is 

a relatively small perturbation to the local properties of the protein. However, lipidation can 

result in dramatic changes in localization and other physiological fates of the target protein. 

By numbers, lipidation is one of the most prevalent classes of post-translational 

modifications (PTM) that expand the stereochemical diversity of proteins [1]. This review 

will focus on S-acylation, a specific form of protein lipidation whereby a long chain fatty 

acid, derived from acyl-CoA, becomes attached to a cysteine by a thioester bond. What is 

unique about S-acylation among other forms of lipidation is that it is reversible, through the 

action of cellular thioesterases that can catalyze its cleavage (Figure 1A). The fundamental 

physicochemical effect of S-acylation on the target protein is an increase in its 

hydrophobicity as a consequence of the attached fatty acid chain. This change in 

hydrophobicity can translate into a wide variety of physiological consequences, ranging 
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from altered protein assembly[2], stability [3–5], aggregation [6, 7] trafficking [8–11], and 

activity [12, 13]. S-acylation is also commonly known as palmitoylation, because 16-carbon 

palmitate is the most predominant fatty acid that gets attached to target proteins through this 

modification [14, 15]. However, there are two important points worth noting here: first, fatty 

acids other than C16 (palmitoyl) can and do get attached through S-acylation; second, and 

more importantly, the inherent heterogeneity of the fatty acyl modification is obscured by 

the current in cellulo methods of investigating S-acylation. In one form or another, ~ 3500 

human proteins are currently known to be S-acylated, according to the SwissPalm database 

[16]. The targets of protein S-acylation touch almost all aspects of cellular physiology, 

including receptors, ion-channels, transporters, cell-adhesion proteins, enzymes, scaffold 

proteins and small GTPases among others [17, 18]. Not surprisingly, S-acylation plays 

important roles in biological processes including but not limited to, cellular signaling [8, 

19], meiosis [20], massive endocytosis[21], and metabolism [22]. S-acylation has also been 

found to be an important component of host-pathogen interactions. Pathogenic bacteria have 

been shown to recruit host-cell DHHC enzymes, which bacteria use to modify effector 

proteins that are then injected back into the host cell for survival and proliferation [23–25]. 

Parasites such as Plasmodium falciparum, which causes malaria, and Toxoplasma gondii, 
which causes toxoplasmosis, encode 12 and 18 DHHC enzymes in their genomes 

respectively, some of which are essential [26–28]. S-acylation has also shown to be critically 

important for viruses, including Influenza, SARS and Hepatitis C viruses[29–33]. Of these 

Influenza hemagglutinin (HA) has been the most well-studied case where it has been shown 

that S-acylation is essential for viral replication and impacts viral assembly and fusion pore 

formation. S-acylation has also been shown to be important for plant growth and 

development [34, 35].

Although S-acylation/palmitoylation was first discovered in the 1970s [36], for a long time it 

remained controversial whether this process was spontaneous or enzyme-catalyzed. Only in 

the early 2000s were the enzymes that catalyze S-acylation discovered, owing to landmark 

efforts in the Linder, Deschenes and Davis labs[37, 38]. Due to the highly-conserved Asp-

His-His-Cys tetrapeptide motif necessary for catalysis, these enzymes are known as DHHC 

protein acyltransferases (DHHC-PATs). Prokaryotes lack DHHC-PATs although bacterial 

proteins can be S-acylated in an eukaryotic host [23–25]. Yeast encode five to seven DHHC 

members and this number increases to 23 in humans [39, 40]. DHHC-PATs are polytopic 

integral membrane proteins that localize to organellar membranes such as the Golgi 

apparatus and endoplasmic reticulum, as well as the plasma membrane [41]. Expression of 

DHHC-PATs are also tissue specific with some members being expressed ubiquitously [41, 

42].

In recent years, remarkable developments in chemical biology tools, especially metabolic 

biorthogonal labeling in combination with global profiling based on mass spectrometry, have 

led to a rapid expansion in the repertoire of proteins known to be modified by S-acylation, 

the so-called cellular “palmitoylome” [12, 27, 43–48]. These proteome wide datasets have 

been complemented by more targeted investigations of S-acylation of specific proteins. With 

the discovery of newer targets and newer pathways connected to S-acylation, the importance 

of this PTM in cellular physiology [17] and diseases [49–51] is becoming ever more evident. 

Intriguingly, protein palmitoylation has been linked to neuropsychiatric disorders and 
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various cancers [52]. Two DHHC-PATs have recently been proposed as therapeutic targets 

for development of cancer therapy [13, 53]. However, until recently our understanding of the 

mechanism of DHHC-PATs was severely limited by the lack of high-resolution structures of 

any member of this family. DHHC-PATs, being eukaryotic multipass transmembrane 

proteins, contributed to this challenge both in terms of biochemical purification and structure 

determination. Thus, knowledge of essential features such as the three-dimensional 

organization of DHHC-PATs, the site and mode of binding of acyl CoA and the specific 

mechanistic roles of highly conserved sequence motifs were completely lacking. Our lab has 

recently achieved a breakthrough in this direction by obtaining the first high-resolution 

structures of two DHHC-PATs, namely DHHC15 and DHHC20 [54]. Immediately prior to 

that, we had also solved the structure of the complex between the substrate-binding domain 

of human DHHC17 and a peptide fragment of a substrate [55]. These structures have led to 

novel insights into the structure and mechanism of DHHC-PATs, which will be the focus of 

this review. For a more expansive overview of the field of S-acylation, readers are directed to 

several excellent reviews [17, 18, 56–60].

Structural overview of the DHHC-PATs

DHHC-PATs derive their name from a highly conserved Asp-His-His-Cys(D-H-H-C) 

tetrapeptide motif [61], which is necessary for catalysis. Surrounding the DHHC motif, a 

stretch of ~ 50 residues rich in cysteine and histidine residues is also well conserved (Figure 

1B). Together, this is known as the DHHC-Cysteine rich domain (CRD) with the CRD 

thought to be involved in binding zinc-ions [39, 61]. Apart from the DHHC-CRD, there is 

considerable sequence variation in the N- and C-terminal domains of the enzyme. This 

variability is reflected in vastly different protein sizes across the DHHC family, with 

DHHC22 at one end, with ~ 263 residues, and DHHC8 at the other, exceeding ~750 

residues. Besides the DHHC-CRD, other conserved motifs have been identified, i.e., Asp-

Pro-Gly (DPG), Thr-Thr-x-Glu (TTxE), and PaCCT (palmitoyltransferase conserved C-

terminus) [39, 62]. The canonical topology of DHHCs consists of four transmembrane (TM) 

helices with the DHHC-CRD facing the cytosol represented by DHHC15 and DHHC20[54]. 

DHHC13 and 17 are predicted to have six TM helices from the experimentally-determined 

topology of Akr1[63], which is orthologous to DHHC17. However, the transmembrane 

topologies of other DHHC members have not been established experimentally and this 

remains an open and interesting question [59]. Topology prediction algorithms indicate that 

there may be other DHHC members that depart from the canonical four-TM architecture.

Our group recently solved the atomic structures of two different DHHC-PATs, namely 

human DHHC20 (hDHHC20) and a catalytically inactive mutant of zebrafish DHHC15 

(zfDHHS15). We also solved the structure of an irreversibly inhibited form of hDHHC20 

bound to the suicide inhibitor 2-bromopalmitate, which allowed us to define the lipid 

binding cavity [54]. The structures show that the transmembrane helices of DHHC-PATs 

form a tepee like arrangement, with the DHHC-CRD and the C-terminus projecting into the 

cytosol (Figures 2A, 2B). The structures also revealed that the C-terminal domain interacts 

extensively with both the DHHC-CRD and the transmembrane domains. Although the C-

terminal domain is the most sequence divergent part of the protein within the family, the 

structures showed that conserved residues such as the TTxE and the PaCCT motifs make 
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some of the crucial contacts, thus finally elucidating their role. Interestingly, the second 
threonine of the TTxE motif directly interacts with the aspartic acid of the DHHC motif. The 

exact chemical role of this contact in catalysis is presently unclear. However, it is worth 

noting that two members with well characterized enzymatic activity, DHHC3 and DHHC7 

have TGIE and TEIE respectively in place of a TTxE motif, yet retains enzymatic activity 

[64, 65]. The glutamate of TTxE forms a salt bridge with a conserved arginine (Arg138 in 

hDHHC20) in the DHHC-CRD. The highly conserved Asn (Asn266 in hDHHC20) of the 

PaCCT motif utilizes all of its H-bonding capabilities, thus making a unique demand for this 

sidechain to be an amide and is likely important for the structural integrity of the enzyme. 

The structures also show two Zn+2 ions bound to the DHHC-CRD in CCHC zinc-finger 

domains [54, 66]. However, unlike in some Zn+2 metalloenzymes where the Zn+2 activates a 

catalytic cysteine by direct coordination [67, 68], in DHHC-PATs the ions are coordinated 

by conserved cysteines and histidines. Thus, their role appears to be structural, namely to 

help position the active-site cysteine nucleophile, which is critical in catalytic chemistry. 

This architecture constrains the active site at the membrane-cytoplasm interface which 

explains the only known unifying feature of cysteines that get palmitoylated – their 

proximity to the membrane [16, 69]. Above the active site, the four TM helices form a cavity 

where the fatty acyl chain binds. It is worth noting that the three structures obtained thus far 

are essentially identical (Figure 2C), even though they represent two different DHHC 

members, two different states of human DHHC20 itself and quite different crystallization 

conditions (lipidic cubic phase vs. hanging drop vapor diffusion), suggesting that these 

structural features will be shared by others members of the DHHC family of enzymes.

Mechanism of catalysis

The DHHC enzyme active site contains the well-known catalytic triad Asp-His-Cys [70]. 

This triad is however arranged atypically, in that the three active site residues (Asp153, 

Hisl54, and Cys156) are positioned sequentially and linearly, in contrast to the three-

dimensional arrangements observed in the serine proteases such as alpha-chymotrypsin [71] 

and rhinovirus 3C cysteine protease [72][61]. Nonetheless, the geometry of the triad is not 

substantially different, and the distances between the Cys/Ser-His and His-Asp pair are ~ 4Å 

and 3Å, respectively (Figure 2D). In the catalytic triad mechanism, His154 is polarized by 

Asp153 and acts as a base in extracting a proton from Cys156, thereby transforming this 

residue into a thiolate nucleophile (Figure 3A). Cys156 thiolate then attacks the carbonyl 

carbon in the fatty acyl-CoA thioester, resulting in an autoacylated DHHC which is an 

intermediate in the catalytic cycle. Subsequently, the fatty acyl chain is transferred to a 

protein substrate thus regenerating the DHHC enzyme for another round of catalysis. 

Interestingly, the Deschenes group found that yeast ERF2-ERF4 with a DAHC mutation 

could autoacylate but not acylate the protein substrate[73]. Based on the DHHC20 structure, 

we proposed that in the substrate palmitoylation step, the protonated first histidine activates 

the carbonyl of the thioesterified DHHC, thus triggering the cysteine in the substrate to 

attack the carbonyl carbon. Thus in this proposal, the first histidine plays an important role 

in both the autoacylation step as well as the substrate palmitoylation steps. The mutational 

results would suggest that in ERF2-ERF4, the first histidine plays a more important role in 

the substrate palmitoylation step than the autoacylation step. Another possible explanation 
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for this discrepancy is a distinct mechanism operating due to the association of the ERF4 

subunit.

Studies of yeast DHHCs Swf1 and Pfa4 by the Taubas group, in which the active site 

cysteine was mutated to arginine to give DHHR, reported the enzymes remained active [74]. 

One plausible reason why replacement of the catalytic cysteine by an arginine could result in 

a catalytically active enzyme is that the mutation leads to a reaction mechanism that 

proceeds through a ternary complex (i.e. DHHC, fatty acyl CoA and protein substrate), 

rather than a ping-pong mechanism [64]. This finding might also imply that S-acylation 

might not necessarily require an autoacylated DHHC intermediate. Ohno et al could not 

detect autoacylated DHHC13, 19, and 22 using tritiated palmitate [75]. The Chamberlain 

group did not detect autoacylated DHHC13 and 17 either, [76] and more recently we were 

not able to detect autoacylated DHHC17 using alkyne fatty acid analog [55]. Therefore, the 

absolute requirement for an autoacylated intermediate in DHHC-mediated S-acylation 

remains an open question. Intriguingly, a unique DQHC motif is found in DHHC13. 

Mutating the glutamine to histidine reconstituted the canonical DHHC motif but did not 

impart any extra catalytic ability to DHHC13. Conversely, replacing DHHC with DQHC in 

the closely related DHHC17 enzyme abolished its activity [76]. These observations show 

that the DHHC and DQHC motifs are not interchangeable and that there are specific 

structural and chemical requirements for catalysis by a DQHC motif. Contrary to these 

results, in yeast Swf1, a DHHC to DQHC mutant still retained some activity – although this 

activity seems dependent on the reactivity of the protein substrates’ cysteines [74]. However, 

it is important to keep in mind that activities of mutants are hard to gauge from cell-based 

experiments and have to be confirmed with in vitro enzymatic measurements using purified 

mutants of the abovementioned proteins before definite hypotheses could be formulated 

and/or tested. Since DHHC13 and DHHC17 have specific substrate-binding domains that 

are separate from the DHHC-CRD domain, these mutants retain the capability of binding to 

the substrate. It is conceivable that these mutants, which can presumably still bind fatty acyl 

CoA, lead to a localized increase of fatty acyl CoA and the substrate, thus resulting in 

substrate S-acylation.

The chemical mechanism by which the fatty acyl chain is transferred to the protein substrate 

from an autoacylated DHHC also remains to be fully understood. Presumably this transfer 

occurs by a nucleophilic attack of the cysteine in the substrate on the carbonyl group of the 

acylated DHHC enzyme. In the structure of the 2-BP modified DHHC20, the protonated 

histidine is in the right position to activate the carbonyl of the autoacylated enzyme. This 

observation led us to propose that the simplest mechanism for the transpalmitoylation step is 

one whereby the fatty acyl thioester is activated so that the various substrate cysteine 

nucleophiles can attack [54]. Given the fact that each DHHC enzyme works on multiple 

substrates, this model bypasses the requirement for a single DHHC enzyme to activate a 

multitude of target cysteines which likely reside in different stereochemical 

microenvironments. It has been shown in certain cases where cysteines that are S-acylated 

can have low background reactivity [77–79]. Therefore, bringing them proximal to an 

activated thioester may be sufficient for substrate palmitoylation. Interestingly, there are only 

a few cases of self-acylation known and it is instructive to compare them in this context. In 

the cases of TEAD, a transcription factor [80] and Bet3, a component of the transport 
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protein particle (TRAPP) complex involved in vesicular trafficking [81, 82], where 

structures of the S-acylated proteins are available, the acyl chain binds in a hydrophobic 

groove with the cysteine positioned in an optimal fashion so as to facilitate the self-acylation 

reaction (Figure 3C). Thus self S-acylation, when it occurs in a few cases, is structurally 

analogous to the autoacylation of DHHC enzymes where the structure of the protein 

generates a hydrophobic groove/cavity with a cysteine positioned at the mouth. Presumably, 

the pKa of the cysteine is perturbed such that upon acyl CoA binding to the hydrophobic 

groove/cavity, S-acylation proceeds in the forward direction.

Membrane deformation fosters catalysis

The proposed mechanism of catalysis requires the catalytic cysteine to become a thiolate 

nucleophile, as previously mentioned. In the crystal structure of hDHHC20, however, this 

cysteine appears to be within the hydrophobic TM region of the protein. In such 

environment, the formation of the thiolate nucleophile intermediate would be energetically 

costly, hindering catalysis. To try to reconcile the structure with the catalytic function of this 

site, we recently used atomically-detailed Molecular Dynamics (MD) simulations [83]. We 

found that hDHHC20 induces a local deformation of the membrane, particularly on the 

cytoplasmic site where the catalytic cysteine resides (Figure 4A). This deformation causes 

this cysteine to be continuously accessible to water; as a result of this hydrophilic 

environment, the thiolate nucleophile intermediate becomes viable. Interestingly, the 

deformation also exposes the catalytic cysteine to the inner ester layer of the lipid 

membrane. In complementary MD simulations of several fatty acyl CoAs known to react 

with hDHHC20, we found that the position of the thioester group in the membrane coincides 

with the ester layer, irrespective of the acyl-chain length. (Figure 4B). Thus, it appears that 

the membrane deformation caused by hDHHC20 positions the catalytic Cys optimally for 

the autoacylation reaction with a fatty acyl CoA. That the position of the thioester group is 

largely identical for fatty acyl CoAs of different chain lengths (Figure 4C) also suggests that 

the observed chain-length selectivity of hDHHC20, and probably other enzymes in this 

family, does not stem from this initial recognition step.

To date, hDHHC20 is the only DHHC-PATs that has been examined using MD simulations, 

and hence it remains unclear whether the membrane deformation caused by this enzyme and 

the resulting position of the catalytic site are conserved features across the family. 

Nonetheless, similar membrane perturbations near the catalytic site of the rhomboid protease 

GlpG have been reported, based on MD simulations [84, 85] and EPR spectroscopy [86]. 

MD simulations have also shown that oligomycin recognition by the ATP synthase also 

requires a local membrane depression [87]; this kind of deformation also appears likely near 

the active site of the isoprenylcysteine carboxyl methyltransferase [88], and near the 

ubiquinone binding site of respiratory complex I [89]. The common denominator of these 

systems is that their ligands are amphipathic, which are naturally adsorbed on the membrane 

surface and must therefore be recognized laterally, rather than from bulk solvent. Indeed, the 

ligands of many membrane-integral enzymes and transporters are also amphipathic, or 

hydrophobic, including transferases [88, 90–93], some translocases [94], synthases [95], 

polymerases [96] and proteases [97]. While little is known about how many of these proteins 

interact with the membrane, the emerging model from existing analyses is that that many of 
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these proteins have evolved highly specific ways to perturb the membrane to facilitate the 

recognition of substrates and ligands.

Substrate recognition and binding

DHHC-PATs have two substrates – fatty acyl CoA and the protein substrate. In our structural 

studies of hDHHC20 [54], we detected electron density for a putative small molecule ligand 

that apparently co-purified and crystallized with the enzyme. Based on the features of this 

density and likely moieties given the enzymatic chemistry and crystallization conditions, we 

refined as free coenzyme A. Two conserved residues from the DHHC-CRD, namely Lys135 

and His140, interact with the phosphates on the ligand. The distance from the active site is 

consistent with these interactions serving to anchor the CoA headgroup of an intact fatty 

acyl CoA upon binding, albeit in a different orientation than what is seen in the current 

structure. An interesting possibility remains whether binding of a ligand at this site could 

regulate the function of DHHC20 [98]. Further structural and biochemical investigations will 

help elucidate the role of this ligand binding site in the mechanism of DHHC enzymes. 

Another intriguing question is the mechanism of entrance and exit of the fatty acyl chain 

into and from the cavity. The subcellular distribution of long chain fatty acyl CoAs are not 

known with certainty, but most likely a fraction is embedded in the membrane. Thus, a 

plausible hypothesis is that membrane embedded acyl CoA enters laterally by “breathing 

motions” of the transmembrane domain; a competing possibility is that the lipid is delivered 

from the cytosol by the acyl CoA binding protein (ACBP). There may be aspects about this 

mechanism that are shared by other integral membrane proteins that bind long chain fatty 

acyl CoA. Shedding light on the detailed mechanism of acyl chain entry and exit from the 

cavity will likely require computational studies together with supporting biochemical 

experiments.

Fatty acyl chain selectivity

Although the term “palmitoylation” is commonly used to refer to S-acylation, fatty acids 

other than 16-carbon palmitate can get incorporated onto substrate proteins [14, 15]. For 

example, a pioneering in vitro study by the Linder lab reported that DHHC2 and 3 enzymes 

had significantly different fatty acyl CoA preference [64]. While DHHC3 was strikingly 

stringent against fatty acid chains longer than 16-carbon, DHHC2 was much more 

promiscuous. This study further showed that fatty acyl CoA selectivity for the substrate was 

determined at the autoacylation stage by the DHHC enzyme, implying that DHHC enzymes 

transferred to the substrate whichever fatty acid chain they were autoacylated with [64]. The 

Chamberlain group followed up on these results using a cell-based S-acylation assay with 

azide-alkyne fatty acids and click chemistry [65], and showed that DHHC3 and DHHC7 

were strikingly different in their acyl selectivity, despite being in the same phylogenetic 

group. In particular, DHHC3 was much more selective compared to DHHC7. Interestingly, 

this difference in fatty acyl selectivity between DHHC3 and DHHC7 appears to result from a 

single residue on TM3. DHHC3 has an isoleucine at this position and prefers shorter chain 

fatty acids while DHHC7 features a serine and is more promiscuous. The structural-

chemical rationale for these effects was finally revealed by the structure of hDHHC20 with a 

fatty acid chain covalently attached to its active site cysteine [54]. The fatty acid chain is 

inserted in a cavity formed by the four TM helices, with TM3 contributing the most residues 
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in direct contact with the fatty acid chain. In hDHHC20 the homologous residue to the Ile in 

TM3 of DHHC3 is Tyr181 which forms an H-bond with Ser29 on TM1 (Figure 5B). 

Together, the Tyr-Ser H-bond pair closes off one side of the top end of the fatty acid chain 

binding cavity. Mutation of Ser29 that introduces a bulky side-chain and presumably reduces 

the size of the cavity leads to hDHHC20 preferring shorter fatty acid chains, whereas 

mutation of Tyr181 to a smaller residue shifts the preference to longer fatty acyl chains 

(Figure 5C). Therefore, as a first approximation, the cavity can be thought of as a molecular 

ruler that contributes to determining the fatty acid chain length selectivity of the enzyme 

(Figure 5A). It is worth noting, however, that comparison of the primary sequences of 

different members of the DHHC family shows that the chemical features of the cavity-lining 

residues vary in a complex manner. Thus, understanding the fatty acyl selectivity of different 

DHHC-PATs will require high resolution structures of representative members of the family 

as well as careful functional and computational analyses to understand the detailed 

interactions of the fatty acyl chain with the cavity across the DHHC family.

Intriguingly, in influenza HA it was found that among three S-acylation sites, two were 

modified by a 16-carbon palmitoyl chain while the third one was exclusively an 18-carbon 

stearoyl chain [99, 100]. The key determinant seems to be that the cysteine residue modified 

by the stearoyl chain is in the transmembrane region while the other two are in the 

cytoplasmic tail of HA [100]. Although the set of DHHC-PATs that target HA has been 

recently narrowed down to DHHC2, DHHC8, DHHC15 and DHHC20 [101], it has not yet 

been established which member acylates each site. It is quite likely that this differential fatty 

acylation stems from the fatty acyl chain length selectivity of the corresponding DHHC 

enzyme. In a separate study, an analysis of DHHC protein substrate specificity by expressing 

the individual members in yeast had determined DHHC2 and 20 among others to be more 

active towards integral membrane proteins [75]. DHHC2 and 20 are also capable of using 

longer fatty acyl chains [54, 64]. These observations point to the possibility of a global bias 

towards cysteines embedded in the membrane to be modified with longer fatty acyl chains. 

S-acylation of proteins is not only limited to palmitate and stearate but has also been shown 

to involve longer, as well as unsaturated acyl chains[102–104]. However, to our knowledge, 

specific DHHC members have not been assigned for catalyzing these reactions. In an in vitro 
assay, it has been shown that DHHC20 can use 16:1, i.e. palmitoleic acid in autoacylation 

reactions[105]. In order to explain how an unsaturated acyl chain be accommodated in the 

cavity of DHHC20, it was proposed that rotations about the carbon-carbon single bonds can 

achieve an approximately linear conformation of the unsaturated acyl chain, albeit with a 

local kink. Although our knowledge about cellular proteins that are modified by S-acylation 

has rapidly expanded in recent years, information about specific acyl chains at each of these 

cysteines is still unavailable. One reason is that common methods of examining S-acylation, 

such as acyl biotin exchange (ABE), do not identify the heterogeneity in fatty acyl 

modification at individual sites [106]. Alkyne labeling by palmitic acid analogs are also not 

definitive because unnatural fatty acid analogs can be metabolized by cells into longer and 

unsaturated chains [65].

An added layer of complexity could possibly arise from the differential distribution of fatty 

acyl CoAs of different lengths in the plasma membrane and various organellar membranes, 

and from the specific localization of different DHHC-PATs to a subset of these membranes. 
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It is quite likely that a detailed knowledge about the subcellular distribution of various forms 

of fatty acyl CoA, exact chemical identification of fatty acyl modification at individual 

cysteines of substrate proteins and intrinsic localization of each substrate could lead to 

insights about cellular regulation of fatty acylation and DHHC-PATs. In addition, it will be 

essential to get structures of the individual DHHC-PATs, ideally in different states of the 

enzymatic reaction, to elucidate these important mechanistic details at the atomic level.

Interaction with protein substrates

One of the most intriguing aspects about protein S-acylation by DHHC-PATs has been the 

mechanisms that control their interactions with substrate proteins. Since the number of 

potential substrate proteins is orders of magnitude greater than that of DHHC-PATs, each of 

these enzymes is highly likely to work on multiple substrates. However several studies have 

now shown that individual substrates can be S-acylated by multiple DHHC-PATs leading to 

views that S-acylation is non-specific and proximity based [107]. This is contrary to the 

observations that some DHHC-PATs feature protein-protein interaction domains, which 

argues for specific enzyme-substrate interactions. Specifically, among the human orthologs 

DHHC3, 7, 5, 8, 14, 16, 17, 20, and 21 are predicted to have PDZ-binding motifs [40], and 

DHHC6 is predicted to have an SH3 domain [108, 109]. It has also been shown that some 

DHHC-PATs interact with their substrates quite specifically [110–112]. The clearest 

examples are DHHC13 and DHHC17, each of which contains an ankyrin-repeat (AR) 

domain at the N-terminus. A recent important discovery by the Chamberlain group was the 

identification of a substrate recognition motif, [VIAP][VIT]XXQP, in substrates of DHHC13 

and DHHC17, which interacts with the AR domains [113]. However, the structural 

underpinnings of this interaction came to fore when our lab solved the crystal structure of 

the complex of the AR domain of DHHC17 (ANK17) with a peptide fragment of SNAP25, a 

substrate of DHHC17 [55]. This structure revealed, for the first time, the atomic details of 

the interactions between a DHHC enzyme and its substrate. It showed that the ANK17 

domain forms a concave shape. In the substrate, a conserved proline residue in the 

aforementioned recognition sequence causes a kink in its structure, which then binds to the 

ANK17 domain in a shape-complementary way (Figure 6). A highly conserved tryptophan 

residue in the ANK17 domain makes the most crucial contact with this proline in the 

substrate, which forms the anchor point of this interaction. Mutation of this proline caused a 

marked decrease of SNAP25 palmitoylation by human DHHC17 in an in cellulo assay. 

While the identity of the consensus motif has now been expanded using peptide arrays 

[114], the proline has remained invariant, highlighting the significance of the ANK17-

peptide complex structure in understanding the mechanistic basis of the peptide-AR domain 

interaction.

The structures of hDHHC20 and zfDHHS15 do not lend any obvious insights into where 

substrate proteins can bind, however. Given that the four TM helices enclose the fatty acyl 

chain in the autoacylated enzyme and that the acyl chain has to be eventually transferred to 

the substrate, leaves one obvious direction from which to approach the active site for a 

successful S-acylation event [54]. Nevertheless, the question remains as to what interactions 

between the DHHC-PAT and the substrate dictate that process of recognition. The last ~ 30 

residues, predicted to be unstructured, are missing from the hDHHC20 structure. One 
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possibility is that the C-terminus engages with the substrate and presents it to the active site. 

Since the C-terminal domain contains, unexpectedly, an amphipathic helix that wraps around 

the protein, it is unclear if the missing residues are adequate to bind and present the protein 

substrate close to the active site for S-acylation or whether this would entail considerable 

rearrangement of interactions between the C-terminal domain and the TM helices, as well as 

a different placement of the amphipathic helix.

Paradoxically, while DHHC13 and 17 strongly bind SNAP25 and CSP (mediated by the AR 

domain-peptide interaction) and DHHC3 and 7 do not, DHHC3 and 7 S-acylate SNAP25 

and CSP more efficiently than DHHC13 and 17 [76]. How is this possible? It is important to 

note that DHHC13 and DHHC17 do not seem to have a stable autoacylated state. Perhaps 

because DHHC13 and 17 S-acylate without an autoacylated intermediate, they are less 

efficient. In our own in vitro studies, while hDHHC20 efficiently S-acylates GobX, the 

binding is not stable enough for pulldown. Although DHHC3 may not bind strongly to 

SNAP25 or CSP, it seems to do so with Herpes Simplex Virus 1 protein UL20 [115]. In 

another example, DHHC5 binds GRIP1b using its PDZ-binding motif [116] while it uses an 

unstructured, ~ 120-residue C-terminal domain to bind the cardiac phosphoprotein 

phospholemman [117]. These studies seem to indicate that transient/weak DHHC enzyme-

substrate interactions can still be catalytically productive. It is worthwhile to recall that in 

the cellular context, these interactions occur in close proximity to the membrane which is 

likely a critical third component in engaging the enzyme-substrate interactions. In 

accordance with this, the GobX protein is thought to interact with membranes using an 

amphipathic helix [24]. However, the details of how, if at all, specific membrane components 

play a role in DHHC enzyme-substrate interactions is far from clear at this stage and will 

need careful reconstitution-based studies. It is important to point out here that very few 

substrate S-acylations have been studied in vitro using purified components. Together with 

high-resolution structures, it is direly needed to dissect this aspect of DHHC-PATs with a 

range of different substrates using reconstitution-based approaches such as nanodiscs. Such 

a bottom-up approach will help bridge the structural data with the cell-biological data and 

bring out salient aspects of substrate-DHHC interactions that are still very poorly 

understood.

Concluding remarks

The recently determined structures of hDHHC20 and zfDHHS15, and of the ANK17 domain 

of human DHHC17 in complex with the consensus motif peptide, have finally given a 

structural framework to begin to understand and further study DHHC-PATs. Important 

questions remain, among them protein substrate specificity of DHHC-PATs other than 

DHHC13 and 17. Engineering DHHC-PATs that can selectively use unnatural fatty acids is a 

promising avenue to address this question, in analogy to the bump-hole approach for protein 

kinases [54, 118]. The DHHC enzyme family is large and diverse. Although the catalytic 

core and the fatty acid binding cavity is expected to be well conserved, the structures of 

DHHC-PATs containing more than four helices are of outstanding interest. Some DHHC-

PATs, such as the yeast ERF2 require obligate partners, namely ERF4, to function [119]. 

Clearly, structures of topologically distinct DHHC-PATs, enzyme-substrate complexes, and 

DHHC-PATs at different stages of the enzymatic cycle are essential to obtain further atomic 
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resolution understanding into the structure and mechanism of this very important enzyme 

family. Aided by computational studies such as molecular dynamics simulations, such 

structures will lead to more fine-grained mechanistic hypotheses that can be tested and 

validated using both in vitro and in vivo experimental systems.
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Research Highlights

• Protein S-acylation is one of the most abundant forms of protein lipidation.

• Members of the DHHC family of integral membrane enzymes catalyze 

protein S-acylation in eukaryotes.

• High-resolution structures of two members of the family revealed a 

tremendous amount of information about organization and mechanism of 

DHHC enzymes.

• Atomistic molecular dynamics simulation revealed DHHC enzymes deform 

the membrane to facilitate catalysis.
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Figure 1. S-acylation and DHHC-PATs
(A) Scheme of protein S-acylation by DHHC-PATs and deacylation by thioesterases. Fatty 

acyl CoA is the fatty acid chain donor. (B) Multiple sequence alignment of the DHHC-CRD 

of select human DHHC-PATs. The two CCHC zinc-finger motifs are color coded as magenta 

and cyan. (C) Diverse membrane topologies of the DHHC-PATs. DHHC17 has six 

transmembrane helices with an ankyrin-repeat domain at the N-terminus. DHHC3 has four 

transmembrane helices like most DHHC-PATs. The yeast ERF2 has four transmembrane 

helices but requires ERF4 and forms a heteromeric complex. DHHC24 is predicted to have 

five transmembrane helices.
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Figure 2. Structure of DHHC-PATs
Overall structure of (A) human DHHC20 and (B) zebrafish DHHS15 shown in cartoon. The 

transmembrane domains are colored in green, the DHHC-CRD domains in blue, and the C-

terminal domains in orange. The two zinc-ions are represented as grey spheres. (C) 

Superimposition of the backbones of hDHHC20 (green) and zfDHHS15 (purple), Cα rmsd 

is 0.7Å.(D) Close-up views of the active-site of hDHHC20 (PDB ID: 6BMN), alpha-

chymotrypsin (PDB ID: 2CHA) and human rhinovirus 3C cysteine protease (PDB ID: 

2XYA), showing the similarity in the arrangement of the catalytic triad.
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Figure 3. Proposed mechanism of catalysis.
(A) DHHC shown schematically in green. In the first step, the His154 (in DHHC20) 

deprotonates Cys156 to activate for autoacylation. In the second step, His154 activates the 

carbonyl of the thioester for substrate acylation. (B) Proposed direction of approach by 

substrate. (C) Cutaway views of the hydrophobic groove of Bet3, hDHHC20, and TEAD, 

showing the acyl chains linked to the conserved cysteine residues.
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Figure 4. Molecular dynamics simulations of hDHHC20 and acyl-CoA in a POPC bilayer.
(A) hDHHC20 deforms the surrounding membrane to expose the catalytic Cys 156 

(magenta) to solvent. Shown are the surface of the protein (tan) and of the ester layer of 

POPC, on the cytoplasmic side, when averaged over the simulated time. The color bar 

indicates the degree of perturbation of the membrane, relative to a point far away from the 

protein; e.g. blue indicates a depression towards the bilayer center. These data are based on 

two MD trajectories of 1 μs each. (B) Snapshots of MD simulations of caprylyl-CoA 

(cCoA), palmitoyl-CoA (pCoA) and behenyl-CoA (bCoA) in POPC. Water, ions and 
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hydrogens are omitted for clarity. The positions of sulfur atoms have been indicated with an 

arrow. (C) For each form of acyl-CoA, the plots quantify the most probable location of the 

sulfur atom where acyl-CoA is cleaved off, relative to the membrane center and to the two 

ester layers in POPC. The distributions derive from three 1-μs MD trajectories (one for each 

form of acyl-CoA).
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Figure 5. Structural basis of fatty acyl CoA selectivity by DHHC-PATs
(A) Comparison of the fatty acid binding cavity of human DHHC20 with a covalently linked 

fatty acid (PDB ID: 2BML), human N-myristoyltransferase in complex with CoA and a 

myristoylated peptide (PDB ID: 5O9S), and yeast enoyl-CoA isomerase complexed with 

octanoyl-CoA (PDB ID: 4ZDC). (B) Fatty acid chain binding cavity of hDHHC20 formed 

by the transmembrane domain. The covalently linked fatty acid chain is shown in grey. The 

critical Tyr181-Ser29 H-bond interaction that limits the cavity is shown as dotted lines. (C) 

The shift in fatty acyl chain length selectivity upon mutagenesis to increase or decrease the 

hDHHC20 cavity.
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Figure 6. Substrate binding by the ankyrin-repeat (AR) domain of human DHHC17.
(A) Molecular structure of the complex between the N-terminal AR domain of DHHC17 

(light yellow) and the consensus motif peptide of the protein SNAP25b (purple) showing the 

shape-selective recognition. (B) Pro117, which interacts with Trp130 of the AR domain, 

introduces a kink in the peptide giving rise to shape complementarity to the concave AR 

domain structure. The proline residue is essentially invariant in the consensus motif. PDB ID 

for the structure is 5W7I.
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