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Abstract 
Protein S-acylation is a dynamic lipid post-translational modification that can modulate the 

localization and activity of target proteins. In humans, the installation of the lipid onto target 

proteins is catalyzed by a family of 23 Asp-His-His-Cys domain-containing protein 

acyltransferases (DHHC-PATs). DHHCs are increasingly recognized as critical players in 

cellular signaling events and in human disease. However, progress elucidating the functions 

and mechanisms of DHHC “writers” has been hampered by a lack of chemical tools to perturb 

their activity in live cells. Herein, we report the synthesis and characterization of PATi, a pan-

DHHC inhibitor more potent than 2-bromopalmitate (2BP), the most commonly used DHHC 

inhibitor in the field. Possessing an acrylamide warhead, PATi pairs its gain in potency with 

decreases in both toxicity and inhibition of the S-acylation eraser enzymes – two of the major 

weaknesses of 2BP. Our studies show that PATi engages with DHHC family proteins in cells, 

inhibits protein S-acylation, and disrupts DHHC-regulated cellular events. PATi represents an 

improved chemical tool for untangling the complexities of DHHC-mediated cell signaling by 

protein S-acylation. 
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Introduction 

Protein S-acylation is the post-translational addition of a long chain fatty acid to cysteine thiols 

via a thioester bond 1-2 and is often referred to as S-palmitoylation due to the prevalence of 

C16:0 modification. S-acylation has complex and wide-ranging effects on target proteins; not 

only can it alter membrane association and subcellular trafficking, as for the well-studied 

oncogene Ras 3, but it also regulates protein oligomerization, activity, and stability 3-7. S-

acylation is enzymatically reversible, with lipid addition catalyzed by the protein acyl 

transferases (PATs), which possess an active site Asp-His-His-Cys domain (earning them the 

moniker “DHHC”) and lipid removal, by a suite of serine hydrolase family acyl-protein 

thioesterases (APTs), including APT1 8, APT2 9, ABHD10 6, and ABHD17A/B/C 10. The activity 

of both these DHHC “writer” and APT “eraser” proteins is tightly regulated, and together, they in 

turn dynamically regulate protein S-acylation. Disruption of this cycle is consequential at the 

cellular and organismal levels 11-13.   

 

In particular, dysregulation of DHHC family proteins is associated with human pathology, 

including cancer progression, inflammation, and neurological dysfunction 14-16. For example, 

zDHHC9 is upregulated in colorectal cancer and has been implicated in the pathogenesis of 

leukemia 17-18, while its loss-of-function mutations are associated with X-linked intellectual 

disability (XLID) 19-20. ZDHHC20 regulates the signaling of the receptor tyrosine kinase EGFR, 

and its activity has been implicated in cellular transformation and lung tumorigenesis 21-22. 

Finally, knockdown of zDHHC7 has been shown to mitigate symptoms of inflammatory bowel 

disease, possibly via loss of STAT3 palmitoylation and activation 23. 

 

Despite the annotation of the first palmitoyl transferase in yeast two decades ago 24-25, a paucity 

of tools to perturb the function of the DHHC family has hindered progress in our understanding 

of their mechanism, regulatory roles, and connections to disease states. Functional redundancy 

between many DHHCs, as well as inter-family regulation 26-28, limit the use of classic genetic 

tools and highlight the necessity of small molecule inhibitors. While the α-brominated fatty acid 

2-bromopalmitate (2BP) is the most commonly used small molecule tool to study DHHC 

functions in live cells, its ubiquity obscures its promiscuity, poor utility, and cellular toxicity. 2BP 

acts as a pan-DHHC inhibitor by covalently modifying the active cysteine residues of DHHC 

proteins, either as 2BP or the 2BP-CoA adduct, with the latter metabolic product displaying 

enhanced reactivity with proteome 29. In fact, 2BP inhibits at least two of the S-acylation erasers, 

APT1 and APT2, in cells 30. Moreover, 2BP is often used at micromolar concentrations (10-100 
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μΜ), concentrations that are at or above its toxicity threshold 27, 29, 31. Other reported S-acylation 

inhibitors, such as cerulenin, tunicamycin, and compound V, suffer from significant toxicity, poor 

selectively, and/or a lack of characterization in cells 32-34. Thus, there is a critical need for new 

chemical probes to study DHHC-mediated S-acylation in endogenous contexts.  

 

Here, we report the development of PATi, a covalent pan-DHHC inhibitor with an acrylamide 

warhead and improved properties relative to 2BP. Not only is PATi more potent than 2BP in 

vitro, it is also less toxic and does not inhibit APT1 or APT2, thereby addressing two key 

limitations of 2BP. We demonstrate that PATi inhibits S-acylation and engages directly with 

DHHC family proteins in cellulo. Finally, we show that PATi can modulate DHHC-dependent 

cellular effects, including EGFR-mediated cell signaling and CD36-mediated lipid uptake and 

droplet formation. Overall, this work introduces PATi as a chemical tool to complement current 

methods to study the biological implications of disrupting DHHC-mediated S-acylation.  

 

Acrylamide-based molecules inhibit zDHHC20 

The DHHC family proteins are thought to employ a two-step mechanism, in which the cysteine 

thiolate of the active site attacks the fatty acyl-CoA thioester, resulting in an autoacylated DHHC 

with the acyl chain bound in the hydrophobic groove. The fatty acyl chain is then transferred 

from the cysteine to a protein substrate. This nucleophilic cysteine can be targeted by 

electrophiles – like 2BP – to hamper DHHC activity. In pursuit of a still potent but less reactive 

inhibitor in cellulo, we proposed to exchange the α-halo carbonyl of 2BP with an acrylamide 

warhead. Acrylamides are known to react faster with cysteine thiols than serine alcohols, and, 

unlike the 2BP fatty acid, will likely not undergo metabolic conversion to reactive and 

nonspecific acyl CoA intermediates 29, 35. Moreover, the acrylamide scaffold is achiral and 

readily synthetically accessible. Therefore, we designed and synthesized 1 (Figure 1A), which 

features a 14 carbon-long lipid tail appended to the acrylamide warhead. Docking of 1 on the 

only published crystal structure of a human DHHC (zDHHC20) showed that the warhead is 

proximal (3.5 Å) to the active site Cys (Figure S1). We therefore tested 1 against purified 

zDHHC20 using a fluorescence polarization (FP) assay with a fluorophore-tagged peptide that 

we identified as a substrate of zDHHC20, 5-FAM-NRas (Figure S2). 1 (IC50 = 21.4 ± 5.9 μM) 

successfully inhibited zDHHC20, although with decreased activity as compared to 2BP (IC50 = 

5.33 ± 0.77 μM), confirming that an acrylamide-based lipid inhibitor can inhibit zDHHC20. Thus, 

we decided to explore the structure-activity relationship of 1 in an effort to enhance its potency.     
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PATi is a potent zDHHC20 inhibitor 
To optimize 1, we designed and synthesized a panel of compounds, all with an acrylamide 

appended to a lipid tail. First, we targeted the lipid tail, shortening it by four carbons (2). This 

change abrogated the zDHHC20 inhibitory properties entirely, demonstrating the criticality of 

extensive contacts with the hydrophobic channel and inspiring us to instead focus on modifying 

the acrylamide moiety. We next tested compounds with either a substituted acrylamide amine 

and/or a butenoic acid-modified amide (Figure 1B). While most performed worse than the 

parent molecule, one molecule functionalized with a cyanomethyl group, PATi, showed 

significantly improved activity against zDHHC20, with approximately 80% inhibition at 10 µM. 

PATi was found to have an IC50 of 1.35 ± 0.26 μM against zDHHC20, a 5-fold improvement 

over 2BP (Figure S3). Moreover, addition of the cyanomethyl group to the cis butenoic acid 

derivative (3) improved its activity (12), highlighting the criticality of this moiety. A second 

molecule, 8, which possesses a terminal alkyne in lieu of the cyanomethyl, was similar in 

potency to 2BP, with an IC50 of 8.32 ± 2.25 μM (Figure S3). To confirm that the reactivity of 

PATi and 8 stemmed from the acrylamide warhead and not reversible thioimidate complex 

formation, we synthesized and tested 13 and 14, the alkyl amide analogues of 8 and PATi, 
respectively (Figure 1B). Both molecules were inactive, verifying the acrylamide as the DHHC-

reactive moiety. In sum, PATi is a potent zDHHC20 inhibitor in vitro and requires both the 

cyanomethyl group and acrylamide warhead for activity. Therefore, to assess its utility in live 

cells, we next assessed its inhibition of APTs and toxicity.  

 

PATi does not inhibit APTs and is less toxic than 2BP  
To determine if PATi inhibits eraser APTs, as observed with 2BP, we evaluated the effects of 

PATi relative to 2BP on APT1 and APT2 activity in vitro using a fluorogenic probe for APT 

activity, DPP5 36. PATi showed little inhibition of APT1 and APT2, while 2BP, in agreement with 

previous reports, significantly inhibited both APT1 and APT2 (Figure 2A) 30. At 25 µM, a 

concentration at or below which 2BP is often used, 2BP abolished most activity of APT1 and all 

activity of APT2. In striking contrast, PATi showed no inhibition of APT1 or APT2 even at 50 µM, 

the highest concentration assayed. This data suggests that PATi, unlike 2BP, can be used to 

monitor the dynamics and the kinetics of acylation without perturbing APT-mediated 

deacylation.  

 

We also compared the toxicity of PATi to that of 2BP across a panel of commonly used 

mammalian cell lines, including MDA-MB-231, HEK293T, HepG2, and 3T3-L1. After 6 hours of 
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treatment, PATi’s toxicity was limited up to 100 µM, while 2BP significantly reduced cell viability 

at much lower concentrations (Figure 2B, S4). For example, in MDA-MB-231 cells, treatment 

with 2BP resulted in ~80% cell death at 40 µM, whereas at the same concentration of PATi, no 

toxicity was observed. As PATi was non-toxic at 20 µM across all cell lines we tested, we 

designated this as our maximum concentration of PATi to use for assessment in cells. Overall, 

these results – the lack of APT inhibition and decreased toxicity – paired with the robust 

inhibition of zDHHC20 in vitro, suggested that PATi might be an inhibitor of zDHHC-mediated 

acylation in cells.     

 

PATi inhibits protein S-acylation in live cells 

To validate the use of PATi as an inhibitor of S-acylation, we next sought to assess its efficacy 

and potency in live cells. Using 17-octadecynoic acid (17-ODYA) metabolic labeling, wherein a 

clickable fatty acid is used to monitor lipid incorporation, we observed a dose-dependent 

decrease in global S-acylation when cells were treated with PATi (Figure 2C, S5) 37. We further 

confirmed the global inhibition of protein S-acylation by PATi using acyl-biotin exchange (ABE) 
38, a method for the enrichment and visualization of acylated cysteine residues (Figure 2D).  
 

To corroborate these proteome-wide observations, we next tested whether PATi could inhibit 

the S-acylation of several well-studied DHHC substrate proteins. We overexpressed either the 

human immune adaptor protein Myd88 or Legionella E3 ligase GobX, whose S-acylation is 

regulated by zDHHC6 and zDHHC20, respectively, in HEK293T cells, and then treated the cells 

with a range of concentrations of PATi 39-40. Assessment of these exogenous substrates using 

ABE revealed a dose-dependent decrease in S-acylation, with GobX displaying greater 

sensitivity to PATi than Myd88 (Figure 2E, F). Furthermore, in both of these ABE assays, we 

also observed a dose-dependent decrease in the S-acylation of endogenous Ras upon 

treatment with PATi. All targets displayed reduced acylation at a concentration of 20 μM PATi, 
establishing this as our working concentration. Collectively, these data confirm that PATi inhibits 

protein S-acylation in live cells.  

 

PATi engages DHHCs in live cells 

Having verified that PATi inhibits zDHHC20 in vitro and blocks protein S-acylation in live cells, 

we next sought to confirm direct engagement of DHHC family proteins by PATi in live cells. We 

postulated that 8, an analogue of PATi possessing a terminal alkyne instead of the cyanomethyl 

group, could be used to visualize PATi engagement across the DHHC family by reporter 
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conjugation via copper-catalyzed azide-alkyne “click” cycloaddition (Figure 1A). Therefore, we 

first determined which DHHCs could be labeled by 8. HEK293T cells overexpressing individual 

DHHCs were treated with 8, and, following cell lysis, subjected to a click reaction with TAMRA-

azide in order to label 8-modified proteins. In-gel fluorescence indicated that 8 labels zDHHC2, 

6, 9, 13, 14, 15, 18, 20, and 24, all of the DHHCs in our library with strong expression (Figure 
S6). Furthermore, 8 was also found to label endogenous DHHC proteins, including zDHHC5, 

which was not labeled in the fluorescence screen, likely due to poor expression (Figure S7).  

 

We next examined the residues of DHHC proteins labelled by 8. As the cysteine residue within 

the DHHC motif is critical for the S-acyltransferase activity for DHHC proteins 24-25, 41-42, we 

performed 8 labeling on a subset of exogenous catalytically dead (DHHS) mutants. While some 

DHHCs, such as zDHHC9 and 24, evinced decreased labeling of the active site mutant, other 

DHHCs, including zDHHC20, did not, suggesting that the DHHC motif Cys is not the only 

residue modified by 8, as is also observed with 16C-BYA, an alkyne-containing analogue of 2BP 
43 (Figure S8). Finally, we attempted to use mass spectrometry (MS) in order to see if 8 could 

label more DHHCs than observed via gel-based methods. To this end, following treatment of 

HEK293T cells with 8 or DMSO, click reaction with biotin-azide, enrichment, and on-bead 

trypsin digestion, digested peptides were identified and quantified by dimethyl labeling. In our 

dataset, endogenous zDHHC6 – a DHHC not identified in our gel-based assays – was identified 

as a high-confidence target in two independent replicates (Figure S9). No other DHHC proteins 

were identified in our dataset, likely due to their low abundance and hydrophobicity, which 

complicate MS analysis 29, 43-45.   

 

Having validated 8’s ability to label DHHC family proteins, we next performed competitive 

labeling with PATi for all exogenous (zDHHC2, zDHHC9, zDHHC14, zDHHC15, and zDHHC24) 

and endogenous (zDHHC5, 13, and 18) DHHC proteins labeled by 8 in order to confirm PATi 
target engagement in live cells. For the exogenous DHHCs, cells overexpressing each targeted 

protein were treated with PATi (0, 10, and 20 µM, 2 hours), chased with 8 (1 µM, 2 hours), and 

then lysed. After TAMRA-azide ligation, in-gel fluorescence indicated that PATi blocked 8 

labeling, confirming that PATi engages each of these DHHC targets (Figure 3A). To probe the 

endogenous DHHCs, we again performed competitive labeling, this time on non-transfected 

HEK293T cells and using 8 at 20 µM for 3 hours for the chase. Here, after conjugation with 

biotin-azide, pulldown, and Western blotting, we observed that PATi impeded the 8 labeling of 

zDHHC5, zDHHC18, and two isoforms of zDHHC13 (Figure 3B) – confirming PATi directly 
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engages with these DHHCs as well. The ability of PATi to outcompete 8 labeling of both 

exogenous and endogenous DHHCs suggests that PATi inhibition of S-acylation in live cells 

likely stems from inhibition of DHHC family proteins.  

 

PATi inhibits the S-acylation of EGFR and CD36  
Finally, we sought to test whether PATi could recapitulate observations reported to stem from 

DHHC disruption and establish that, along with on-target binding, PATi can be used to discern 

cellular outcomes from loss of S-acylation. A critical S-acylated protein and substrate of 

zDHHC20 is the epidermal growth factor receptor (EGFR), a receptor tyrosine kinase whose 

activity is widely dysregulated in cancer 21. There are several mechanisms by which its C-

terminal acylation regulates its activity; in a KRAS-mutant context, loss of its palmitoylation is 

reported to disrupt signaling along the phosphatidylinositol 3-kinase (PI3K) pathway 22. Thus, we 

first confirmed that PATi diminished EGFR S-acylation in MDA-MB-231 cancer cells at its 

working concentration (Figure 4A) and then assessed whether PATi-mediated interruption of 

EGFR acylation impacted downstream PI3K pathway signaling. We observed that treatment 

with PATi moderated the phosphorylation of protein kinase B (Akt) and the abundance of the 

transcription factor MYC, two markers of EGFR-P13K pathway activity (Figure 4B, S10). These 

results paralleled those seen with genetic knockdown of zDHHC20 and established PATi’s 

ability to validate results downstream of acylation disruption 22.  

 

To further substantiate PATi’s ability to modulate DHHC-dependent cellular functions, we next 

evaluated whether PATi could inhibit the S-acylation and subsequently the activity of CD36. 

CD36 is an immuno-metabolic glycoprotein and a substrate of zDHHC4 and zDHHC5, two 

DHHCs we confirmed were targeted by PATi (Figure 3B, S11). The S-acylation of CD36 

mediates its localization and in turn its fatty acid translocase activity 46. We found that treatment 

of 3T3-L1 pre-adipocytes with PATi not only reduced CD36 acylation levels (Figure 4C), but 

also decreased the uptake of fatty acids and formation of lipid droplets, results previously 

observed with knockdown of zDHHC4/5 (Figure 4D, S12). Together, these results indicate that 

not only does PATi perturb the acylation of significant endogenous targets, it also modulates 

their known acylation-dependent activity and functionality.  

 

Conclusions 

As our understanding of the role of protein S-acylation in regulating cell and organismal biology 

grows, the toxicity and limited potency of current inhibitors demand improved chemical tools. In 
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this Article, we introduced PATi, an inhibitor of DHHC family proteins, to complement current 

methods to probe S-acylation and its consequences in cells. Featuring an acrylamide warhead 

functionalized with a cyanomethyl group, PATi is more potent than 2BP – the leading inhibitor in 

the field – and, more importantly, has a significantly improved toxicity profile across multiple 

mammalian cells lines. We also show that PATi does not inhibit eraser APTs, a critical limitation 

of 2BP. These improvements were achieved without a loss of in-cell efficacy; for example, PATi 
inhibited the acylation of CD36 at 20 μM, while 2BP was used at 100 μM 46. Furthermore, we 

used 8, an alkyne-containing derivative of PATi, to show that PATi engages with DHHC family 

proteins across clades, validating PATi as a pan-DHHC inhibitor and confirming its role in 

perturbing DHHC-dependent acylation. Finally, we applied PATi to assess cellular responses 

previously reported to result from loss of S-acylation. We demonstrated that decreases in the 

acylation of EGFR and CD36 caused by PATi treatment were paired with changes in signaling 

activity and lipid uptake, respectively – changes aligned with results reported using both genetic 

manipulation and 2BP treatment 21, 27. These results not only emphasize the importance of S-

acylation in biological processes, but also highlight the potential of PATi in elucidating the 

regulatory roles of DHHC family proteins. 

  

While this work reveals the promise of acrylamide based DHHC family inhibitors, it also 

underscores the need for additional improvements in selectivity and potency. MS analysis 

suggests that 8 can label ~396 proteins with high confidence in cells, over 75% of which are 

annotated as acylated proteins (Table S1, Figure S9). These results suggest that 8, and in turn 

PATi, interact with acylated targets and emphasize the disadvantage of their lipid “tails.” As 

mimetics of fatty acids and their derivatives, aliphatic chains are thought to lead to numerous 

off-targets in cells 47. Therefore, modification or replacement of the lipid will be critical in the next 

generation of molecules. As comparison of 1 with 2 indicates, though, the loss of hydrophobic 

contacts would need to be compensated for by expansion of the scaffold and increased 

contacts with the protein elsewhere. Interestingly, we observed that the cyanomethyl group was 

crucial for PATi potency; however, the reasons for its criticality are unclear. We envision that a 

crystal structure of a PATi-bound DHHC would both aid in deciphering the mechanism of the 

cyanomethyl-mediated increase in potency and highlight opportunities for structure-based 

design. In addition, the capability of zDHHC20 to acylate NRas peptide, as well as recent 

reports of DHHC-targeted peptide inhibitors, hint at the potential of peptide scaffolds as DHHC 

inhibitors 48-49. Our future work will focus on modifying small molecule and peptide scaffolds to 

achieve improvements in selectivity and potency. 
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Figure 1. Discovery of and in vitro inhibition data against human zDHHC20 for PATi. (A) 
Structure and IC50 against human zDHHC20 of key molecules used in this work. (B) 
Fluorescence polarization (FP) screening of a panel of acrylamide-based molecules against 
zDHHC20, with activity normalized to DMSO. Data are presented as the mean ± standard 
deviation (n=3).  
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Figure 2. Validation and characterization of PATi in vitro and in cellulo. (A) Incubation of 
purified APT1 or APT2 (50 nM) with either 2BP or PATi, followed by measurement of APT 
activity using the fluorogenic probe DPP-5. Data are presented as the mean ± standard 
deviation (n=3). (B) Viability of HEK293T, MDA-MB-231, and 3T3-L1 cells treated with varied 
concentrations of either 2BP or PATi (6 hours), as measured by MTS assay. Data are 
presented as the mean ± standard deviation (n≥3). (C) HEK293T cells pretreated with DMSO, 
2BP (20 μM, 1 hour), or PATi (0, 5, 10, 20, and 40 μM, 1 hour) before treatment with 17-
octadecynoic acid (17-ODYA) (6 hours) to metabolically label palmitoylated proteins. Isolated 
proteomes were then subject to click chemistry to conjugate a fluorophore on proteins modified 
by 17-ODYA, followed by protein separation via SDS-PAGE. In-gel fluorescence revealed 
proteome-wide inhibition of protein palmitoylation by PATi. (D) Acyl-biotin exchange (ABE) of 
HEK293T cells treated with 2BP or PATi (20 μM, 6 hours). Global S-acylation visualized using 
streptavidin-HRP. (E,F) Dose-response change in the S-acylation of exogenous HA-tagged 
Myd88 or eGFP-tagged GobX and endogenous Ras in HEK293T cells upon PATi treatment (6 
hours) as measured by ABE. 
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Figure 3. Engagement of PATi with DHHC family proteins. (A) In-gel fluorescence analysis of 
myc-tagged DHHC proteins overexpressed in HEK293T cells treated with PATi or DMSO (2 
hours), followed by labeling with 8 (1 μM, 2 hours). Expression levels visualized via anti-myc tag 
Western blot. (B) Western blot analysis of endogenous DHHC proteins in HEK293T cells treated 
with PATi or DMSO (3 hours), followed by labeling with 8 (20 μM, 3 hours). 
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Figure 4. Confirmation of PATi functional activity in cellulo. (A) Analysis of EGFR S-acylation 
via ABE upon PATi treatment (20 μM, 6 hours) in MDA-MB-231 cells. (B) EGF (100 ng/mL, 15 
minutes)-induced phosphorylation of AKT with and without PATi treatment (20 μM, 3 hours). (C) 
Analysis of CD36 S-acylation via ABE upon PATi treatment (20 μM, 6 hours) in 3T3-L1 cells. 
(D) Representative images of fluorescence imaging of 3T3-L1 preadipocytes starved (12 hours) 
and treated with DMSO or PATi (20 μM, 3 hours), followed by 10 μM BSA-bound oleate and 
BODIPY493/503 or BODIPY-palmitate (2 μM, 3 hours) (n=5). Scale bar = 20 μM. 
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