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Abstract

Protein S-acylation (commonly known as palmitoylation) is a widespread reversible lipid
modification, which plays critical roles in regulating protein localization, activity, stability, and
complex formation. The deregulation of protein S-acylation contributes to many diseases such as
cancer and neurodegenerative disorders. The past decade has witnessed substantial progress in
proteomic analysis of protein S-acylation, which significantly advanced our understanding of S
acylation biology. In this review, we summarized the techniques for the enrichment of S-acylated
proteins or peptides, critically reviewed proteomic studies of protein S-acylation at eight different
levels, and proposed major challenges for the S-acylproteomics field. In summary, proteome-scale
analysis of protein S-acylation comes of age and will play increasingly important roles in
discovering new disease mechanisms, biomarkers, and therapeutic targets.
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1. Introduction

In eukaryotic cells, many proteins are subjected to different lipid modifications such as
protein S-acylation, myristoylation, prenylation, farnesylation, and geranylgeranylation.:
Among these, protein S-acylation is a reversible lipid modification, where long-chain fatty
acids are covalently attached to specific cysteine residues of proteins via labile thioester
bonds.? It is also one of the most common post-translational modifications — in human
cells, proteins encoded by about 4,000 genes are subjected to protein S-acylation
(swisspalm.org/releases). S-acylated proteins can be modified by different types of long-
chain fatty acids, such as palmitate (C16:0), stearate (C18:0), myristate (C14:0),
palmitoleate (C16:1), oleate (C18:1), arachidonate (C20:4), and eicosapentaenoate (C20:5).
3-7 Because palmitate is the predominant fatty acid, protein S-acylation is more commonly
(albeit less accurately) called protein S-palmitoylation or simply palmitoylation.

Protein S-acylation was first reported in 1979.8 After a quiescent decade, the following three
decades have witnessed a steady growth of S-acylation publications, suggesting an
increasing appreciation of the functional importance of protein S-acylation. Studies have
demonstrated that reversible protein S-acylation dynamically regulates the localization,
activity, stability, trafficking, and complex formation of proteins.? In cells, the reversibility
of protein S-acylation provides an important mechanism for mediating rapid trafficking of
membrane proteins between subcellular organelles, as well as for regulating protein
segregation or clustering in membrane compartments like lipid rafts.10 In addition, &
acylation may cross-talk with other post-translational modifications (PTMs), such as S
nitrosylation, ubiquitination, and phosphorylation, thereby forming dynamic regulatory
programs.! Hence, protein S-acylation plays critical roles in a wide range of biological
processes such as cell signaling, metabolism, immune response, and host-pathogen
interactions.19 Its aberration contributes to many diseases including cancer and
neurodegenerative disorders.11:12

In eukaryotes, protein S-acylation can be spontaneous, but it is believed to be predominantly
catalyzed by a group of highly conserved Asp-His-His-Cys (DHHC) motif-containing
palmitoyl S-acyltransferases (PATs) encoded by ZDHHC genes.13:14 Different species have
varied numbers of DHHC-PATS: 5-7 in yeasts, 24 in Arabidopsis, and 23-24 in mammals.
13.15 |n human cells, 23 PATs are encoded by genes ZDHHC1-24 excluding ZDHHC10. All
these PATSs are integral membrane proteins with a range of cellular localizations and tissue
expression patterns.1® Most PATSs are localized in the endoplasmic reticulum (ER) and Golgi
apparatus, and at least three PATs (DHHC-5/20/21) are primarily localized in the plasma
membrane.16 Protein S-acylation is reversible, and de-S-acylation is catalyzed by enzymes
such as acyl-protein thioesterases (APTSs), palmitoyl-protein thioesterases (PPTs), and a/p
hydrolase fold domain (ABHD) proteins.1’ These enzymes are localized in varied
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subcellular localizations, such as cytosol (APT1/2 and ABHD17A/B/C), lysosomes
(PPT1/2), and mitochondria (ABHD10).18-22 For convenience, all these de-S-acylation
enzymes are hereinafter referred to as APTSs.

Although it is still incompletely understood,2? studies suggested that DHHC-PATS usually
catalyze S-acylation in two steps: a DHHC-PAT is autoacylated to form a transient acyl-
intermediate and then the fatty acyl group is transferred from the DHHC motif to its
substrate protein in close proximity (Fig. 1A).24 Most DHHC-PATSs are able to catalyze S-
acylation without the help of a protein cofactor. However, some DHHC-PATS require
cofactors for proper functioning. These enzymes and cofactors form protein complexes such
as Erf2-Erf4, DHHC5-GOLGA7, DHHC6-SELENOK (Selenoprotein K), DHHC9-GCP16
(Golgi complex-associated protein of 16 kDa).25-28 The cofactors were shown to stabilize
cognate DHHC-PATS or acyl-DHHC intermediates.26:29.30 |n protein de- S-acylation, APTs
can be S-acylated and tethered to membrane, where they remove the S-acyl groups of their
substrate proteins (Fig. 1B).31

Traditionally, protein S-acylation was analyzed using [3H]-palmitate labeling, followed by
immunoprecipitation and days to weeks of film exposure.32 However, this method only
allows the analysis of S-acylation on the basis of individual proteins, and it is hazardous,
time-consuming, and sometimes insufficiently sensitive. To facilitate the detection and
quantification of S-acylated proteins, various methods for the enrichment of S-acylated
proteins/peptides have been developed since 200433, These methods were coupled with mass
spectrometry-based proteomics methods for global identification and quantification of &
acylated proteins and S-acylation sites. This review aims to summarize the progress in these
aspects and provide our view of major challenges in the S-acylproteomics field. For reviews
on the enzymology of protein S-acylation and its functions in pathophysiology, readers are
directed to references!4:34:35,

2. Methods for the Enrichment of S-acylated Proteins

For proteome-scale analysis of protein S-acylation, a key step is to enrich S-acylated
proteins with high specificity. Since 2004, various methods have been developed to enrich S
acylated proteins. These methods can be broadly classified into two categories: one is
termed acyl-biotinyl exchange (ABE) and the other metabolic labeling with a palmitic acid
analog followed by click chemistry (MLCC) (Fig. 2).

2.1 ABE-related methods

ABE is a cysteine-centric method (Fig. 2A). In ABE, free cysteine residues are blocked by
an alkylating reagent, and then S-acylated cysteine residues are converted into free cysteine
residues by neutral hydroxylamine, which specifically cleaves thioester bonds. The newly
formed free cysteine residues (/.e., formerly S-acylated cysteine residues) are conjugated
with a biotin analog (e.g., biotin-HPDP) through cysteine alkylation. Consequently, S
acylated proteins are converted into biotinylated proteins, so they can be enriched by
streptavidin affinity purification.
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The first ABE method was reported by the Green group in 2004.33 Nevertheless, the method
was only coupled with streptavidin blotting to quantify a single protein a7/5HT3a. The first
ABE-based S-acylproteomics study was reported by the Davis lab in 2006.36 In this study,
free cysteine residues were blocked by N-ethylmaleimide (NEM). Following hydroxylamine
treatment, newly formed free thiols were reacted with biotin-HPDP, and the /in vitro
biotinylated proteins (/.e., formerly S-acylated proteins) were enriched by streptavidin
affinity purification. Subsequently, various ABE-related S-acylproteomic methods were
developed to enable site-specific analysis, simplify the procedure, and further improve the
specificity (Fig. 2A, Table S1).

To enable site-specific S-acylproteomic analysis, at least six different methods were
developed. In 2008, Zhang et al. reported a method called palmitoyl-cysteine isolation
capture and analysis (PICA).37 In PICA, free cysteine residues were blocked with methyl
methanethiosulfonate (MMTS), followed by the cleavage of thioester bonds with neutral
hydroxylamine. Subsequently, newly formed thiols were labeled with cleavable isotope-
coded affinity tag (CICAT). After protein digestion, clCAT-labeled tryptic peptides were
purified on an avidin affinity column and identified by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). In 2010, we published a different approach named palmitoyl
protein identification and site characterization (PalmP1SC).38 In PalmPISC, disulfide bonds
were reduced by tris(2-carboxyethyl) phosphine (TCEP), and all free thiols were alkylated
with NEM. Subsequently, S-acyl groups were cleaved off by neutral hydroxylamine, and the
newly formed thiols were conjugated with biotin-HPDP. After protein digestion, /n vitro
biotinylated peptides (/.e., formerly S-acylated peptides) were enriched by streptavidin
affinity purification and analyzed by LC-MS/MS for peptide identification and site
localization. In 2011, Forrester et al. developed a method termed acyl resin-assisted capture
(acyl-RAC).3? In this method, free cysteine residues were blocked by MMTS, followed by
hydroxylamine treatment to cleave off S-acyl groups. Subsequently, newly formed free thiols
were captured with thiol-reactive thiopropyl Sepharose resin. Captured proteins were
subjected to onresin digestion, followed by washing to remove non-S-acylated peptides.
Afterward, the remaining S-acylated peptides were released by dithiothreitol and analyzed
by LC-MS/MS. In 2015, Gould et al. developed a method similar to acyl-RAC, where
phenylmercury resin was used to substitute thiopropyl Sepharose resin.*% In 2017, Collins
reported yet another method called site-specific ABE (ssABE).! Akin to our PalmPISC
method, sSABE used TCEP to reduce disulfide bonds, iodoacetamide to alkylate free
cysteine residues, neutral hydroxylamine to remove S-acyl groups, biotin-HPDP to label
newly formed cysteine residues, trypsin to digest proteins, and streptavidin agarose to enrich
formerly S-acylated peptides. In 2019, Zareba-Koziol published a method named
PANIMoni, standing for palmitoylation and nitrosylation interplay monitoring.42 The
PANIMoni method essentially extends our PalmPISC method to analyze both S-acylation
and S-nitrosylation. In common, the six methods rely on in vitro chemical reactions and
protein digestion to capture originally S-acylated peptides, followed by LC-MS/MS analysis
for peptide identification and site localization.

ABE enrichment is time-consuming and labor-intensive, requiring multiple rounds of protein
precipitation and solubilization to remove excess chemical reagents, so they will not
interfere with subsequent reactions. To simplify the procedure, multiple improvements have
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been made. Hurst et a/. showed that NEM can be scavenged by 2,3-dimethyl-1,3-butadiene
in an aqueous Diels-Alder 4+2 cyclo-addition reaction. Thus, the multiple precipitation steps
to remove excess NEM can be eliminated.*3 The above-mentioned ssABE approach used
Amicon Ultra spin filter columns with a 30 kD molecular weight cutoff for buffer exchange.
41 The ssABE procedure is still time-consuming, as it requires at least 10 lengthy centrifugal
spins. However, it eliminates multiple precipitation-solubilization cycles and thus is less
labor-intensive. The aforementioned acyl-RAC method substitute the two-step biotinylation
and streptavidin affinity purification with one-step thiopropyl Sepharose reaction.3® Zhang et
al. generated a novel magnetic microsphere modified with 2,2’-dithiodipyridine (Fe3O,4/
SiO,-SSPy microsphere), which can directly react with free (formerly S-acylated) cysteine
residues exposed by neutral hydroxylamine, akin to the thiopropyl Sepharose in the acyl-
RAC method.*4

Nevertheless, the ABE methods invariably suffer from high background resulting from the
co-isolation of non-S-acylated forms.*> Quantitative proteomic analysis showed that about
two-thirds of proteins enriched by ABE were background proteins.#> The high background
may severely mask the detection of low-abundance S-acylated proteins and compress the
signal-to-noise ratios of many S-acylated proteins. To address this issue, we developed a new
method named low-background ABE (LB-ABE).#> We found that certain non-S-acylated
cysteine residues could not be completely blocked by NEM, even after longer incubation
time. The residual free cysteine residues can react with biotin-HPDP, resulting in their /n
vitro biotinylation. Consequently, a fraction of non-S-acylated proteins, especially those
containing multiple non-S-acylated cysteine residues, can be co-isolated with S-acylated
proteins by streptavidin affinity purification. By using 2,2"-dithiodipyridine (DTDP), a thiol-
reactive reagent similar to HPDP, residual free cysteines can be further blocked, preventing
their biotinylation by biotin-HPDP and enrichment by affinity purification. Using the LB-
ABE method, the level of co-isolated background proteins was reduced by >70%.45 Notably,
by coupling the LB-ABE method with LC-MS/MS, we identified 2,895 highconfidence
candidate S-acylated proteins from human prostate cancer LNCaP cells.*>

2.2 MLCC-related methods

MLCC is a palmitate-centric method (Fig. 2B). In MLCC, an azide- or alkyne-
functionalized palmitate analog is metabolically incorporated into S-acylated proteins during
cell culture. After cell lysis, palmitate analog-labeled proteins are conjugated with a biotin
analog by click chemistry. The /n vitro biotinylated (formerly S-acylated) proteins can be
isolated by streptavidin affinity purification.

The first MLCC method was reported by the Ploegh group in 2007.46 However, similar to
the first ABE method, the MLCC method was only coupled with streptavidin blotting to
detect fatty-acylated proteins.46 The first MLCC-based S-acylproteomic analysis was
published by the Berthiaume lab a year later.4’ In this study, w-azido-palmitate was
metabolically incorporated into mitochondrial proteins, and the labeled proteins were
conjugated with phosphine-biotin by the Staudinger ligation method, followed by MS
analysis. Subsequently, many MLCC-derived methods were developed (Fig. 2B, Table S2).
Major differences include 1) different palmitate analogs such as azido-palmitate, alkynyl
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palmitate (Alk-C16), and alkynyl stearate (Alk-C18, also known as 17-octadecylnoic acid or
17-ODYA), 2) different affinity tags such as phosphine-biotin and biotin-azide, and 3)
different conjugation methods such as click chemistry (azide-alkyne) and Staudinger ligation
(azide-phosphine). For a comprehensive review of MLCC, see reference?S,

2.3 ABE and MLCC are highly complementary

ABE and MLCC are complementary methods with different strengths and weaknesses.4®
Firstly, ABE can be used to analyze protein S-acylation in all types of biological samples
including clinical tissues and biofluids, for which MLCC is not very suitable because it
requires metabolic labeling. Secondly, both ABE and MLCC can be applied to /n vitro
cultured cells. Nevertheless, MLCC generally requires the optimization of the concentration
of palmitate analogs and the metabolic labeling time, in order to achieve optimal sensitivity
and minimize cell death. In addition, MLCC is not very suitable for cells with high lipogenic
activity (e.g., many cancer cell lines), where S-acylated proteins are predominantly labeled
by native palmitate. In comparison, ABE can be uniformly applied to any cell type. Thirdly,
ABE has the potential of uncovering the entire S-acylated proteome. In comparison, MLCC
is biased toward S-acylproteins with rapid turnover.%9

Fourthly, ABE enables global site-specific analysis of S-acylation. However, it cannot
distinguish different thioester-linked modifications, which are removed by neutral
hydroxylamine during sample processing. In contrast, MLCC has not yet been successfully
applied to comprehensively analyze S-acylation sites. This is largely because MLCC
methods introduce a bulky (400-900 Da) group that is very hydrophobic. Thus, tagged S
acylated peptides can easily get lost during sample preparation, transfer, and storage. They
are also hard to separate on Cig reverse-phase columns.*? Fifthly, MLCC allows studying S
acylation dynamics, for which ABE is not very suitable due to the removal of S-acyl groups.
Sixthly, MLCC might allow for live-cell imaging of S-acylation,®! which can hardly be
achieved by ABE. Lastly, ABE cannot distinguish different S-acyl species or different
thioester-linked modifications (Fig. 3A), while MLCC can detect A- or O-acylation in
addition to S-acylation (Fig. 3B). For example, it was shown that TNFa can be long-chain
fatty acylated on K19 and K20 residues, so it can be detected or enriched by MLCC?2. To
distinguish S-acylation from other fatty acylation, hydroxylamine treatment needs to
performed (Fig. 3B). Collectively, ABE and MLCC are highly complementary and best used
in combination,50:53

3. Proteomic Analysis of Protein S-acylation

Due to a lack of S-acylprotein-specific antibodies, S-acylproteomics studies were
exclusively conducted by ABE/MLCC enrichment followed by MS analysis. These studies
can be broadly classified into eight types: 1) qualitative S-acylproteomics for the
identification of S-acylproteins and S-acylation sites, 2) comparative S-acylproteomics to
compare two different S-acylproteomes, 3) temporal S-acylproteomics to study S-acylation
dynamics, 4) global analysis of the crosstalk between S-acylation and other protein
modifications, 5) proteomic identification of S-acylated protein complexes, 6) global
identification of PAT/APT substrates, 7) global identification of PAT/APT-binding partners,
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and 8) proteomic identification of off-targets of PAT/APT inhibitors (Fig. 4). As shown in
Figure 5, early S-acylproteomics studies were dominated by qualitative S-acylproteomics
analysis, whereas recent years have witnessed more functional S-acylproteomics studies.

3.1 Qualitative S-acylproteomics

Currently, neither ABE nor MLCC can enrich S-acylated proteins to a purity of 100%. In
addition, so far, no techniques for proteome-scale identification of intact S-acylated peptides
have been established. Thus, for proteomic identification of candidate S-acylproteins and S
acylation sites, it is essential to include an appropriate control to exclude co-isolated non-S
acylated proteins from the list of total identified proteins. To distinguish putative S
acylproteins from co-isolated contaminant proteins, at least a semi-quantitative proteomic
comparison needs to be conducted, followed by statistical analysis.

In the past 14 years, 40 S-acylproteomics papers were published to catalog S-acylated
proteins in different species, especially human (14 papers) and mouse (13 papers), with
gradually increasing numbers of identified S-acylprotein candidates (Table S3). However, it
should be noted that many of these studies did not perform statistical analysis or apply
stringent significance cutoffs to filter out co-isolated non-S-acylated proteins. Therefore,
caution needs to be excised as regards the validity of some claimed candidate S-acylproteins.
Nevertheless, with the development of more advanced S-acylproteomics techniques,
hundreds to thousands of putative S-acylproteins were reported in single studies even when
stringent cutoffs were applied. For instance, using LB-ABE and label-free proteomics, our
lab identified nearly 3,000 putative S-acylproteins from cultured human LNCaP cells, with
stringent cutoffs of FDR<1% and enrichment fold >2.4> Of note, according to the SwissPalm
database (v3), which compiled nearly 800 S-acylation studies published before 06/28/2019,
~3,600 human and ~3,800 mouse genes may encode S-acylproteins (Fig. 6). This suggests
that protein S-acylation is a pervasive PTM and that the entire S-acylproteome can be
mapped in single studies in the near future.

An S-acylprotein may contain one to multiple S-acylated cysteine residues. However, no
consensus sites for S-acylation have yet been established, although studies have shown that
S-acylation is commonly observed on cysteine residues proximal to the N/C-termini of
proteins, within cysteine-rich motifs, or adjacent to the cytosolic side of transmembrane
domains.>* A more recent study suggested that membrane protein S-acylation is determined
by the accessibility of PATSs to cysteines on membrane-embedded proteins, rather than a
preferred substrate sequence motif.>® Although computational algorithms have been
developed to predict S-acylation sites,>6:57 their reliability is still uncertain. Thus,
experimental identification of S-acylation sites needs to be conducted. So far, six site-
specific S-acylproteomics studies have been performed to identify novel S-acylation sites
(Table S3). As mentioned above, MLCC is not very suitable for site-specific analysis
because of technical challenges associated with high hydrophobicity. Unsurprisingly, all
these site-specific studies employed ABE-related methods to enrich originally S-acylated
peptides. However, only three of them included a control group and filtered out background
non-S-acylation sites from all identified sites.384158 |n one study, we applied PalmPISC to
analyze the lipid raft and non-raft fractions of human DU145 cells, and identified 127

J Proteome Res. Author manuscript; available in PMC 2021 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Yang

Page 8

putative S-acylation sites with high confidence (p<0.05, >2.4-fold enrichment) and
additional 39 S-acylation sites with medium confidence (p<0.095, >2-fold enrichment). In
another study, Fang et a/. applied acyl-RAC to analyze human SW480 cells and identified
151 putative S-acylation sites (>2-fold enrichment).58 In yet another study, Collins et a/.
applied ssABE to analyze mouse forebrain and identified 906 putative S-acylation sites
(FDR<0.05, >3-fold enrichment). Given that >3,500 human/mouse genes encode S
acylproteins and that many S-acylproteins may contain two or more S-acylation sites, it is
expected that an S-acylproteome may contain >5,000 S-acylation sites. Thus, more powerful
techniques still await to be developed to cover the complete S-acylproteome at the site-
specific level.

3.2 Comparative S-acylproteomics

Since 2011, 16 comparative S-acylproteomics studies were conducted to identify S
acylproteins that were differentially expressed between two conditions (Table S4). Both
ABE and MLCC methods have been successfully applied in these studies. For quantitative
comparison, the most commonly used technique is label-free quantitation (LFQ; in 6
studies), followed by duplex stable-isotope labeling by amino acids in cell culture
(SILAC2plex; in 4 studies). Interestingly, the comparative S-acylproteomics studies were
almost exclusively on human or mouse samples (8 studies per species).

Among these comparative S-acylproteomics studies, the most comprehensive ones were
conducted by us and collaborators, using LB-ABE coupled with label-free proteomics.59:60
In one study, we compared the S-acylproteomes of whole cell lysates, membrane fractions,
small extracellular vesicles (EVs), and large EVs isolated from human PC3 cells.>® A total
of 2,408 putative S-acylproteins were identified, among which 141 S-acylproteins are highly
abundant in all the four groups, whereas 388 S-acylproteins are of varied abundance. Of
note, this study reported the first S-acylprotein signature of EVs and demonstrated that small
and large EVs harbor proteins associated with different biological processes and subcellular
origin. In the other study, we compared the S-acylproteomes of 1) cisplatin-sensitive T24S
versus cisplatin-resistant T24R bladder cancer cells, 2) T24S cells treated with versus
without 2-bromopalmitate (2BP), a general S-acylation inhibitor, and 3) T24R cells treated
with versus without 2BP.60 Overall, the study identified 3,695 putative S-acylproteins, of
which 200-500 were differentially expressed in each comparison. Interestingly, the well-
known immune checkpoint protein PD-L1 was found to be highly S-acylated in T24R cells,
compared with T24S cells. In addition, pharmacological inhibition of fatty acid synthase
suppressed PD-L1 S-acylation and abundance. Thus, the results highlighted the role of
protein S-acylation in mediating bladder cancer chemoresistance. Taken together, the two
studies demonstrated the effectiveness of our LB-ABE-based S-acylproteomics method in
comprehensive comparison of S-acylproteomes.

3.3 Temporal S-acylproteomics

So far, only one S-acylproteomics study was performed to exam the temporal changes of S
acylproteins (Table S5).99 In this study, Won and Martin coupled MLCC with 6-plex tandem
mass tags (TMT6plex) to analyze the changes of the S-acylproteomes of human 293T and
HAP1 cells. These cells were treated with or without hexadecylfluorophosphonate (HDFP),
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a generic serine lipase inhibitor, for 45, 90, 180, 360, and 480 min. Unsupervised
hierarchical clustering analysis revealed four clusters with different kinetic features. Notably,
the most rapidly cycling S-palmitoylated cluster includes well characterized signaling
proteins, such as NRAS, MTDH, and GNAS. As TMT reagents become available for 16plex
and 27plex analyses®1:62, we envision that more dynamic S-acylproteomics studies will be
conducted in the near future to better understand the roles of dynamic S-acylation in cell
signaling and pathogenesis.

3.4 Proteomic analysis of the crosstalk between S-acylation and other PTMs

Two proteomic studies were conducted to analyze the crosstalk between protein S-acylation
and other cysteine modifications (Table S6).4042 In one study, Gould et a/. comprehensively
identified cysteine residues that were modified by S-acylation, S-glutathionylation, S
nitrosylation, and S-sulfenylation from mouse liver.40 A total of 2,596 sites in 1,319 mouse
liver proteins were mapped. The study suggested that the four cysteine modifications were
largely mutually exclusive — they target discrete protein populations and cysteine residues,
with minimal complementation between the modifications. However, it should be noted that
no control samples were included to distinguish modified peptides from co-enriched
unmodified peptides that contain cysteine residues. Therefore, it remains unclear how many
of the identified sites were truly modified. In the other study, Zeraba-Koziol et al. developed
a method called PANIMoni to study the crosstalk of S-acylation and S-nitrosylation of
postsynaptic density proteins in mouse models of chronic stress.#? A total of 813 S-acylated
and 620 S-nitrosylated cysteine sites were identified from 465 and 360 proteins, respectively.
Somewhat contradictory to the above-mentioned conclusion by Gould ef a/., this study
showed that the two modifications may crosstalk in the regulation of 122 proteins, including
receptors, scaffolding proteins, regulatory proteins, and cytoskeletal proteins. Taken
together, the studies suggested that, although the crosstalk between S-acylation and other
cysteine modifications is not widespread, it does occur on certain functionally important
proteins.

In addition, many studies have shown that, at least for some proteins, S-acylation prevents
protein ubiquitination and degradation. Our and others’ S-acylproteomic studies also
suggested that many kinases and phosphatases can be S-acylated. Thus, it would be
interesting to determine whether the crosstalk between S-acylation and ubiquitination or
phosphorylation is widespread, as well as the biological functions of such cross-talks. To
address the questions, more sensitive methods need to be developed, due to the generally
low stoichiometry of these modifications.

3.5 Proteomic analysis of S-acylated protein complexes

Studies have shown that protein S-acylation regulates the formation of protein complexes.53
Thus, to understand the functions of protein S-acylation, it is critical to distinguish the
binding partners of S-acylated proteins from those of unmodified forms. However, it is much
more challenging to analyze membrane-associated S-acylated protein complexes than
cytosolic protein complexes, because the former is often destroyed during cell lysis and hard
to reconstitute /7 vitro. To address this issue, Peng and Hang developed a bifunctional fatty
acid chemical reporter, x-alk-16, for characterizing S-palmitoylated protein complexes in
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living cells (Table S7).84 This reporter is equipped with an alkyne for biorthogonal detection
of S-palmitoylated proteins, as well as a diazirine for in-cell photo-crosslinking of &
palmitoylated protein complexes. In this study, to characterize the S-acylated IFITM3
protein complex, HA-tagged IFITM3 was overexpressed in HEK293T cells, which were
labeled with or without x-alk-16 and then irradiated with or without UV light at 365 nm.
After cell lysis, IFITM3 protein complexes were enriched by anti-HA immunoprecipitation.
Label-free proteomics comparison of photo-crosslinked and non-photo-crosslinked groups
led to the identification of 12 putative IFITM3-interacting proteins, among which CANX
and BCAP31 were further confirmed. Although promising, it seems that the x-alk-16
compound has not been commercialized, hindering its adoption by other research groups.

3.6 S-acylproteomic identification of PAT/APT substrates

To understand the biological functions of the PATs/APTs in physiology and diseases, it is
essential to reconstruct the PAT/APT-substrate networks. So far, most PAT/APT-substrate
pairs have been established on the basis of individual proteins, predominantly via site
mutagenesis. Our survey of the SwissPalm database and literature suggested that 0-40
protein substrates have been mapped to each PAT/APT (Fig. 7, Table S8-11). Interestingly,
the identified PAT substrates are strongly biased towards DHHC?2/3/5/7/17 in humans and
DHHC3/7/13/17 in mice (Fig. 7A-B). This is probably because these PATs are appealing to
many groups due to their functional importance in major diseases such as Huntington’s
disease (DHHC13/17)85:66 type | diabetes (DHHC17)%7, and cancer
(DHHC?2/3/5/7/13/17)35. In comparison, much less is known about the substrates for each
APT, with the exception of APT1 (Fig. 7C-D).

To facilitate the discovery of novel PAT/APT-substrate pairs, quantitative or semi-
quantitative S-acylproteomics methods have been applied to compare the differences of S
acylproteomes in wild-type and PAT/APT-deficient cells or tissues. Thus far, a total of 15 &
acylproteomic studies have been reported to identify the substrates of human DHHC2,
DHHC3, and APT1, mouse DHHC5/7/13/17 and APT1, fly DHHCS, plant TIP1, fungal
AKrA, as well as yeast Ark1/2, Erf2, Swfl, and Pfa3/4/5 (Table S12). Interestingly, 12 of
these studies employed ABE-related methods, probably due to their wider applicability than
MLCC. Up to 362 candidate substrate proteins were identified for each study, based on the
significant changes of S-acylprotein abundance.

However, it should be noted that the genetic manipulation of a PAT/APT may cause
significant changes in the abundance of proteins, leading to the false discovery of candidate
substrates.58 Thus, quantitative proteomics analysis needs to be conducted in parallel with
the quantitative S-acylproteomics analysis, in order to minimize false discoveries.
Nevertheless, only two out of the 15 studies also conducted quantitative proteomics analysis.
69.70 1n one study, Li er a/. applied MLCC to enrich S-acylated proteins from neural stem
cells derived from control and Zahhc5-deficient mice, and used SILAC to quantify the &
acylproteome difference.59 Among ~300 candidate S-acylproteins, about 20 were >2-fold
decreased in Zdhhc5-deficient cells, compared with control cells. However, a proteomic
analysis of unenriched tryptic digests of the paired samples showed that the S-acylprotein
level changes actually reflected differences in overall membrane protein abundance.
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Therefore, it remains unclear which of the identified candidate DHHCS substrates are
authentic substrates or false discoveries. In the other study, Shen et a/. applied acyl-RAC to
enrich S-acylated peptides from livers of wild-type and Zahhc13-deficient mice.”® A total of
1,905 S-acylation sites corresponding to 883 proteins were identified. Using LFQ, a number
of differentially abundant S-acylated peptides were identified, but the number was not
specified in the paper. In addition, TMT10plex-based quantitative proteomics comparison of
the paired samples was conducted, so as to remove the effects of changes in protein
expression. Consequently, 400 S-acylation sites corresponding to 254 proteins were accepted
as candidate DHHC13 substrate sites. Among these, Cys104 of MCAT and Cys618 of
CTNND1 were validated as DHHC13 substrate sites. The remaining 13 studies did not
conduct quantitative proteomics analysis in parallel. Nevertheless, a small number of
candidate substrates were successfully validated by orthogonal methods in some studies.
Taken together, quantitative S-acylproteomics analysis alone provides useful information for
identifying potential enzyme substrates, yet caution needs to be exercised to avoid data over-
interpretation.

In short, integrated quantitative S-acylproteomics and proteomics analyses have a great
potential of uncovering PAT/APT-substrate networks on a large scale. Given that a
mammalian genome encodes >30 PATs/APTs and >3,500 S-acylated proteins, only the tip of
the iceberg of the entire network has been mapped so far. A collective effort in the S
acylation field is required to navigate the uncharted territory, which will provide great
insights into the S-acylation biology and reveal novel disease biomarkers and therapeutic
targets.

3.7 Proteomic identification of PAT/APT-binding partners

Accumulating evidence has suggested that, akin to the MAPK signaling cascade, a PAT may
modulate the S-acylation levels of indirect substrates via activating an S-acylation cascade.
For instance, DHHC16 can S-acylate DHHC6 and thus regulates its turnover, localization,
and activity.” Hence, to reconstruct the PAT/APT substrate network, it is important to
distinguish direct from indirect substrates of each enzyme. However, this cannot be achieved
by the above-mentioned integrative S-acylproteomics and proteomics analysis. To identify
direct substrates, one strategy is to overlap all candidate substrates with binding partners of
each PAT/APT. In addition, a PAT/APT may play non-enzymatic functions, e.g., serving as a
scaffold protein. Thus, the identification of PAT/APT-binding partners is equally important
for understanding the non-enzymatic functions.

So far, five proteomic studies were conducted to identify binding partners of human/mouse
PATs/APTs (Table S13). Two studies focused on discovering DHHC5-associated proteins.
29,72 |n one study, Wang et a/. applied BiolD to identify proteins proximal to DHHCS5 in
mouse 3T3-L1 cells, resulting in the identification of 10 DHHC5-associated proteins
including CD36.72 In the other study, Woodley et a/. used affinity purification-mass
spectrometry (AP-MS) to identify DHHC5-binding partners in human HeLa cells, leading to
the identification of 304 and 39 candidate interacting proteins in plasma membrane and
endosome, respectively.29 Surprisingly, the two studies did not identify any common
DHHC5-binding partners. Two additional studies analyzed PPT1-binding partners.”374 In
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one study, Scifo et al. applied AP-MS to analyze the human PPT1 interactome in human SH-
SY5Y cells, resulted in the identification of 22 candidate PPT1-interacting proteins.” In the
other study, Sapir et al. employed AP-MS to investigate the PPT1 interactome in the mouse
brain, leading to the identification of 64 candidate PPT1-interacting proteins.”*
Nevertheless, only one protein (VCP) was identified in both studies. Taken together, the
limited number of studies suggested that PATS/APTs might form different complexes in
different species or cell types. It is of great interest to uncover the common core complex as
well as species- and cell-type-specific complexes for each PAT/APT.

More recently, Luck et al. published so-far the largest Human Reference Interactome (HuRI)
map, reporting 52,569 interactions between 8,274 human proteins.’® According to the latest
HuRlI online database, 53 interacting proteins were discovered for DHHC15, followed by
smaller numbers of interacting proteins for 11 other PATs and two APTs (Figure 8).
Nevertheless, DHHC5 or PPT1 interactomes have not yet been covered in the current
version. We expect that more comprehensive PAT/APT interactomes will be reported in the
near future.

3.8 Proteomic identification of off-targets of PAT/APT inhibitors

Due to the important roles of protein S-acylation in physiology and disease, multiple
PAT/APT inhibitors have been developed to investigate the functions of S-acylation. To
assess inhibitor selectivity and predict possible adverse events /7 vivo, it is important to
profile the off-targets for each inhibitor. Table S14 shows that five such studies have been
reported.

Despite many efforts, no inhibitors for individual PATs have yet been successfully
developed. Nonetheless, protein S-acylation can be broadly inhibited by lipid-based
inhibitors such as 2-bromopalmitate (2BP) and nonlipid-based inhibitors such as cerulenin
and tunicamycin. To identify the off-targets of 2BP, two approaches akin to MLCC were
developed. In one approach, an w-azido analog of 2BP (2BPN3) was synthesized for
metabolic labeling, click conjugation, and streptavidin enrichment of potential 2BP targets.
76 Surprisingly, about 450 putative targets were highly enriched (=5-fold relative to the
control), of which only five are DHHC-PATSs. In the other approach, two terminal alkyne
analogs of 2BP, 16C-BYA and 18C-BYS, were synthesized to label and enrich 2BP targets,
leading to the identification of >1,200 proteins including three DHHC-PATS. Similarly,
cerulenin was found to target —140 proteins including DHHC20.”” Collectively, the studies
suggested that, although 2BP and cerulenin do target certain DHHC-PATS, both have a large
number of off-targets. Thus, more potent and specific PAT inhibitors are awaited.

For APTs, several small-molecule inhibitors have been successfully developed, such as the
APT1/2 inhibitor Palmostatin B/M, APT1-specific inhibitor ML348, and APT2-specific
inhibitor ML349.78-81 To determine the off-targets of Palmostatin B/M, Rusch e/ al.
designed and synthesized two palmostatin B/M-based activity-based proteome profiling
(ABPP) probes, and applied them to probe targets in an SDS-PAGE gel.82 Differentially
abundant gel bands were excised and proteins were identified by LC-MS/MS. A total of 59
proteins including APT1/2 and PPT1 were identified. To determine ML349 targets, Won et
al. synthesized biotinylated-ML349 and applied it to enrich ML349-interacting proteins. In
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addition, 0-ML349-biotin and unconjugated azide-PEG3-biotin, both of which have very
low inhibitory activity against APT2, were used as negative controls. Label-free proteomics
analysis identified about 10 candidate ML 349 targets including APT2. Taken together, the
studies suggest that APT inhibitors are relatively target-specific but still have some off-
targets.

4. Important Challenges for S-acylproteomics

4.1 Global analysis of native and intact S-acylated peptides

Currently, the S-acylproteomics field is still plagued by a lack of effective methods for
global analysis of native and intact S-acylated peptides, which would provide definitive
evidence of protein S-acylation and reveal the identities of fatty S-acyl species. Of note,
neither ABE nor MLCC can address this issue, because the former removes fatty S-acyl
groups whereas the latter utilizes unnatural fatty acids. The challenges are at least two folds.
Firstly, no methods have been developed to efficiently separate native S-acylated peptides
from all other non-S-acylated peptides. Although a pan anti-palmitoylation antibody was
reported®8, it remains unclear whether it can efficiently enrich S-palmitoylated peptides.
Secondly, due to their high hydrophobicity, intact S-acylated peptides tend to be lost during
sample processing and are difficult to separate by conventional Cg reversed-phase columns.
Therefore, ground-breaking technologies need to be developed to address both challenges.

4.2 Proteomic analysis of S-acylation site stoichiometry

Our and other labs have shown that proteins may be S-acylated at varied levels. For example,
our recent study showed that many signaling proteins have low (~1%) S-acylation
stoichiometry, whereas caveolin-1 is almost 100% S-acylated.*® Techniques such as PEG
switch83 and acyl-PEG exchange® enabled the determination of S-acylation site
stoichiometry, but they are antibodybased and only allow the analysis of individual proteins.
Innovative approaches need to be developed to enable the proteome-scale analysis of S
acylation site stoichiometry.

4.3 Single cell S-acylproteomics

S-acylated proteins and complexes may be present at different levels in different cell states
and types. Thus, it is critical to understand the dynamic changes of protein S-acylation at the
single-cell resolution. Due to the low abundance of most S-acylated proteins, current S-
acylproteomics analysis requires micrograms to milligrams of protein lysates. To achieve
single cell S-acylproteomics, miniatured and streamlined sample processing methods need to
be developed to minimize sample loss, and more sensitive proteomic methods have to be
established to detect and quantify a tiny amount of S-acylated proteins or peptides.

5. Summary

The past 14 years have witnessed significant progress in the S-acylproteomics field, where
the techniques are becoming mature to cover the near-complete S-acylproteome.*® The S
acylproteomics field has switched the gear from qualitative S-acylproteomics to functional
S-acylproteomics, which provided novel insights into the roles of S-acylation in physiology
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and disease. By coupling with novel PAT/APT probes and inhibitors,8%-87 we envision that

S-acylproteomics will play an increasingly important role in understanding disease
mechanisms and discovering novel biomarkers and therapeutic targets. In addition, we
expect that innovative S-acylproteomics technologies will be developed to address key

challenges in the field and revolutionize the study of protein S-acylation.
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HDFP hexadecylfluorophosphonate

HuRI human reference interactome map

LB-ABE low-background acyl-biotinyl exchange

LC-MSMS liquid chromatography tandem mass spectrometry

LFQ label-free quantitation

MLCC metabolic labeling with a palmitic acid analog followed by
click chemistry

MMTS methyl methanethiosulfonate

NEM N-ethylmaleimide

PalmPISC palmitoyl-protein identification and site characterization

PANIMoni palmitoylation and nitrosylation interplay monitoring

PAT palmitoyl S-acyltransferase

PICA palmitoyl-cysteine isolation capture and analysis

PPT palmitoyl protein thioesterase

SILAC2plex duplex stable-isotope labeling by amino acids in cell
culture

SSABE site-specific acyl-biotinyl exchange

TCEP tris(2-carboxyethyl) phosphine

TMT6plex 6-plex tandem mass tags
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Figure 1. The biochemistry of protein S-acylation and de-S-acylation.
(A) DHHC-PATSs are integral membrane proteins with active sites oriented toward the

cytosol. A DHHC-PAT is first autoacylated on the DHHC cysteine residue, followed by a
transfer of the S-acyl group to the acceptor cysteine residue of a substrate protein. Certain
DHHC-PATSs require a cofactor for proper functioning. (B) De-S-acylation enzymes can
remove S-acyl groups from substrate S-acylproteins. A subpopulation of de-S-acylation
enzymes are S-acylated and tethered to membrane, where their hydrophobic pockets capture
S-acyl chains of substrate S-acylproteins, allowing enzymatic de- S-acylation.
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Figure 2. Schematic of the methods for the enrichment of S-acylated proteins.
(A) In acyl-biotinyl exchange (ABE), free thiols on cysteines are blocked by an alkylation

reagent (shown as a blue pentagon). S-acyl groups are specifically cleaved off by neutral
hydroxylamine, and the newly exposed free thiols are labeled by a biotin-tag (shown as a
purple double pentagon). The biotin-tagged (formerly S-acylated) proteins are captured by
streptavidin affinity purification, eluted by a reducing agent, and analyzed by LC-MS/MS.
(B) In metabolic labeling with a palmitic acid analog followed by click chemistry (MLCC),
an alkyne- or azide (shown as a green triple bond)-functionalized palmitate analog is
incorporated into S-acylation sites by the endogenous S-acylation machinery. After cell
lysis, the palmitate analog-labeled (/.¢e., S-acylated) proteins are conjugated with a biotin
analog (shown as a yellow double pentagon) by click chemistry (a triazole is shown as a
green triangle), selectively enriched by streptavidin affinity purification, and digested by
trypsin on beads.
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Figure 3. [llustration of post-translational modificationsthat can be detected by ABE or MLCC.
(A) Representative thioester-linked PTMs that cannot be distinguished by ABE. Thioester

bonds are shown in red. (B) Representative fatty acylation (S-acylation and A-acylation) that
can be detected by MLCC. Hydroxylamine treatment enables the distinction between S
acylation and A-acylation.
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Figure 4. Illustration of different types of proteomics applicationsin S-acylation studies.
(A) Qualitative S-acylproteomics focuses on profiling S-acylproteins and S-acylation sites as

well as distinguishing them from co-isolated non-S-acylated forms. (B) Comparative S
acylproteomics compares the differences between S-acylproteomes under different
conditions. (C) Temporal S-acylproteomics investigates the dynamic changes of protein S
acylation at different time points. (D) Proteomic analysis of the cross-talk between &
acylation and other PTMs. (E) Proteomic analysis of S-acylated protein complexes identifies
proteins associated with the S-acylated form of a target protein. (F) Proteomic analysis of
PAT/APT substrates by identifying proteins whose S-acylation levels are regulated by a
specific PAT/APT. (G) Proteomic analysis of PAT/APT-binding partners. (H) Proteomic

identification of off-targets of a PAT/APT inhibitor.
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Figure5. Stacked histogram of the numbers of publications from 2006 to 2020, which were
grouped according to the study types.
(A) Stacked histogram in absolute numbers. (B) Stacked histogram in percentages.
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Figure 6. Categorization of known human and mouse S-acylated proteins.
(A) Distribution of known human S-acylated proteins. (B) Distribution of known mouse S-

acylated proteins. The numbers were retrieved from the SwissPalm database (v3).
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Mouse PATs
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Figure 7. Histograms of known substrates of human and mouse PATSAPTs.
(A) Histogram of known protein substrates of human PATs. (B) Histogram of known protein

substrates of mouse PATs. (C) Histogram of known protein substrates of human APTSs. (D)
Histogram of known protein substrates of mouse APTSs.
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Figure 8. Histogram of protein interactors of human PATSAPTSs.
The numbers were retrieved from the HuRI database (http://www.interactome-atlas.org/).
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