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Quantitative analysis of protein lipidation and acyl-
CoAs reveals substrate preferences of the S-
acylation machineryfy
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Protein palmitoylation or S-acylation has emerged as a key regulator of cellular processes. Increasing
evidence shows that this modification is not restricted to palmitate but it can include additional fatty
acids, raising the possibility that differential S-acylation contributes to the fine-tuning of protein activity.
However, methods to profile the acyl moieties attached to proteins are scarce. Herein, we report
a method for the identification and quantification of lipids bound to proteins that relies on
hydroxylamine treatment and mass spectrometry analysis of fatty acid hydroxamates. This method has
enabled unprecedented and extensive profiling of the S-acylome in different cell lines and tissues and
has shed light on the substrate specificity of some S-acylating enzymes. Moreover, we could extend it to

quantify also the acyl-CoAs, which are thioesters formed between a fatty acid and a coenzyme A,
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Accepted 8th July 2024 overcoming many of the previously described challenges for the detection of such species. Importantly,

the simultaneous analysis of the lipid fraction and the proteome allowed us to establish, for the first time,

DOI: 10.1039/d4sc02235a a direct correlation between the endogenous levels of acyl-CoAs and the S-acylation profile of its
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Introduction

S-acylation is the reversible modification of a cysteine residue
with a fatty acid via a thioester bond. This lipid modification
has a key role in the regulation of protein localization, stability
and trafficking and it also modulates multiple cellular
processes, including signal transduction and apoptosis.*™ It has
been largely considered that palmitate is the most common
lipid modification and as a result, S-acylation has been often
referred to as palmitoylation. However, it is now clear that
proteins can be acylated with other fatty acids.*® In addition,
there is a growing body of evidence suggesting a correlation
between heterogenous acylation and different functional
outcomes.”” Thus, it has been reported that proteins modified
with unsaturated fatty acids show higher insertion rates into
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membranes and an increased clustering tendency.’® In addi-
tion, modification of Fyn with unsaturated or polyunsaturated
fatty acids reduced its raft localization and resulted in
decreased T-cell signal transduction.” More recently, palmitate
and oleate were shown to coexist on a single residue of the GNAI
protein. This different composition has functional conse-
quences, as only oleoylation prevents EGFR signaling by
removing GNAI from detergent-resistant fractions.®

Nevertheless, most of these previous findings have been
obtained after metabolic labeling with radioactive or azide/
alkyne-tagged fatty acids. These species can be metabolized to
shorter, longer or unsaturated fatty acids thereby complicating
the confident identification of lipid residues in the native state
and their correlation with protein function. As a result, methods
allowing direct analysis of the fatty acids linked to proteins
under endogenous conditions would be preferred.

Recent advances in mass spectrometry have gained interest
in the characterization of proteins and their posttranslational
modifications (PTM). Two complementary approaches are
being explored nowadays. The most widely used approach
(bottom-up) relies on the tryptic digestion of the proteins fol-
lowed by analysis of the resulting peptides by mass spectrom-
etry (MS). However, the strong hydrophobicity of the lipid
moieties challenges their application to lipid-modified
proteins. To overcome this limitation, a method combining
solid phase enrichment coupled with an open search mode was
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recently reported, leading to the identification of palmitate,
palmitoleate, myristate and octanoate moieties attached to
peptide fragments.'* Alternatively, top-down proteomics has
emerged as a promising tool to characterize intact proteins.
This approach allows the identification of multiple proteoforms
(different protein products derived from a single gene and
combining genetic variations, alternative splicing and PTMs)
and it was recently employed to detect the palmitoylated K-
Ras4A.” Despite these advances, these protein-centered
methods are not optimal for proper quantification of the lipid
abundance, that are better addressed using lipid-centered
approaches.

Thioesters, but not esters, can be selectively cleaved upon
treatment with hydroxylamine at neutral pH, resulting in the
formation of a free sulfhydryl at the cysteine residue and the
conversion of the released fatty acids into a fatty acid hydrox-
amate (FAH, Fig. 1A)."® First attempts to identify the resulting
FAHs were based on gas chromatography-MS (GC-MS) analysis,
which requires derivatization to form a methyl ester and could
only be used to assess gross changes in protein acylation.*'*
Nowadays, GC-MS analysis of lipids has been mainly overtaken
by MS coupled to liquid chromatography (LC). We have previ-
ously described the development of an LC-MS method to
identify and quantify the fatty acids linked to cysteine resi-
dues.' However, this method relied on the use of a fluorescently
labeled hydroxylamine derivative, and the high amounts
required of this synthetic compound challenged its wider
application. Since we are convinced that this field of research
could strongly benefit from robust, general and simple methods
enabling the direct and sensitive analysis of S-linked fatty acids,
we decided to explore the use of the commercially available

hydroxylamine (NH,OH) for the global profiling and
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quantification of the S-acylome. Herein, we present a general
method able to resolve and accurately identify and quantify the
wide composition of the S-acylome. The generality of the
method enables its use in cell lines and mice tissues giving
important insights into the heterogeneous composition of the
lipid modifications present in proteins. Moreover, the method
could also be applied to profile not only the proteome but also
the lipid fraction (acyl-CoAs) overcoming many important
limitations in the detection of this highly unstable species and
enabling for the first time the simultaneous identification and
quantification in tissue samples of both the acyl-CoAs pool and
the S-acylome in a single experiment.

Results
Thioester cleavage by hydroxylamine treatment

To explore the optimal conditions for the selective cleavage of
thioesters mediated by NH,OH treatment, we synthesized two
peptides, corresponding to the C-terminus of K-Ras4A, and
bearing a palmitic acid linked via a thioester (1) or an ester bond
(2) (ESI Fig. S1-S3%). The hydroxylaminolysis of the S-palmi-
toylated peptide (1) and the O-palmitoylated peptide (2) was
then monitored by high-performance liquid chromatography
(HPLC). The complete disappearance of the peptide thioester
was already detected after 60 min treatment with a 0.5 M
solution of NH,OH, whereas the peptide ester was not hydro-
lyzed under the same conditions (Fig. 1C). Similar results were
obtained after an overnight treatment with a 2 M solution of
NH,OH (ESI Fig. S51).

Alternatively, the formation of the resulting C16 FAH was
also analyzed by LC-MS. Accurate quantification required the
use of an internal standard, belonging to the same compound
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(A) Workflow of the method. NH,OH-based treatment of S-acylated proteins results in the release of the linked lipids as FAHs that can be

analyzed and quantified by MS upon the addition of an internal standard. (B) HPLC monitoring of the thioester/ester bond hydrolysis of peptides 1
and 2 at room temperature under the presence of a 0.5 M solution of NH,OH. (C) Synthesis of the standard C19 FAH. (D) Standard curve

corresponding to the MS-detection of C19 FAH.
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class and having a similar structure and MS ionizability, that
will be spiked at a known concentration into the sample. The
FAH derived from the odd-chain fatty acid nonadecanoic acid
(C19 FAH) was chosen to avoid potential overlap with endoge-
nous species. The C19 FAH was obtained in good yields in a two-
step one-pot procedure: first, in situ activation of the fatty acid
with the cyclic propane phosphonic acid anhydride (T3P®)
followed by reaction with the unprotected hydroxylamine
(Fig. 1C)."* To overcome the reported low solubility of this
compound class,'"” which challenges its LC-MS analysis,
optimal signal detection was achieved using as a mobile phase
a mixture of water and methanol containing ammonium
formate and formic acid. The linearity of the response and the
limit of detection (LOD) and quantification (LOQ) of the C19
FAH were next determined using the signal-to-noise method (S/
N). A S/N of 3 is generally accepted for estimating the LOD, and
a S/N ratio of 10 is used for estimating the LOQ."® The working
range was established as the range of concentration from the
LOQ to the maximum of the calibration curve, maintaining the
correlation coefficient (+*) above 0.98. The MS response was
linear with concentrations up to 783 ng mL ™' and the LOD and
LOQ were established as 1.5 ng mL ™" (or 38.3 fmols of injected
product) and 6.12 ng mL ™" (156.3 fmols) respectively (Fig. 1D).
At this point, quantification of the formed C16 FAH could be
performed by LC-MS analysis after overnight treatment of the S-
acylated and O-acylated peptides with NH,OH 2 M. Whereas
clear formation of the C16 FAH could be observed from the S-
palmitoylated peptide (1), only a negligible amount was formed
in the case of the O-palmitoylated peptide (2). The efficiency of
the cleavage at different pH values (7.5, 7 and 6.5) was explored,
and better conversions were obtained at the higher pH 7.5 (ESI
Fig. S6t1). Thus, NH,OH reacts efficiently and selectively with
thioesters to generate a stable product that is detectable by LC-
MS with high sensitivity, and esters do not contribute to FAH
formation.

Profiling the S-acylome in cells

Next, the method was applied to profile the lipid moieties
bound to proteins in different cultured cell lines. First, to
optimize their LC separation and establish their retention
times, 5 additional reference standards (C14, C16, C18:2, C20:4,
C22:1), with different chain lengths and double bond numbers,
were prepared from the corresponding fatty acids following
a procedure analogous to the one applied for the synthesis of
C19 FAH. For the characterization of the S-acylome, cells were
lysed in the presence of the thioesterase inhibitor palmostatin B
to prevent cleavage of the S-acyl groups,™ and the cell lysates
were treated with a mixture of chloroform/methanol to precip-
itate and delipidate the proteome in a single step.”® Optimal
results for a complete cleavage of the S-acylome were obtained
when treating the proteome overnight with a 2 M solution of
NH,OH. Shorter times or lower concentrations resulted in the
detection of lower amounts of FAHs. In addition, complete
cleavage was confirmed by the disappearance of peptide 1,
when it was spiked into the sample before NH,OH treatment.
Moreover, to assess the complete cleavage of the S-acylome,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples were also immunoblotted for the cysteine string
protein (CSP), a molecular chaperone of the Hsp40 protein
family which is extensively palmitoylated on a central string
domain that contains 14 cysteine residues. As the removal of its
palmitate groups gives a clear detectable shift in molecular
weight, the band-shift induced by the NH,OH treatment serves
as a robust assessment of complete depalmitoylation (ESI
Fig. S71).2v22

After treatment of the proteome with NH,OH, the released
FAHs were then extracted with a chloroform/methanol/water
mixture at room temperature. Before lipid extraction, 100
pmols of C19 FAH were spiked into the samples for proper
relative quantification. Collected lipid extracts were dried and
stored until LC-MS-based analysis. The identity of the formed
FAHs were unambiguously confirmed by accurate mass and
elemental composition and by comparing their retention time
with the ones observed for synthesized reference compounds.
Each peak was quantified relative to the amount of the added
internal standard. The extraction method is based on the Bligh
and Dyer protocol, extensively used for lipid sample prepara-
tion.”® However, to explore the optimal recovery and extraction
of the FAHs, different control experiments were performed.
First, to quantify the loss of analyte during the extraction, the
recovery of the internal standard was measured by comparing
the peak areas obtained when the C19 FAH was spiked in
a sample before the extraction with the one where the standard
was directly added to a matrix blank (C19 FAH in methanol) (ESI
Fig. S81). This measurement established a percentage of
recovery of 80%. Then, the amounts of FAHs extracted from
a cell lysate were measured after two sequential extraction steps.
The second extraction cycle did not substantially increase the
extraction efficiency of the investigated FAHs since only
a residual 10% was recovered in this step, thus providing
evidence that the FAHs were extracted to a remarkable degree
already during the first extraction step. Moreover, when
extraction was performed at higher temperatures or longer
times did not result in significant efficiency improvement.

This approach was then employed to profile the S-acylome of
different cell lines, the human lung adenocarcinoma cell line
A549, the human colon adenocarcinoma cell line HT29, the
hepatocarcinoma cells HepG2, the melanoma cells A375, and
the human embryonic kidney cells HEK293 (ESI Fig. S9T shows
representative examples of the obtained chromatograms). The
level of FAHs formed ranged from the higher levels detected in
HT29 cells (2200 pmols per mg of protein) to the lowest detected
in HepG2 and HEK293 (around 1600 pmols per mg of protein)
(Fig. 2A). In general, all cell lines showed high levels of proteins
modified with saturated FAH, comprised between the 69%
detected in HT29 cells and the 58% observed HepG2 cells.

The second largest section was the monounsaturated fatty
acids (MUFA, 21-29%) with the higher levels observed in HepG2
cells, while polyunsaturated fatty acids (PUFA) comprised only
8-17% of all the FAH detected (lowest levels in HEK293 and
higher in HepG2 and A375) (Fig. 2B). These results are similar to
the free fatty acid profile observed in cells in culture (45%
saturated FA, 39% MUFA, 14% PUFA).>* Strikingly, when
checking the individual levels of FAHs, the non-cancer cells

Chem. Sci., 2024, 15, 12845-12855 | 12847
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Fig. 2 (A) Abundance of FAHs detected in the proteome of A549, A375, HT29, HepG2 and HEK293 cells. Amounts are calculated in relation to
C19 FAH (100 pmols) used as internal standard and for 0.6 mg of protein sample. Colors indicate the number of unsaturations for a specific chain
length. Data are from 2 independent experiments (n = 3 replicates per experiment). All panels display mean with error bars representing standard
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been carried out with the unpaired two-tailed t-test and statistical differences are marked with asterisks (P values: *P < 0.05, **P < 0.01, ***P <

0.001).

HEK293 cells contain the higher fraction of proteins modified
with C18 (37%) and the lowest fraction modified with C16
(22%). As a result, modified proteins in HEK293 cells displayed
a C18/C16 ratio of >1.5, in contrast to the cancer cells that
showed in most of the cases an equimolar amount of both
saturated fatty acids. Moreover, HEK293 cells display the lower
fraction of proteins modified with PUFA, and the ones identi-
fied contain the highest fraction of C22:6 linked fatty acids
(Fig. 24A).

The presence of circulating odd-chain fatty acids (OCFA) has
gained increasing interest in the last decade because their levels
are correlated with a lower risk of some metabolic diseases.*

Thus, we decided to investigate if OCFA were also attached to
proteins. Interestingly, certain amounts of C15 FAH and mainly
C17 FAH could be detected in all the cases while no traces of
other OCFA could be observed (Fig. 2A, Inserts). The absence of
endogenous C19 was confirmed after profiling the S-acylome
without the spiked internal standard C19 FAH (ESI Fig. S107).

Recent data indicate that cells can sense the dietary levels of
fatty acids and couple them to protein modification with lipids
with consequences in cell signaling processes. Thus, competi-
tive acylation can occur in single residues of proteins depending

12848 | Chem. Sci, 2024, 15, 12845-12855

on the relative abundance of the fatty acids present in the cell
media and these changes may have functional consequences.
This is the case for example for GNAI, whose acylation with C16
leads to localization into detergent-resistant membranes,
whereas acylation with C18:1, formed upon desaturation of C18,
localizes the protein to non-detergent-resistant fractions
resulting in reduced AKT activation and proliferation.® Thus, we
next asked whether the exposure of cells to linoleic acid (LA,
C18:2), an essential fatty acid that needs to be obtained from the
diet, could modulate the observed S-acylome. This fatty acid is
essential because it is a precursor of the n-6 series of long-chain
fatty acids. Thus, C18:2 is desaturated to form C18:3, which in
turn is elongated to C20:3, and further desaturated to form
arachidonic acid (C20:4), one of the most prominent PUFA and
the precursor of prostaglandins or leukotrienes. With this aim,
HT29 cells were treated with a 5, 20 or 50 pM concentration of
the linoleic acid, that was delivered to the cells as a BSA
conjugate. After 4 h incubation, the proteome was isolated and
treated with NH,OH, and the released FAHs were extracted and
analyzed following the established protocol. Indeed, treatment
of cells with linoleic acid resulted in a substantial increase of
the proteins modified with C18:2. Slight increases were also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed for the desaturation products C18:3 and C20:4,
whereas the elongation product C20:3 was minimally impacted
(Fig. 2C).

zDHHC enzymes display substrate preferences

Protein S-acylation is a dynamic and reversible modification
leading to an acylation/deacylation cycle that regulates the
localization and activity of proteins. The transfer of the acyl
moiety is catalyzed by the 23-member family of zinc finger
aspartate-histidine-histidine-cysteine motif (zDHHC) protein
acyltransferases, while the reverse reaction is performed by a set
of acyl-protein thioesterases.” Acyl chains are transferred to
proteins in a two-step process. Thus, zDHHCs become first
autoacylated using acyl-CoA donors and then transfer those
fatty acids onto cysteine residues from the substrate proteins.
The zDHHC proteins have the ability to transfer acyl-CoAs of
different chain lengths and degrees of unsaturation. Some
individual substrate preferences have been described, although
the mechanisms which drive this selectivity are not completely
clear, yet.

Initial studies performed with purified proteins and radio-
active fatty acids showed that while zDHHC2 could use fatty
acids with up to at least 20 carbons, z-DHHC3 showed prefer-
ences for shorter chains up to C16 carbons.*® The autoacylation
activity of zDHHC20 was also measured, in this case using
a coupled-enzymatic assay and showed that the enzyme accepts
C12, C14, C16 and C18, although it shows a preference for
C16.”” We previously measured also protein S-acylation using
fatty acid azides and HEK293T cells cotransfected with
synaptosomal-associated protein (SNAP25) and different
zDHHC enzymes. The results indicated that zDHHC3 and
zDHHC?7 show a preference for C14 and C16, zDHHC17 showed
a preference for C16 and C18, whereas no significant prefer-
ences could be observed for zDHHC2.°

As the herein described method enables direct detection of
the attached fatty acids without the use of radioactive or tagged
fatty acids, to further validate the method we next profiled the
cellular S-acylome in cells overexpressing different zDHHC
enzymes, to explore if this approach can be used to gain novel
insights into the substrate preferences of zDHHC enzymes. To
this end, HEK293T cells were transfected with hemagglutinin
(HA)-tagged zDHHC2, zDHHC3, zDHHC6 or zDHHC?7, and the
S-acylome was then extracted and analyzed using the standard
procedure (ESI Fig. S11%). Fig. 3 shows that the levels of C18,
C20 or C22 incorporation by zDHHC3 and zDHHC7 were
markedly reduced, whereas the incorporation of C14 or C16 was
substantially increased, especially in zDHHC3 overexpressing
cells. No significant changes were detected in cells over-
expressing the zDHHC2 enzyme and the low levels of over-
expression of zDHHC6 precluded its further analysis.

NH,OH can be used to measure the S-acylome in tissue
extracts

Cells in culture have limited access to lipids. This factor influ-
ences their fatty acid profile (very low in PUFA and high in
MUFA) and probably also their S-acylome.>* In contrast, natural

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The graph displays the positive or negative percentage change
in the incorporation of C14, C16, C18, C20 and C22 acyl moieties into
proteins in cells overexpressing either zDHHC?2, zDHHC3 or zDHHC7
enzymes compared to cells transfected with pEF-BOS-HA (negative
control, empty plasmid, n = 4). Comparison between two means has
been carried out with the unpaired two-tailed t-test and statistical
differences are marked with asterisks (P values: *P < 0.05, **P < 0.01,
***P < 0.001, ns: not significant).

tissues have a more diverse and natural composition of fatty
acids. As a result, we next decided to explore the S-acylome in
different relevant mice tissues. To this end, mouse heart, liver,
kidney, brain, white adipose and muscle tissues were snap
frozen and after ultrasonic homogenization, the proteome was
precipitated and subjected to hydroxylamine treatment.
Released FAHs were then extracted and analyzed by LC-MS
following the usual protocol. As depicted in Fig. 4, the compo-
sition of the S-acylome differs substantially between tissues.
Shorter saturated C12 and C14 are mainly detected in signifi-
cant amounts in the brain and heart, while the longer C16 and
C18 are present in all tissues in considerable quantities being
C18 significantly important in the liver. The presence of
monounsaturated species, C16:1 and especially C18:1, is quite
important in the brain, whereas the heart has considerable
amounts of C18:2 and docosahexaenoic acid (C22:6), and the
kidney presents also important levels of proteins modified with
arachidonic acid (C20:4).

Chem. Sci., 2024, 15, 12845-12855 | 12849
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NH,OH can be applied to measure the acyl-CoA pools in tissue
extracts

Acyl-CoAs are key metabolic intermediates of multiple physio-
logic and metabolic processes, such as fatty acid beta-oxidation,
biosynthesis of lipids, and modification of proteins. As a result,
great efforts have been spent on developing methods that allow
for the detection and quantification of acyl-CoAs.”®** However,
acyl-CoAs are highly unstable in aqueous solution and are
therefore susceptible to hydrolysis, and some of the reported
methods require complex and time-consuming sample prepa-
ration approaches.*® Therefore, additional methods expanding
the toolbox for acyl-CoA detection and quantification can
contribute to overcoming these limitations and yield crucial
insights into their role in different cellular processes. Moreover,
apart from the substrate preferences displayed by each indi-
vidual zDHHC enzyme, their choice of lipid donors can be also
influenced by the tissue-dependent relative composition of the
fatty acyl-CoA pools. Thus, it would be of great interest to
compare the lipid pattern of the S-acylome in one specific tissue
with its relative acyl-CoA composition.

The first step in the previously reported characterization of
the S-acylome includes simultaneous protein precipitation and
sample delipidation. First, the addition of a chloroform/

12850 | Chem. Sci, 2024, 15, 12845-12855

methanol/water mixture results in a three-phase system:
a lower chloroform phase, an upper methanol-H,O (M/W)
phase and a protein interphase. The upper phase is carefully
removed and methanol is added again. The second centrifu-
gation pellets the protein at the bottom, and the supernatant,
containing methanol and chloroform (C/M) can be then
removed. Thus, these two supernatants contain the cellular
lipids including the acyl-CoA pool.

Structurally, acyl-CoA are thioesters formed between a fatty
acid and a thiol, the coenzyme A, and are the major lipid-
containing thioesters in the cells. Hence, treatment of the
lipid fraction with NH,OH should result in the simple and rapid
conversion of acyl-CoA to stable FAHs, thereby overcoming
many of the described challenges in long acyl-CoA analysis. To
initially address this possibility, the hydrolysis of the oleoyl-CoA
upon treatment with a 2 M solution of neutral NH,OH was first
monitored by HPLC. The complete disappearance of the thio-
ester was already detected after 90 min (ESI Fig. S127).
Conversion of oleoyl-CoA to the corresponding FAH could be
also observed after 2 h or an overnight treatment with NH,OH
(ESI Fig. S13%).

Once proven the complete conversion of oleoyl-CoA into
a FAH, this method was applied to the quantification of long-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chain acyl CoA in different tissues. With this aim, the initial
upper phase (M/W) and the second supernatant (C/M) were
subjected to analysis. Briefly, both fractions were separately
evaporated and treated with NH,OH. Lipids were extracted
following the above-reported protocol and subsequently
analyzed by LC-MS. Most of the FAHs were identified in the C/M
fraction, whereas the M/W fraction only contained residual
amounts of FAHs (<10%). Total extraction of the lipids was
confirmed after a second washing step of the proteome with
methanol, that revealed only traces of lipids (<1%). The most
abundant acyl-CoA species detected were consistent with those
identified in the literature and are displayed in Fig. 4.

Discussion

Heterogeneous lipidation of proteins is emerging as an addi-
tional regulator of protein function and localization. However,
despite this increasing interest, there is still a limited number
of methods enabling a straightforward identification and
quantification of the lipids forming the S-acylome. Herein, we
have established a method to profile the S-linked fatty acids by
LC-MS upon conversion to fatty acid hydroxamates by treatment
with NH,OH at neutral pH. Upon method optimization, we
could prove that the resulting FAHs are stable, can be easily
extracted using organic solvent mixtures with good recovery
yields and analyzed by LC-MS with high sensitivity, resolution
and coverage. Moreover, absolute quantification is allowed with
the use of an internal standard that it is spiked into the sample
before lipid extraction.

The method was initially applied to a set of different cell
types, four cancer and one non-cancer cell line. Cancer cells
show an increased demand for fatty acids, that are obtained by
biosynthesis upregulation, alterations in FA transport or
storage, or through direct exogenous uptake. The altered lipid
metabolism is employed as an energy source and causes also
changes in membrane composition and dynamics that ulti-
mately affect signaling pathways.** Moreover, exposure to high-
fat diets can also influence cancer progression and metastasis.
Thus, higher levels of dietary C18 have been correlated with
anti-cancer effects®* and a diet rich in palmitic acid (C16)
promotes metastasis whereas diets rich in oleic (C18:1) or
linoleic acid (C18:2) show a decreased frequency of developing
metastatic tumors.** However, whether these effects are medi-
ated in part by S-acylation of proteins has not been fully eluci-
dated. Interestingly, and in agreement with these previous
observations, our results indicate that the non-cancer HEK293
cells displayed the highest levels of proteins modified with C18
and the lowest levels of proteins modified with C16, thereby
suggesting that the observed effects of fatty acids can be in part
due to protein modification events.

Cells in culture present an unnatural fatty acid profile, with
low levels of PUFA and high levels of MUFA. This is caused due
to their source of lipids, which is mainly fetal bovine serum
(FBS), which only contains one-third of MUFA and 11% of PUFA
compared to media made from human serum.>*

Our results indicate that the composition of the S-acylome in
cells or tissues is significantly different and in agreement with
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these previous observations. Thus, the S-acylome identified in
different mice tissues displayed significantly higher levels of
proteins modified with PUFA, which were in all the cases, except
the brain tissue, higher than the fraction of proteins modified
with MUFA (Fig. 5). On the contrary, cells in culture contained
mainly proteins modified with saturated and monounsaturated
FA (Fig. 2B).

So, caution should be taken when drawing conclusions from
cells in culture, as they may not fully represent the whole S-
acylome and their potential functional consequences. More-
over, the S-acylome seems to be able to respond to dietary
changes, as treatment of HT29 cells with linoleic acid causes an
increase of the proteins modified with C18:2, C20:3 and C20:4
fatty acids (Fig. 2C). Interestingly, a 24 h serum withdrawal did
not substantially change the composition of the S-acylome or
the S-acyl-CoA pool, but a ~40% decrease in the total amount of
acyl-CoA species could be observed (ESI Fig. S147).

The overall factors influencing the S-acylation reaction are
not fully elucidated. S-acylation may be regulated by substrate
preferences of zDHHCs enzymes.® Applying this methodology,
we could confirm some of the reported substrate preferences.
Thus, overexpression of ZDHHC2 causes no relevant changes in
the S-acylome, whereas overexpression of zDHHC3 and
zDHHC?7 results in a marked decrease of the proteins modified
with the longer C18, C20 or C22 fatty acids, while there is an
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increase in the fraction of proteins modified with C14 or C16
fatty acids (Fig. 3).

Another important factor that could regulate S-acylation is
the availability of acyl-CoA pools. We have demonstrated that
the lipid profile in modified proteins responds to changes in
dietary intake. However, it is still unknown whether the
composition of the different pools of acyl-CoAs can also
modulate the S-acylation reaction. Structurally, acyl-CoAs are
formed by a fatty acid and a CoA linked by a thioester bond.
Moreover, this currently established methodology enables the
separation of the protein and the lipid fraction. Hence, since
there are limited methods enabling the identification and
quantification of the acyl-CoAs species among different tissues,
mainly due to their reported low stability that complicates their
analysis,** we decided to explore if this approach could be also
employed to identify the acyl-CoA pool. In addition, this
simultaneous detection of the acyl-CoAs and the S-acylome in
a single sample can be very useful for gaining novel insights
into the existing links between metabolism and protein
modification.

Interestingly, we have proved that acyl-CoAs can be con-
verted to stable FAHSs that can be then analyzed and quantified
by LC-MS. Moreover, the method turned out to be suitable for
the analysis of small quantities of tissues (~25 mg/3 replicates)
and provides a comprehensive profile of long and very long
chain acyl-CoAs present in different tissues, such as heart,
muscle, kidney, liver, brain and white adipose tissue. As
observed in Fig. 4, the acyl-CoA profile shows significant
differences along the tested tissues, that are mainly in agree-
ment with previous reported results. Hence, brain tissue is
significantly enriched in C16 and C18:1 species, heart tissue
shows considerably high levels of C18:2 and C22:6, whereas
kidney and liver display high levels of 20:4 acyl-CoAs. Moreover,
when comparing the tissue-dependent acyl-CoA pools with the
corresponding S-acylome, we can see in all the cases that the S-
acylome does not completely resemble the acyl-CoA composi-
tion of the investigated tissues. On the contrary, the S-acylome
is significantly enriched in saturated fatty acids, and to a minor
extent in PUFA such as 20:4 and 22:6, while it displays lower
levels of MUFA in all cases except for the brain, which contains
considerable amounts of proteins modified with C16:1 and
C18:1 (Fig. 5). These results suggest the existence of certain
substrate specificities of the enzymes involved in their instal-
lation or removal and a potentially new mechanism of crosstalk
between lipid composition and protein function.

Limitations of the study

Here, we measure the S-acylome in cells and tissues, as well as
the acyl-CoAs present in different tissues by forming stable
FAHSs upon treatment of the corresponding proteins and lipid
thioesters with NH,OH. While this method enables stable and
sensitive detection of the FAHs formed during both protocols,
some limitations should be discussed. Acyl-CoA species vary
significantly in their polarity, and methods able to extract and
analyze short-to-long species would be desirable. However, due
to the complexity of the sample, there is only a limited number
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of methods able to make a comprehensive analysis of all these
species in a single experiment or a single run.?*>%

Our described method is currently optimized for the detec-
tion of acyl-CoAs species that range from C12 to C26 carbons,
and extraction methods and chromatographic separation will
be optimized in the future for the identification of short and
medium FAH species. In addition, as acyl-CoAs are the major
lipid thioesters, most of the signals obtained from the lipid
fraction should correspond to the acyl-CoA pool. However, some
minor amounts of S-acyl glutathione species, derived from acyl-
CoAs, may exist in equilibrium with acyl-CoAs or they can be
formed post-extraction due the instability of acyl-CoA species.®
Currently, it is not possible to discern the ratio of FAH derived
from S-acylated glutathione. Nevertheless, as NH,OH treatment
of both thioester species will lead to the same FAHs, the method
it is expected to prevent the loss of acyl-CoA signal due to this
transformation.

Conclusions

Here we described the use of hydroxylamine to profile and
quantify the fatty acids attached to proteins via thioester link-
ages, iLe. the S-acylome. This robust and simple methodology
together with the reagent employed, commercially available and
inexpensive, has enabled an unprecedented and extensive
characterization of the S-acylome in different cell lines and
tissues. Moreover, we could also apply this method to profile the
lipid thioesters, i.e. acyl-CoAs, present in tissues. This strategy
has enabled for the first time the correlation of the acyl-CoAs
pool from a specific tissue with the lipidation profile of its
proteome, enabling to explore the mechanistic relationship
between acyl-CoA supply and one of the functional outputs of
acyl-CoA metabolism, that is protein lipidation. We are
convinced that this approach can strongly expand the toolbox of
methods available to investigate S-acylation and contribute, as
shown here for some zDHHC proteins, to deciphering the
substrate specificities of the acylating and deacylating enzymes
that tightly regulate it, which has been long considered an
ongoing challenge.

In addition, we are also convinced that this novel approach
to detecting and quantifying acyl-CoA compounds can strongly
contribute to the routine use of acyl-CoA as a biomarker in
many physiological and pathological processes, such as fatty
acid oxidation disorders.** Moreover, the correlation of the acyl-
CoA pool with the S-acylome can be very helpful in predicting
the proteins and metabolic pathways involved in various
disorders. All in all, these findings open up numerous questions
for future investigations, such as what are the mechanisms
governing substrate specificity, how the enrichment in satu-
rated fatty acids takes place or the potential existence of tissue-
specific effects.

Methods

Measurement of S-acylome in cells

Cells were seeded into T75 flasks and grown to a confluence of
approximately 90%. After removal of the growing media by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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aspiration, cells were washed with 5 mL of phosphate-buffered
saline (PBS) and collected using cell scrapers. The cell suspen-
sion was then centrifuged (400 g, 3 min, room temperature), the
supernatant removed, and the cell pellet was washed with PBS
(2 mL, 400 g, 3 min, room temperature) twice. Afterwards, the
pellet was resuspended (1 x 107 cells per mL) with lysis buffer
(50 mM Tris-HCl, 150 mM NacCl, pH 7.2) containing protease
inhibitors, 1% NP-40 and 10 uM of palmostatin B. For the
serum withdrawal experiments cells were grown to a confluence
of approximately 75%. Then the media was aspirated, cells were
washed with 5 mL of PBS and fresh media (DMEM or DMEM
supplemented with 10% FBS) was added and the cells were left
for 24 h at the incubator (37 °C; 5% CO2).

Cell lysates were obtained by sonication at 0 °C (10 cycles, 5
seconds sonication followed by 5 seconds resting period, set at
50% power). After clarification (3000 g, 5 min, rt), the cell lysates
were transferred into 15 mL plastic polypropylene tubes and
protein precipitation was performed by adapting the protocol
developed by Wessel and Fligge.”® Briefly, 4 volumes (V) of
methanol, 1.5 V of chloroform and 3 V of H,O44 were added to
the sample. A vortex mixer was used after each addition, to
ensure a proper mixing. Centrifugation of the samples (6000 g,
20 min, rt) resulted in a two-phase mixture with the protein
pellet in the interphase. The upper phase was carefully removed
using a micropipette without touching the protein interphase.
Next, 3 additional V of methanol were then added and the tubes
were centrifuged again (6000 g, 10 min, rt). Finally, all the liquid
was then removed and the resulting protein pellet was carefully
dried under a stream of nitrogen.

A second washing step of the protein pellet with 0.3 mL of
methanol was performed to evaluate potential lipid contami-
nation. The organic phase was collected after centrifugation
(6000 g, 10 min, rt), treated and analysed for FAHs. The
precipitated proteome was resuspended in lysis buffer (50 mM
Tris-HCl, 150 mM NaCl, pH 7.2, 1 x 10’ cells per mL) and
thoroughly mixed using a micropipette. A sample (20 pL of the
diluted proteome and 180 pL of H,O4q) was then taken to
determine the total protein concentration using the Bicincho-
ninic Acid Assay (BCA). After quantification, 600 pg portions of
protein were distributed into 1.5 mL Eppendorf tubes. Then, an
equal volume of either lysis buffer (for the blanks) or a 4 M
solution of NH,OH in lysis buffer, previously adjusted to pH 7.4,
was added to the samples, that were left overnight at room
temperature with end-over-end rotation. The following day, 100
pmols of the internal standard (C19 FAH) were added to each
sample and the solution was transferred into a glass vial. Lipid
extraction was performed following the Bligh and Dyer protocol
with some minor adjustments. To the sample, 3.75 V of a 1:2
(v/v) solution of chloroform and methanol, 1.25 V of chloroform
and 1.25 V of H,044 were sequentially added. A vortex mixer was
used after each addition, to ensure a proper mixing. After 1-
2 min, the solution separated into two phases. After removing
the top aqueous phase, the organic phase (bottom) was taken
with a micropipette and transferred into a conic UPLC glass vial,
evaporated in a SpeedVac concentrator and stored at —20 °C
until MS-based analysis. Before injection in the mass spec-
trometer, the dried samples were resuspended in 150 pL of
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UPLC-grade methanol. Samples were analyzed by liquid chro-
matography coupled with a high-resolution mass spectrometer
(LC-HRMS) using an Acquity Ultra High-performance Liquid
Chromatography (UHPLC) System (Waters, USA) connected to
a time-of-flight (TOF; LCT Premier XE) as described above
(Monitoring FAH formation from peptides by LC-MS assay). The
concentration of FAHs was calculated in relation to the C19 FAH
internal standard spiked into the sample (100 pmols).

zDHHC lipid specificity assays

HEK293T cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) media supplemented with 10% fetal bovine
serum without penicillin-streptomycin.

Cells were seeded in 10 cm dishes and incubated at 37 °C/5%
CO, 24 hours before transfection. The following day, cells at
80% confluence were temporarily transfected using lipofect-
amine 2000 reagent, with a ratio of 2 pL lipofectamine per pg
DNA used. 30 pg of zDHHC plasmid: pEF-zDHHC2-HA, pEF-
zDHHC3-HA, pEF-zDHHC7-HA (or pEF-BOS-HA as a negative
control) were used per each 10 cm dish. Cells were incubated for
another 24 h, and then proteins were precipitated, treated with
NH,OH and the lipids were released and analyzed as described
above.

Measurement of S-acylome in tissues

The tissue was cut into smaller pieces while keeping it on ice.
Then, 250 pL of lysis buffer (150 mM Tris-HCl, 100 mM Nacl,
pH 7.2 containing protease inhibitors, 1% NP-40 and 5 mM
palmostatin B) were added to 25 mg of tissue. The samples from
soft tissues (liver, brain, kidney and white adipose tissue) were
sonicated for 10 cycles (5 seconds sonication/5 seconds resting
time), whereas samples from harder tissues (muscle and heart)
were submitted to 2 rounds of 10 cycles of sonication. Samples
were kept on ice during the whole process.

To isolate the proteome, 4 volumes (V) of chloroform, 1.5 V of
methanol and 3 V of H,O44 were added to the sample which was
then centrifuged at 6.000 g for 20 min at 4 °C. The upper phase
(H,O-methanol) was carefully removed using a micropipette
without touching the protein interphase. Next, 3 additional V of
methanol were added and the sample was centrifuged again at
6.000g for 10 min, at room temperature. Afterwards, the
supernatant was removed and the protein pellet was gently
dried at room temperature or under a stream of nitrogen. Then,
the protein pellet was resuspended in 600-800 pL of lysis buffer
(15 mM Tris-HCl, 100 mM NacCl containing protease inhibitors)
and the total protein concentration was determined using the
BCA assay. After quantification, portions containing 600 pg of
protein were distributed into in 1.5 mL polypropylene tubes.
Then, an equal volume of either lysis buffer (for the blanks) or
a 4 M solution of NH,OH in lysis buffer, previously adjusted at
pH 7.4, was added to the samples, that were left overnight at
room temperature with end-over-end rotation. The following
day, 100 pmols of the internal standard (C19:0 FAH) were added
to each sample and the solution was transferred into a glass
vial. Lipid extraction and analysis were performed as described
above for cellular studies.
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Measurement of S-acyl CoA pools in tissues

For the measurement of the S-acyl pools in tissues, the same
protocol described for the measurement of the S-acylome was
employed. However, in this case, the first upper phase (H,O-
methanol) and the second supernatant obtained (CHCl;-
MeOH) during the protein precipitation protocol were subjected
to analysis. Hence, both fractions were separately evaporated in
a SpeedVac concentrator and treated with lysis buffer or a 4 M
solution of NH,OH in lysis buffer, previously adjusted to pH 7.4,
overnight at room temperature with end-over-end rotation.
Lipid were extracted following the above-reported protocol and
analyzed by LC-MS.
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