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Significance

Fatty acylation is essential for 
anchoring many proteins to cell 
and organelle membranes where 
they exert their functions. Protein 
function can further depend on 
the specific identity of the fatty 
acyl moiety; however, protein 
fatty acylation patterns in many 
model organisms have not been 
comprehensively investigated. 
Using untargeted approaches, 
we show that in Caenorhabditis 
elegans, cysteine, glycine 
(N-terminal), lysine, and serine 
exhibit unexpectedly diverse 
fatty acylation profiles, whereby 
different amino acids are 
acylated with fatty acids from 
different biosynthetic pathways. 
Global profiling of fatty acylated 
proteins via click chemistry 
further revealed acylation 
specificity at the individual 
protein level. Our findings show 
how protein function is broadly 
coupled to distinct branches of 
lipid metabolism and provides  
a basis for mechanistic studies.
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Protein lipidation plays critical roles in regulating protein function and localization. 
However, the chemical diversity and specificity of fatty acyl group utilization have 
not been investigated using untargeted approaches, and it is unclear to what extent 
structures and biosynthetic origins of S-acyl moieties differ from N- and O-fatty 
acylation. Here, we show that fatty acylation patterns in Caenorhabditis elegans differ 
markedly between different amino acid residues. Hydroxylamine capture revealed 
predominant cysteine S-acylation with 15-methylhexadecanoic acid (isoC17:0), a 
monomethyl branched-chain fatty acid (mmBCFA) derived from endogenous leucine 
catabolism. In contrast, enzymatic protein hydrolysis showed that N-terminal glycine 
was acylated almost exclusively with straight-chain myristic acid, whereas lysine was 
acylated preferentially with two different mmBCFAs and serine was acylated promis-
cuously with a broad range of fatty acids, including eicosapentaenoic acid. Global 
profiling of fatty acylated proteins using a set of click chemistry–capable alkyne probes 
for branched- and straight-chain fatty acids uncovered 1,013 S-acylated proteins and 
510 hydroxylamine-resistant N- or O-acylated proteins. Subsets of S-acylated pro-
teins were labeled almost exclusively by either a branched-chain or a straight-chain 
probe, demonstrating acylation specificity at the protein level. Acylation specificity 
was confirmed for selected examples, including the S-acyltransferase DHHC-10. Last, 
homology searches for the identified acylated proteins revealed a high degree of con-
servation of acylation site patterns across metazoa. Our results show that protein fatty 
acylation patterns integrate distinct branches of lipid metabolism in a residue- and 
protein-specific manner, providing a basis for mechanistic studies at both the amino 
acid and protein levels.

protein lipidation | click chemistry | proteomics | branched-chain fatty acids | C. elegans

Protein fatty acylation, along with other types of protein lipidation (e.g., cysteine preny-
lation), dramatically alters protein hydrophobicity and behavior, regulating trafficking, 
localization, as well as protein–protein and protein–membrane interactions (1–4). 
Correspondingly, changes in protein fatty acylation have been implicated in a wide range 
of human diseases, including cancer (5, 6), neurodegeneration (7), vascular disorders (8), 
as well as bacterial (9) and viral infection (10, 11). Building evidence for the incorporation 
of diverse fatty acyl moieties at different sites hints at complex inter- and intra-cellular 
signaling networks (12–14); however, it remains unclear to what extent the identities and 
biosynthetic origins of fatty acyl moieties attached to different amino acids vary.

Proteins can be fatty acylated via thioester (S-linked, via cysteine), amide (N-linked, 
via protein N-terminal glycine and lysine sidechain), and ester (O-linked, via serine and, 
occasionally, threonine) (1). Whereas it is well established that N-terminal glycine is 
predominantly acylated with myristoyl (C14:0) (15), differences between the profiles of 
S-, O-, and lysine N-acylation have not been comprehensively investigated. Palmitoyl 
(C16:0) is generally presumed to be the predominant S-linked cysteine modification, 
although some studies suggest that S-acyl profiles vary among different cell lines (16) and 
are affected by dietary fatty acids (17). Knowledge of serine and lysine fatty acylation is 
comparatively limited, and the diversity of fatty acyl moieties attached to these two residues 
has not been investigated at the proteome level (18, 19).

The nematode Caenorhabditis elegans is a highly tractable model system for develop-
mental biology and neuroscience, and, correspondingly, protein trafficking (20) and lipid 
metabolism (21) in C. elegans have been extensively investigated. The C. elegans genome 
encodes putative orthologs of conserved dhhc S-acyltransferases as well as orthologs of 
human acyl-protein thioesterases, ath-1, aho-3, and ppt-1 (22). Although reversible cysteine 
fatty acylation plays an indispensable role in many regulatory events, little is known about 
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S-acylation in C. elegans, reflecting a general lack of characteriza-
tion of C. elegans fatty acylated proteins in this important model 
organism.

In this work, we employed two complementary high-resolution 
mass spectrometry (HRMS)-based methods to examine the diver-
sity of fatty acyl moieties attached to different residues in the  
C. elegans proteome. Strikingly, we found that C. elegans employs 
highly distinct sets of fatty acids for cysteine S-, lysine N-, and 
serine O-acylation, dominated by monomethyl branched fatty 
acids (mmBCFAs), specifically 15-methylhexadecanoic acid 
(isomargaric acid, isoC17:0) for cysteine S-acylation and 
13-methyltetradecanoic acid (isoC15:0) for lysine N-acylation, in 
addition to smaller amounts of straight-chain saturated, mono-
unsaturated, and polyunsaturated fatty acids. To gain insight into 
the specificity of fatty acyl attachment at the individual protein 
level, we performed large-scale proteomic profiling of C. elegans 
S- and N/O-fatty acylated proteins via copper(I)-catalyzed 
alkyne-azide cycloaddition (CuAAC) using a bioorthogonal alkyne 
analog of isoC17:0, Alk-C17i, along with two straight-chain 
alkyne probes, Alk-C16 and Alk-C18. The proteomics results 
demonstrated unexpected specificity of protein fatty acylation 
toward utilization of different fatty acids at both the protein and 
amino acid levels.

Results

Fatty Acylation Profiles of Different Amino Acid Residues in C. 
elegans. To comprehensively profile the chemical diversity of acyl 
groups attached to protein cysteine, N-terminal glycine, lysine, and 
serine residues, we used two strategies to distinguish different types 
of fatty acylation based on their chemical reactivity and stability: i) 
hydroxylamine treatment at neutral pH to survey for S-acylation 
(16, 23) and ii) protein enzymatic hydrolysis followed by analysis 
of fatty acyl-conjugated amino acids to profile hydroxylamine-
resistant acylations (24–26) (Fig.  1A). Based on testing an O-
acylated model substrate and literature precedent (SI Appendix, 
Fig. S1) (27), we expect that, in addition to N-acylation of glycine 
and lysine, the generally much less abundant O-acylation of serine 
is also hydroxylamine-resistant under our conditions.

To enable an unbiased survey of S-acylation patterns, including 
detection of unexpected or uncommon acyl moieties, we com-
bined proteome-wide S-acyl capture using hydroxylamine with 
untargeted metabolomics and stable isotope labeling. For this 
purpose, proteome samples were extensively purified (Materials 
and Methods) to remove potentially confounding lipid derivatives 
and then incubated with stable isotope 15N-labeled hydroxylamine 
or regular hydroxylamine (mostly 14N), converting thioester mod-
ifications into 15N- or 14N-hydroxamic acids (HACs) that were 
analyzed by high-performance liquid chromatography (HPLC) 
coupled to HRMS (23). Comparative analysis of the resulting 
data for 15N- and 14N-hydroxylamine-treated samples using the 
XCMS and Metaboseek platforms (28) revealed diverse fatty 
acyl-derived HACs representing the corresponding protein 
cysteine S-acylations (Fig. 1A). Unexpectedly, an odd-chain fatty 
HAC feature, C17:0-HAC, was identified as the by far predom-
inant species, accounting for more than 80% of the detected 
HACs, in addition to smaller amounts of C16:0-HAC, C18:0-HAC, 
and C18:1-HAC, which have been reported as predominant S-acyl 
modifications in other organisms (16), as well as trace amounts of 
C14:0-HAC, C15:0-HAC, C18:2-HAC, and C20:5-HAC (Fig. 1B 
and SI Appendix, Fig. S2A). Chromatographic profiling of synthetic 
HAC standards revealed that protein-derived C17:0-HAC repre-
sents almost exclusively the mmBCFA derivative, isoC17:0-HAC 
(Fig. 1C). In addition to a broad range of straight-chain fatty acids, 

C. elegans lipid profiles are known to include the mmBCFAs 
isoC15:0 and isoC17:0, as well as much smaller amounts of 
anteisoC15:0 and anteisoC17:0 (23, 29, 30), which are derived 
from endogenous branched-chain amino acid catabolism (31). 
Our results show that isoC17:0 is selectively recruited for protein 
S-acylation.

To profile protein N- and O-acylation on glycine, lysine, and 
serine residues, we employed previously developed strategies based 
on enzymatic protein hydrolysis followed by HPLC-HRMS anal-
ysis of the resulting acylated amino acids (24, 25) (Fig. 1A). To 
enrich for lipidated proteins, we isolated the membrane-associated 
protein fraction. Following protease and peptidase treatment, the 
resulting mixture of amino acids and derivatives was analyzed by 
HPLC-HRMS/MS for glycine, lysine, and serine acylated with 
common long-chain fatty acids (Fig. 1A and SI Appendix, 
Table S1). Synthetic standards of representative fatty acyl-amino 
acid conjugates were prepared as references for comparison of 
retention times and MS2 fragmentation patterns. Consistent with 
previous studies in multiple organisms (15, 32, 33), we found that 
N-terminal glycine was almost exclusively myristoylated (C14:0). 
C14:0-acylated glycine was over 100-fold more abundant than 
N-acyl-glycine conjugates with other fatty acids (C13:0, C15:0, 
and C16:0) (Fig. 1D and SI Appendix, Fig. S2B). In contrast, 
lysine residues were predominantly acylated with two mmBCFAs, 
isoC15:0 and isoC17:0 (Fig. 1E and SI Appendix, Fig. S2C). The 
lysine N-acylation profile was thus also distinct from that of 
cysteine S-acylation, as isoC15:0 was most abundant among lysine 
fatty acylations, whereas cysteine was predominantly acylated with 
isoC17:0 and only trace amounts of isoC15:0-acylated cysteine 
were detected. Yet another profile was observed for serine, which 
was found to be acylated with a broad range of fatty acyl moieties 
[C14 to C18, including the polyunsaturated eicosapentaenoic acid 
(EPA, C20:5)] (Fig. 1F and SI Appendix, Fig. S2 D and E). EPA 
N-acylation was also observed for lysine (Fig. 1E and SI Appendix, 
Fig. S2F), whereas S-acylation-derived EPA-HAC as well as 
EPA-acylated glycine were largely absent (Fig. 1 B and C). 
Collectively, these observations demonstrated that different amino 
acid residues exhibit highly specific fatty acylation profiles.

Development of a Clickable isoC17:0 Probe. The striking preference 
of the mmBCFA isoC17:0 for protein cysteine acylation led us 
to examine whether a bioorthogonal mimic of isoC17:0 could 
be used to probe cysteine S-acylation and acyl group preference 
at the protein level. We were further motivated to probe the role 
of cysteine S-acylation with isoC17:0 by the previous finding 
that supplementation of this mmBCFA could rescue a poorly 
understood developmental arrest phenotype of C. elegans lacking the 
biosynthetic gene for isoC17:0 and isoC15:0 (29). We thus designed 
a click chemistry–capable mimic of isoC17:0, named Alk-C17i, in 
which one of the terminal methyl groups of isoC17:0 is replaced 
with an acetylene moiety, which is roughly similar in size (Fig. 2A). 
Therefore, we anticipated that C. elegans would incorporate Alk-
C17i in place of isoC17:0, enabling the use of click-chemistry to 
potentially enrich and characterize S-acylated proteins (Fig.  2B) 
(34). Synthesis of Alk-C17i was achieved via addition of a methyl 
group to the carbonyl of 15-hydroxypentadecanoic acid lactone (1) 
to form a methyl ketone (35), which following protection of the 
hydroxyl group with tert-butyldimethylsilyl chloride was subjected 
to Cu(I)-catalyzed cross-coupling with triisopropylsilyl acetylene 
to introduce the alkyne moiety at the terminal methyl branched 
position (36), finishing construction of the carbon backbone to give 
intermediate 4. After a simultaneous deprotection of hydroxyl and 
alkyne groups, oxidation of the primary alcohol in intermediate 5 
yielded the final product, Alk-C17i (Fig. 2C).
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Next, we asked whether our probe, Alk-C17i, could function-
ally replace isoC17:0. In C. elegans, the enzyme ELO-5 is respon-
sible for elongation of isoC13:0-CoA to isoC15:0-CoA, which 
can be further elongated to isoC17:0-CoA by ELO-5 or ELO-6 
(Fig. 2D) (21, 29). Deletion of elo-5 results in developmental 
arrest at the first larval stage (L1 arrest) (29), which we confirmed 
can be rescued by dietary supplementation with isoC15:0 or 
isoC17:0 (Fig. 2E and SI Appendix, Fig. S3A). To clarify whether 
the synthesized probe Alk-C17i can compensate for lack of 
isoC17:0, we tested whether supplementation with Alk-C17i can 

rescue the L1 arrest phenotype of elo-5 knockout worms in the 
same manner as isoC17:0. We found Alk-C17i fully rescued L1 
arrest of elo-5 mutant worms, whereas straight-chain terminal 
alkyne-containing fatty acids Alk-C16 or Alk-C18 had no effect 
(Fig. 2E and SI Appendix, Fig. S3A).

We then examined the incorporation of Alk-C17i into worm bod-
ies and proteins using CuAAC with fluorophore-azide conjugates 
(Fig. 2B). Fluorescence microscopy images of Alk-C17i-fed elo-5 
mutant worms that were fixed and clicked with Cy3-azide showed 
that worms incorporated the alkyne (SI Appendix, Fig. S3B). In-gel 
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Fig. 1. Fatty acylation profiles of different amino acid residues in C. elegans. (A) Workflow of hydroxylamine S-acyl trapping for identification of cysteine acylation 
(Left) and protein enzymatic hydrolysis for profile of glycine (N-terminal), lysine, and serine fatty acylation (Right). (B) Peak area of fatty hydroxamic acids (HACs) 
derived from S-acylated proteins in C. elegans. n = 4. (C) Chromatographic profiles of C17:0-HAC standards demonstrate that the abundant C17:0-HAC in (B) is 
mostly isoC17:0-HAC. ESI, electrospray ionization. (D−F) Peak area of N-fatty acyl-glycines ([M-H]−, (D)), Nε-acyl-lysines ([M+H]+, (E)), and O-acyl-serines ([M-H]−, 
(F)) derived from enzymatic hydrolysis of C. elegans membrane fractions. n = 4. Data are mean ± SD in B and D−F.
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fluorescence of TAMRA-azide clicked proteins extracted from 
Alk-C17i-fed elo-5 mutant C. elegans revealed extensive TAMRA 
labeling, demonstrating Alk-C17i was incorporated onto proteins 
(Fig. 2F). Moreover, hydroxylamine labeling of proteins isolated and 
purified from Alk-C17i-treated elo-5 mutant animals revealed robust 
incorporation of Alk-C17i on cysteine residues (Fig. 2G). Notably, 
S-acylation with straight-chain C16:0 increased in Alk-C17i- 
supplemented elo-5 mutants compared to unsupplemented wildtype 
(WT) animals (Figs. 1B and 2G), suggesting that Alk-C17i is less 
preferred for S-acylation than endogenous isoC17:0, due to the 
non-natural alkyne moiety in Alk-C17i or lower bioavailability of 
the supplemented compound relative to endogenously produced 
isoC17:0. Alk-C15i-HAC and Alk-C13i-HAC that could be derived 
from chain-shortening of Alk-C17i via β-oxidation were not detected 
(SI Appendix, Fig. S3C). These results indicate that Alk-C17i can 
functionally replace isoC17:0 and thus may offer the opportunity to 
broadly profile S-acylated proteins in C. elegans bearing isoC17:0.

Click Chemistry–Based Profiling of Protein Fatty Acylation. In 
preparation for enrichment experiments for profiling protein fatty 

acylation in WT adult C. elegans, we optimized click chemistry 
and metabolic labeling conditions. Since Alk-C17i bears acetylene 
at a tertiary carbon, which can lower the efficiency of CuAAC, 
we tested four different common Cu(I) ligands (SI  Appendix, 
Fig. S4A), of which we chose tris((1-benzyl-4-triazolyl)methyl)
amine, a ligand previously used for CuAAC with fatty acid 
alkyne probes (37, 38). Monitoring levels of TAMRA-azide-
clicked proteins via in-gel fluorescence, we found that 4 to 7 h 
of probe feeding in WT animals accomplished maximal labeling, 
whereas longer labeling times were less effective, possibly due to 
metabolism of the probe (SI Appendix, Fig. S4B). Further, imaging 
suggested that labeling for 6 h was sufficient for distribution of 
the alkyne probes across the worm body (SI Appendix, Fig. S4C). 
Next, we tested for potential toxicity of the alkyne probes. We 
did not observe any effects on survival or development of young 
adult or adult animals for any of the three probes at up to 200 µM 
for 6 h (SI Appendix, Fig. S4D); however, continuous treatment 
from hatching with Alk-C16 significantly delayed development 
(IC50 12.9 µM), while the other two alkynes did not affect 
development at up to 100 µM (SI Appendix, Fig. S4E). For the 
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labeling experiments, we therefore selected 6-h treatment of 
young adult animals at 50 µM of alkyne probes, similar to probe 
concentrations used in other model systems (39).

To comprehensively profile protein fatty acylation and assess 
potential specificity of Alk-C17i attachment compared to 
straight-chain alkyne probes, we supplemented parallel cultures 
with Alk-C17i and the two straight-chain probes Alk-C16 or 
Alk-C18 (Fig. 3A). Membrane protein fractions of WT C. elegans 
treated with different alkyne probes or mock (solvent) were sub-
jected to click chemistry with biotin azide. Samples were then 
divided into two portions, of which one was treated with hydrox-
ylamine to cleave thioesters, to enable distinguishing N/O-acylated 
proteins from proteins that are exclusively S-acylated. Next, bioti-
nylated proteins were enriched with streptavidin-conjugated aga-
rose beads and digested for bottom−up proteomics.

Among the total of 3,528 identified proteins, candidates were 
classified as significantly fatty acylated if they were, on average, at 
least threefold enriched in samples derived from one of the three 
probes, compared to mock-supplemented control (at P < 0.05, 
shown for Alk-C17i in Fig. 3B, see SI Appendix, Fig. S5 for other 
probes). We then further classified proteins whose abundance in 
each replicate was at least threefold reduced by hydroxylamine 
treatment compared to samples not treated with hydroxylamine 
as primarily S-acylated (Fig. 3 C and D and SI Appendix, Fig. S5 
C and D) (37). Conversely, proteins were classified as primarily 
N/O-acylated if their abundance was reduced less than 1.5-fold 

upon treatment with hydroxylamine (Fig. 3D). Remaining acy-
lated proteins, i.e., proteins, whose abundance was changed more 
than 1.5-fold but less than threefold, were considered as S-acylated, 
N/O-acylated, or both S- and N/O-acylated (Fig. 3D).

Fatty Acylation Patterns Are Highly Conserved. Analysis of the 
proteomics results using the above criteria yielded 775 S-acylated 
proteins in samples from Alk-C17i-supplemented animals 
(Fig. 4A and SI Appendix, Table S2). Application of stricter fold-
change requirements (i.e., >fivefold) led to a list of 432 S-acylated 
proteins (Fig.  4A and SI  Appendix, Table  S2). Analogous data 
filtration yielded 766 and 375 S-acylated proteins for the Alk-
C16- and Alk-C18-supplemented animals, respectively (Fig. 4B 
and SI Appendix, Table S2). A total of 1,013 S-acylated proteins 
were identified, many of which were labeled by more than one 
alkyne probe (Fig. 4B).

The overall number of S-acylated candidates we identified in 
C. elegans is similar to results from previous profiling experiments 
in other model systems (40, 41). Significantly, for 88% of 
S-acylated C. elegans proteins that have close orthologs in other 
organisms (defined by the SwissPalm database, https://swisspalm.
org/), the corresponding orthologs have previously been reported 
to be S-acylated (Fig. 4C and SI Appendix, Table S3) (42), demon-
strating a high degree of conservation of S-acylation patterns. 
Gene ontology biological process enrichment of the detected 
S-acylated proteins revealed functional classes, e.g., small GTPase 
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signal transduction, metabolite transport, protein S-acyl transfer, 
(Fig. 4 D and E and SI Appendix, Fig. S7A), for which S-acylation 
(usually palmitoylation) is well known from mammalian systems. 
Most identified S-acylated proteins are presumed to localize to the 
intracellular organelle membranes, in addition to proteins local-
ized at intercellular connections (SI Appendix, Fig. S7B).

Conversely, a total of 510 N- or O-fatty acylated proteins were 
identified across the three different alkyne probes using the above 
criteria (Fig. 5A and SI Appendix, Table S4). Notably, the numbers 
of N/O-acylated proteins identified in samples from animals sup-
plemented with the straight-chain probes, Alk-C16 and Alk-C18 
(333 and 336 proteins, respectively), were much larger than for 
Alk-C17i-supplemented animals (42 proteins, Fig. 5A). Gene 
ontology enrichment analysis for N- or O-fatty acylated proteins 
revealed membrane related processes as well as RNA processing and 
energy metabolism (Fig. 5B and SI Appendix, Fig. S8). Due to a 
lack of comprehensive global profiling databases for glycine, lysine, 
serine, and threonine fatty acylated proteins, we examined the data 
of highly conserved orthologs of several validated human proteins 
bearing N-terminal glycine myristoylation or lysine fatty acylation 
in a targeted manner, including ADP ribosylation factors (43, 44), 
Golgi reassembly stacking proteins (45, 46), serine hydroxymethyl-
transferase (47), Rho guanosine triphosphatase (GTPase) (48, 49), 
etc. In this targeted examination, we found that all C. elegans pro-
teins for which the human orthologs have been found to be glycine 
N-myristoylated were in our list of N- or O-fatty acylated proteins, 
and, significantly, that they were only labeled by Alk-C16 but not 
by the longer-chain probes Alk-C18 or Alk-C17i (Fig. 5C), consist-
ent with our finding that C14:0 is strongly preferred for glycine 
N-acylation (Fig. 1D). ARF-6, MEL-32, and RHO-1, orthologs of 

known human lysine fatty acylated proteins ARF6 (50), SHMT2 
(47), and RHOA (48, 49), respectively, were significantly enriched 
in the alkyne-treated groups but were not classified into either 
S-acylated or N/O-acylated, possibly due to co-presence of lysine 
and cysteine fatty acylations, as also reported for their human ort-
hologs (Fig. 5C). ARF-6 and MEL-32 are two examples of the 1,291 
proteins in our dataset that were significantly enriched by labeling 
with one of the alkyne probes but could not be classified as primarily 
S- or N/O-modified (SI Appendix, Table S5).

Validation of C. elegans Fatty Acylated Proteins. Next, we 
selected five proteins for validation of their fatty acylation type 
based on conservation, availability of antibodies, or predicted 
modification sites. This included the small GTPase RAN-1 and 
the ADP-ribosylation factor ARF-1.2 that are highly conserved 
from C. elegans to mammals. Immunoblots of RAN-1 and ARF-
1.2 in the streptavidin pull-down samples derived from Alk-C16 
labeling, click chemistry with biotin azide, and hydroxylamine 
S-acyl cleavage validated that RAN-1 is primarily S-acylated 
(Figs.  4E and 6A), and ARF-1.2 is primarily N/O-acylated 
(Figs.  5C and 6B and see SI  Appendix, Fig.  S9 for antibody 
validations), reflecting the acylation pattern of their mammalian 
homologs. Similarly, we validated that the ortholog of human 
SCRIB (scribble planar cell polarity protein) LET-413 is primarily 
S-acylated (Fig. 6C), and the neuroglian SAX-7 is primarily N/O-
acylated (Fig.  6D), using antibodies previously developed for 
these C. elegans proteins (51). In addition, we uncovered C254 
as the predominant S-acylation site in the two-Ig domain protein 
ZIG-1, as demonstrated by the presence of a streptavidin pull-
down signal from the N-terminal 3xflag CRISPR-Cas9 knock-in 
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zig-1 mutant fed with alkyne fatty acid, which is absent in the 
corresponding C254A point mutant (Fig. 6E and SI Appendix, 
Fig. S10A). C254 is adjacent to the transmembrane helix of ZIG-
1, and C254 is predicted to be S-acylated with high confidence by 
the machine learning-based algorithm, GPS-Palm (SI Appendix, 
Fig. S10B) (52). Taken together, these results confirm S- and 
N/O-acylation as indicated by our global proteomics profiling 
for all five selected proteins.

Specificity of Protein Fatty Acylation with Different Alkyne 
Probes. Despite a great overlap of proteins labeled by all three 
alkyne fatty acids, Alk-C17i was preferred over the two straight-
chain alkyne probes for S-acylation (Fig.  4B) and disfavored 
for N/O-acylation (Fig. 5A). More than half of the intensity of 
total Alk-C17i-enriched proteins was derived from S-acylated 
candidates, whereas less than 5% were derived from N/O-acylated 
proteins. In contrast, the intensities from S-acylated and N/O-
acylated proteins labeled by Alk-C16 or Alk-C18 were similar 
(within 1.5-fold difference) (Fig. 6F). Moreover, applying stricter 
criteria for filtration of S-acylated candidates (i.e., higher fold-
change for both probe enrichment and hydroxylamine cleavage), 
resulted in a higher percentage of Alk-C17i-specific proteins 
among all S-acylated proteins (SI  Appendix, Fig.  S11). These 
results indicate that the iso-branched Alk-C17i to some extent 
recapitulates preferential S-acylation with endogenous isoC17:0.

We additionally observed highly preferential S-acylation of indi-
vidual proteins by one of the three probes. Comparing abundances 
of individual proteins labeled with different probes, we found five 
and ten proteins that were highly preferentially labeled by Alk-C17i 
or Alk-C16, respectively (with more than 10-fold preference for 
either Alk-C17i vs. Alk-C16 or Alk-C16 vs. Alk-C17i labeling, 

Fig. 6 G and H). Among the five Alk-C17i-specific proteins are 
two members of cytochrome P450 family (CYP-35A4, CYP-14A3) 
(Fig. 6H). Moreover, the most abundant S-acylated proteins 
(Fig. 4E) include two UDP-glucuronosyltransferases (UGT-22, 
UGT-23) that are also preferentially modified by Alk-C17i 
(SI Appendix, Fig. S12). Proteins almost exclusively S-acylated with 
the straight-chain probes included the calcium-transporting ATPase 
PMR-1 and S-acyltransferase DHHC-10 (Fig. 6H). Given that 
our initial hydroxylamine-based profiling revealed that S-acylation 
is dominated by isoC17:0, the identification of specific proteins 
that are almost exclusively S-acylated with straight-chain alkyne 
probes was unexpected. To validate the preference for straight-chain 
alkynes by DHHC-10, we generated a transgenic 3xflag-dhhc-10 
overexpression strain followed by feeding with the three different 
alkyne probes, click chemistry, and streptavidin pull-down. 
Consistent with the proteomics results, the western blot showed 
that DHHC-10 was only modified by straight-chain alkynes, but 
not by the methyl branched Alk-C17i (Fig. 6I and SI Appendix, 
Fig. S13). Taken together, our results reveal a high level of speci-
ficity of S-acylation for a small subset of proteins, in addition to 
the utilization of different fatty acid profiles for different amino 
acid residues.

Discussion

Using C. elegans as a model and a set of click chemistry–capable 
fatty acid probes, we uncovered unexpected diversity and speci-
ficity of protein fatty acylation. Our untargeted screening revealed 
utilization of distinct profiles of fatty acids for acylation of differ-
ent amino acid residues. We established that mmBCFAs dominate 
both cysteine and lysine acylation profiles, whereby cysteine 
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acylation is dominated by isoC17:0, while lysine is acylated by a 
broader profile of fatty acids, with isoC15:0 being most abundant. 
These mmBCFAs are derived from leucine catabolism (21), indi-
cating that protein acylation and especially cysteine S-acylation 
depend on this specific branch of endogenous fatty acid metabo-
lism. Although the mammalian fatty acyl elongation machinery 
does not produce long-chain mmBCFAs, mmBCFAs are present 
in food and produced by the gut microbiome, and mmBCFAs 
from both sources have been shown to have significant effects of 
physiology and disease in mouse models (53). Our work uncovers 
an example of abundant protein post-translational modification 
with mmBCFAs, which may motivate investigation of potential 
mmBCFA acylation in mammalian and other systems. The 
bioorthogonal tool developed in this study (i.e., Alk-C17i) should 

be fully translatable to other models building on previous studies 
(37, 54).

In contrast, no preference for mmBCFAs was observed for 
protein N-terminal glycine fatty acylation or serine modifica-
tion; instead, protein N-terminal glycine is almost exclusively 
myristoylated, whereas serine is acylated by a wider range of 
long-chain fatty acids, including the polyunsaturated fatty acid, 
EPA. To a lesser extent, EPA acylation was also observed for 
lysine, suggesting that polyunsaturated fatty acid metabolism 
may broadly feed back onto protein acylation. With regard to 
our list of N/O-acylated protein candidates, it should be noted 
that O-fatty acylation is comparatively rare in eukaryotes (1), 
and thus, most hydroxylamine-resistant proteins we detected 
likely represent N-acylated species. Further, although our 
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Fig. 6. Validation of C. elegans fatty acylated proteins and specificity of protein fatty acylation with different alkyne probes. (A−D) Immunoblot detection of 
selected fatty acylated proteins in streptavidin pull-down samples derived from Alk-C16 labeling, click chemistry with biotin azide, and subsequent hydroxylamine 
S-acyl cleavage. Same workflow as Fig. 3A except for using western blot as readout. The patterns in the immunoblots are consistent with the proteomics profiling 
results (heat map strips shown on Top of each panel). (E) Validation of the predicted S-acylation site (C254A) in ZIG-1. C254 is the residue number in WT protein. 
(F) Percentage of the total intensity of hydroxylamine-cleavable (S-acylated) and hydroxylamine-resistant (N/O-acylated) proteins among the total intensity of 
alkyne-enriched proteins. Alk-C17i, n = 4; Alk-C16, n = 3; Alk-C18, n = 2. (G) Volcano plot comparison of abundances of S-acylated proteins labeled by Alk-C17i 
or Alk-C16. P values were adjusted using the Benjamini-Hochberg procedure. Alk-C17i, n = 4; Alk-C16, n = 3. (H) Heat map of abundances of S-acylated proteins 
that were labeled with more than 10-fold specificity by Alk-C17i or Alk-C16 (red dots in G) as well as a protein that was Alk-C18-specifically labeled relative to 
Alk-C17i and Alk-C16. (I) Validation of preferential acylation of DHHC-10 with straight-chain alkyne fatty acids. (J) Summary of protein fatty acylation specificity 
and model for potential mechanisms coupling ER lipid synthesis machinery and protein fatty acyl transfer.
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hydroxylamine treatment conditions should generally leave 
O-acylation intact, we cannot exclude that some O-ester bonds 
may be cleaved by hydroxylamine, e.g., as a result of a specific 
chemical microenvironment.

The diversity of fatty acyl moieties utilized for serine and lysine 
acylation suggests that subsets of proteins may be preferentially 
acylated with specific fatty acids. Notably, we found that even in 
the case of cysteine S-acylation, which predominantly utilizes 
isoC17:0, a subset of proteins was almost exclusively acylated with 
the straight-chain probes, suggesting that these proteins are pri-
marily S-acylated with palmitic or stearic acid and not isoC17:0, 
which we validated for the case of the S-acyltransferase DHHC-10. 
Importantly, building evidence indicates that protein fatty acylation 
by specific fatty acids can dramatically affect function (55). For 
example, stearoylation (not common palmitoylation) of human 
transferrin receptor TFR1 inhibits its activation of JNK signaling 
and promotes mitochondrial fusion (56). Additional examples 
include specific O-palmitoleylation controlling secretion of Wnt 
proteins (12) and preferential auto-S-acylation of the transcription 
factor RFX3 with stearic acid and oleic acid (57). The preferential 
utilization of isoC17:0 for cysteine S-acylation in C. elegans may 
explain the still poorly understood (58–60) requirement of 
isoC17:0 for normal larval development. Supplementation with 
Alk-C17i rescued the larval arrest phenotype of elo-5 knockout 
animals, and thus our list of Alk-C17i-S-acylated proteins may 
include candidates that merit further study for their potential rel-
evance for larval development. Moreover, Alk-C17i can also serve 
as a tool for future investigation of mmBCFA metabolism on both 
the metabolite and protein levels, combining click chemistry with 
mass spectrometric approaches and solid-phase enrichment (61).

Specificity of fatty acid utilization for acylation of different 
amino acids could arise via a variety of mechanisms (Fig. 6J). Acyl 
transferases may exhibit specificity for fatty acyl-CoAs of specific 
chain length, degree of unsaturation, or presence of methyl 
branching. For example, in vitro studies demonstrated that some 
widely conserved glycine N-myristoyltransferases (NMTs) only 
transfer myristoyl but not palmitoyl (62). In contrast, the speci-
ficity of cysteine fatty acylation is less well understood. While the 
acyl binding groove of the human cysteine S-acyltransferase 
ZDHHC20 accommodates only fatty acyl moieties shorter or 
equal to 16 carbons (63), the residues responsible for closing this 
acyl binding groove are not present in the majority of human 
S-acyltransferases or C. elegans DHHCs. Similarly, structural con-
straints might explain our finding that DHHC-10 is preferentially 
acylated with straight-chain alkyne fatty acids, in contrast to other 
detected DHHCs in C. elegans. Specificity could also arise from 
association of acyl transferases with components of biosynthesis 
and transport of mmBCFAs or their CoA derivatives, as well as 
cell compartment-specific or otherwise localized enrichment. Such 
mechanisms may also explain the striking specificity of S-acylation 
of a small number of proteins with the straight-chain probe 
Alk-C16. For lysine fatty acylation, NMTs are the only so-far 
characterized eukaryotic acyl transferases (50, 64). Our results 
demonstrating distinct fatty acylation profiles for glycine and 
lysine residues in C. elegans suggest that additional enzymes and 
other mechanisms, as for cysteine S-acylation, contribute to lysine 
fatty acylation.

Although protein S-acyl diversity in mammalian models has 
been explored to a considerable extent (16, 17, 65), most previous 
work is not based on untargeted approaches, which, as we show 
here for C. elegans, can reveal unexpected fatty acyl moieties and 
specificity, including reliance on specific branches of fatty acid 
metabolism, e.g., isoC17:0 biosynthesis. Further, our work 

provides a global overview of lysine and serine N- and O-acyl 
moieties, complementing prior work on lysine (66) and serine 
(12) acylation profiles using purified individual proteins. Finally, 
our comprehensive analysis of C. elegans fatty acylated proteins, 
including identification of many conserved proteins that are acy-
lated at the same type of residues as their homologs in other spe-
cies, provides a resource for mechanistic studies of the roles of 
protein fatty acylation, including the residue- and protein-specific 
utilization of fatty acids.

Materials and Methods

Detailed methods are provided in SI Appendix.

Nematode and Bacterial Strains. C. elegans WT (N2) and the elo-5 knockout 
strain VC410(gk208) were obtained from the Caenorhabditis Genetics Center 
(CGC). The N-terminal 3xflag CRISPR-Cas9 knock-in zig-1 mutant strain PHX8149 
(syb8149), the C254A CRISPR-Cas9 point mutant of the zig-1(syb8149) strain 
PHX8254 (syb8254, C254 is the residue number in WT protein), and the 3xflag-
dhhc-10 overexpression strain generated through X-ray-mediated integrated 
arrays were obtained from SunyBiotech (Fuzhou, China); see SI Appendix for 
sequence details. Bacterial strain Escherichia coli OP50 was obtained from CGC. 
Worms were maintained on petri dish plates containing nematode growth 
medium (NGM) coated with stationary-phase E. coli OP50 LB culture. Then, 50 
µM of isoC15:0 or isoC17:0 was added to plates for maintaining the development 
of elo-5 mutants.

Chemical Synthesis of Alk-C17i and Analytical Standards. See SI Appendix.

C. elegans Cultures. To obtain large amounts of C. elegans for protein extraction, 
worms were grown in liquid culture as previously described (23). Synchronized 
L1 larvae were grown at ~280,000 animals per 100 mL S-complete media at 
20 °C supplemented with 4 mL concentrated E. coli OP50 (1 g/mL) as food for 
68 to 70 h before harvest for hydroxylamine (NH2OH) treatment or 62 to 64 h 
before alkyne labeling.
14NH2OH- and 15NH2OH-Treatment of C. elegans Proteome. Proteins from 
C. elegans lysates were purified through three cycles of methanol–chloroform 
protein precipitation, and the protein pellets were redissolved using a sodium 
dodecyl sulfate (SDS) buffer in between. The resulting protein pellets were resus-
pended in 0.1× PBS and aliquoted into three portions, which were treated with 
aqueous NaCl solution (0.19 M final, no NH2OH control), 14NH2OH·HCl aqueous 
solution (1.2% final, NaOH-neutralized), or 15NH2OH·HCl solution (1.2% final, 
NaOH-neutralized). The samples were sonicated for 5 min, lyophilized, extracted 
with methanol, further concentrated, and resuspended in 100 µL of methanol 
for HPLC-HRMS analysis.

HPLC-HRMS Analyses of Small Molecules and Comparative Analysis 
to Identify NH2OH-Labeled Compounds. See SI Appendix for HPLC-HRMS 
data acquisition methods using reversed-phase chromatography coupled to 
HRMS. Untargeted data analysis was performed as previously described using 
Metaboseek software (23, 28).

HPLC Separation of nC17:0-HAC, isoC17:0-HAC, and anteisoC17:0-HAC. The 
separation was performed on a Thermo Scientific Hypersil GOLD C18 column 
(150 × 2.1 mm, 1.9 μm particle size, 175 Å pore size) maintained at 40 °C with 
a flow rate of 0.5 mL/min. Solvent A: 0.1% formic acid in water; solvent B: 0.1% 
formic acid in acetonitrile. The A/B gradient was as follows: isocratic at 5% B for 
3 min, linearly increasing to 75% B at 23 min, linearly increasing to 85% B at 
30 min, linearly increasing to 100% B at 32 min, keeping at 100% B for 4 min, 
shifting back to 5% B in 0.1 min, and holding at 5% B until 40 min.

Exhaustive Digestion of C. elegans Membrane Proteins and HPLC-HRMS/
MS Analysis of the Digest. The insoluble fraction (membrane enriched) of  
C. elegans lysate prepared in detergent-free lysis buffer was further extracted 
with a buffer containing 1% Triton X-100. Proteins were isolated by methanol–
chloroform precipitation and redissolved in a urea buffer. Enzymatic digestion of 
2.5 mg proteins was performed by sequential application of two enzymes, 25 µg  

http://www.pnas.org/lookup/doi/10.1073/pnas.2307515121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307515121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307515121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307515121#supplementary-materials
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sequencing grade trypsin (Promega) and 2.5 units of aminopeptidase-M (Sigma-
Aldrich) (26). Peptides resulted from trypsin digestion were desalted with C18 
cartridges (Sep-Pak, Waters) before aminopeptidase treatment. Samples were resus-
pended in 70 µL methanol for liquid chromatography−tandem mass spectrometry 
(LC−MS/MS) analysis. See SI Appendix, Table S1 for a list of fatty acyl-amino acid 
conjugates, precursor m/z inclusion, analysis ESI polarity, MS/MS collision energy, 
and detected fragments. For quantification, the mass spectrometer was run on MS1 
mode, peak area of [M-H]− ions was used for quantifications of glycine and serine 
conjugates, and peak area of [M+H]+ ions was used for lysine conjugates.

C. elegans Development Assay. To examine the developmental effect of fatty 
acid (derivative) supplementation, compound (isoC15:0, isoC17:0, Alk-C17i, Alk-
C16, or Alk-C18) solution (dimethyl sulfoxide/ethanol/M9 buffer = 1/1/2, v/v/v) 
or solvent only was added to seeded NGM agar plates and allowed to diffuse 
overnight at 4 °C. Approximately thirty synchronized starved WT or elo-5(gk208) 
L1-stage animals were exposed to compounds on 35-mm plates for 64 h or 72 h  
at 20 °C, and then, developmental stages were examined.

Click Chemistry and Protein In-Gel Fluorescence. Click chemistry was per-
formed at 37 °C for 2 h with lysates containing 0.4 mg protein that had been 
diluted in 0.4 mL lysis buffer (50 mM triethanolamine, 150 mM NaCl, and 4% 
SDS, pH 7.4) and reagents (30 µM tetramethylrhodamine (TAMRA)-azide, 12 
µM tris(benzyltriazolylmethyl)amine, 303 µM tris(2-carboxyethyl)phosphine, and 
303 µM CuSO4). Proteins were purified by methanol–chloroform precipitation 
and were resolved via SDS-PAGE. Fluorescence was detected using a ChemiDoc 
MP imaging system (Bio-Rad).

Metabolic Labeling with Alkyne Fatty Acids and Enrichment of Fatty 
Acylated Proteins. Fatty acid alkyne probes (DMSO as control, Alk-C17i, Alk-C16, 
or Alk-C18, final concentration 50 µM) were added to the C. elegans cultures at 62 h 
from initiation of synchronized L1 growth in liquid media, and worms were allowed 
to grow for an additional 6 h. Protein extraction, click chemistry, hydroxylamine S-acyl 
cleavage, and streptavidin pull-down were performed as previously described (37).

Proteomic Analysis of Enriched Proteins. Streptavidin–agarose beads were 
sequentially washed by 0.2% SDS in PBS, 4 M urea in 0.25× PBS, PBS, high salt 
buffer (500 mM KCl and 20 mM Tris pH 7.5), and 20 mM Tris (pH 7.5) before 
protein on-bead digestion by trypsin (37). Peptides were analyzed by nanoLC−
MS/MS; see SI  Appendix for instrument methods. Protein identification and 
quantification were performed with Proteome Discoverer software (v 2.5, Thermo 
Fisher Scientific) using FASTA files retrieved from Uniprot (www.uniprot.org, 
UP000001940). The resulting table was zero-filled with a value of “1 × 103”. 
Protein abundances in NH2OH-treated samples were scaled to ensure that total 
intensities from NH2OH-untreated and NH2OH-treated mock-supplemented  
(no alkyne) samples are identical. Significance P values were calculated assuming 

two-tailed distributions and heteroscedasticity (unequal variance between 
groups), based on log10-transformed intensity (67). For comparison of abun-
dances of proteins labeled by Alk-C17i or Alk-C16, P values were adjusted using 
the Benjamini–Hochberg procedure.

Cross-Species Palmitoyl-Proteome Comparison and Gene Ontology 
Analysis. Cross-species palmitoyl-proteome comparison was performed using 
the SwissPalm database (https://swisspalm.org), release 4 (2022–09–03) (42). 
Gene ontology analysis was performed with an online bioinformatics tool (bio-
informatics.sdstate.edu/go/) (68).

Immunoblotting of Streptavidin-Enriched Proteins. Western blotting 
was performed using standard protocols; see SI Appendix for detailed proce-
dures. Before the addition of streptavidin-agarose for pull-down, 4% of the 
sample was saved as “input”. Antibodies used in this study and their dilution 
factors: Ran antibody (rabbit pAb, Cell Signaling Technology, #4462) 1:1,000, 
ARF1 antibody (rabbit mAb, recombinant, Invitrogen, SD2002) 1:1,000, LET-
413 antibody (mouse mAb, Developmental Studies Hybridoma Bank, DSHB) 
1:50, SAX-7 antibody (mouse mAb, DSHB) 1:50, ANTI-FLAG M2-HRP (mouse 
mAB, Sigma-Aldrich) 1:1,000, anti-β-actin-HRP (Santa Cruz Biotechnology, 
C4, sc-47778) 1:2,000, anti-rabbit-HRP (goat pAB, Promega) 1:2,000, and 
anti-mouse-HRP (goat pAB, Promega) 1:2,000. Use of antibodies produced for 
mammalian proteins had been validated using RNAi knockdown of C. elegans 
transcripts.

Data, Materials, and Software Availability. The raw MS files of proteom-
ics experiments have been deposited in the MassIVE database; accession code 
MSV000093332 (https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=d92e-
8fac06d24be793ffdccdc1ed7120) (69). The paper does not report any original 
code.
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