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SUMMARY

Extracellular signal-regulated kinases (ERK1/2) are key effector proteins of the mitogen-activated protein ki-
nase pathway, choreographing essential processes of cellular physiology. Here, we discover that ERK1/2 are
subject to S-acylation, a reversible lipid modification of cysteine residues, at C271/C254. The levels of ERK1/
2 S-acylation are modulated by epidermal growth factor (EGF) signaling, mirroring its phosphorylation dy-
namics, and acylation-deficient ERK2 displays altered phosphorylation patterns. We show that ERK1/2 S-
acylation is mediated by ‘‘writer’’ protein acyl transferases (PATs) and ‘‘eraser’’ acyl protein thioesterases
(APTs) and that chemical inhibition of either lipid addition or removal alters ERK1/2’s EGF-triggered tran-
scriptional program. Finally, in a mouse model of metabolic syndrome, we find that ERK1/2 lipidation levels
correlate with alterations in ERK1/2 lipidation writer/eraser expression, solidifying a link between ERK1/2 ac-
tivity, ERK1/2 lipidation, and organismal health. This study describes how lipidation regulates ERK1/2 and
offers insight into the role of dynamic S-acylation in cell signaling more broadly.

INTRODUCTION

Protein S-acylation, the addition of a long-chain fatty acid to a

cysteine residue via a thioester bond, is a lipid post-translational

modification (PTM) known to affect the activity and function of

modified proteins. Protein S-acylation dynamics are enzymati-

cally mediated, with DHHC (Asp-His-His-Cys) domain-contain-

ing protein acyl transferases (PATs) acting as ‘‘writers’’ and

acyl protein thioesterases (APTs) as ‘‘erasers.’’1 At the cellular

level, these cycles of S-acylation and deacylation regulate pro-

tein subcellular trafficking and activity, and at the organismal

level, have been implicated in cancer and neurological and in-

flammatory disease.2 One area in which the role of S-acylation

has been increasingly recognized is signal transduction, with re-

ceptors (MC1R, EGFR) and effectors (AKT, JNK, STAT3)

requiring S-acylation for activity and downstream function-

ality.3–7 However, while the advent of chemical and biochemical

techniques to study protein lipidation has precipitously

increased our knowledge of the frequency and significance of

S-acylation, the consequences of dynamic S-acylation for

many proteins remain unknown.

Mitogen-activated kinases (MAPKs) are an evolutionarily

conserved family of proteins that are critical in transducing extra-

cellular signals to the interior of the cell and in regulating a

diverse array of cellular programs.8,9 Particularly well studied in

this venerable family are extracellular signal-regulated kinases

(ERK1/2). As the primary mediators of the Ras cascade, ERK1/

2 phosphorylate hundreds of cytoplasmic and nuclear sub-

strates, regulating processes such as embryogenesis, cell

motility, proliferation, differentiation, and apoptosis.10–12 ERK1/

2-dependent signal transduction is also critical in cellular and

organismal metabolism, contributing to glycolytic pathway re-

programming (Warburg effect) in normal and cancer cells and

to development of metabolic syndrome.13

The simple architecture of the central three-tiered cascade be-

lies its complexity and finely tuned ability to determine specific

cell responses. In fact, the master regulators ERK1/2 are them-

selves intricately regulated. Subcellular localization, docking

motif-mediated interactions with substrates and regulatory ele-

ments, scaffolding proteins, phosphatases, and crosstalk with

other signaling pathways all modulate ERK specificity and activ-

ity.14–16 Central to the ERK1/2 regulatory scheme are PTMs, in

particular phosphorylation. MEK1/2-mediated dual phosphory-

lation of a threonine-glutamic acid-tyrosine (TEY) motif is

critical in regulating ERK1/2 activity following upstream signaling

events. The magnitude and duration of phosphorylation at this

motif determines the specific ERK1/2 transcriptional program.

Other serine and threonine residues in ERK1/2 are also phos-

phorylated and regulate ERK1/2 activity.17–19 More recently,

other PTMs have emerged as negative regulators of ERK1/2 ac-

tivity, including S-nitrosylation of Cys183, acetylation of Lys72,

and tri-methylation of Lys302/361 of ERK1.20–22

Despite its extensiveness, the established network of regula-

tory mechanisms does not fully explain how activation of

ERK1/2 by multiple extracellular stimuli results in distinct cellular

outcomes, suggesting that there is still more to be discovered

about the regulation of ERK1/2 activity and function.23–26 Intrigu-

ingly, proteomics studies suggest that ERK1/2 might be subject

to S-acylation,27 leading us to hypothesize that lipidation may

contribute to ERK1/2 regulation. Here, we show that ERK1/2 is

S-acylated, in particular S-palmitoylated, in cellulo and in vivo.

Moreover, we establish that ERK1/2 S-acylation levels are
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dynamically regulated during epidermal growth factor (EGF)

stimulation and that S-acylation regulates the pattern of its

TEY and serine phosphorylation, its protein interaction partners,

and subsequent activation. We then show that ERK1/2 S-acyla-

tion is enzymatically mediated by dynamic associations with a

subset of DHHC-PATs, which install the acyl group, and identify

APT2 as a candidate eraser of the acyl group. Finally, we use a

mouse model of metabolic syndrome to profile changes in S-

acylation correlated with aberrant activity and changes in writer

and eraser protein expression. This work introduces S-acylation

as a regulatory module of ERK1/2 activity and potential thera-

peutic node for targeting ERK1/2 activity not only in metabolic

syndrome but in cancer and other MAPK signaling-driven

pathologies.

RESULTS

ERK1/2 S-acylation levels respond to EGF stimulation
ERK1/2 acylation has been hinted by thiopropyl capture experi-

ments carried out in adipocytes.27 Therefore, we sought to

confirm that S-acylation, and more specifically, S-palmitoylation,

is a PTM of ERK1/2. To visualize cysteine acylation, we first used

acyl biotin exchange (ABE), in which the labile thioester bond of

acylated cysteine is cleaved by hydroxylamine (HA) and

substituted with an enrichment handle.28 This assay, which was

carried out in HEK293T, A431, and HepG2 cells, revealed that

ERK1/2 are S-acylated across cell lines (Figures 1A and S1A).

Next, to corroborate these results and confirm the incorporation

of palmitate, we used metabolic labeling with 17-octadecynoic

acid (17-ODYA), the u-alkyne analog of 16C palmitic acid (Fig-

ure S1A). Here, we observed incorporation of the tagged palmitic

acid in HEK293T cells, affirming ERK1/2 S-palmitoylation (Fig-

ure 1B).29 Importantly, HA treatment diminished the signal in this

A B

C

Figure 1. ERK1/2 are S-palmitoylated

(A) Acyl biotin exchange (ABE) assay carried out in

HEK293T, HepG2, and A431 cells, where signal

in hydroxylamine (HA)-treated samples indicates

S-acylation. Calnexin (CNX) is used as a loading and

assay control. n = 3.

(B) Metabolic labeling with 17-octadecynoic acid

(17-ODYA) in HEK293T cells. Signal in the ‘‘�HA’’

lanes indicates incorporation of the 16C fatty acid,

while loss of signal in the ‘‘+HA’’ samples indicates

thioester bond formation. n = 2.

(C) ABE carried out on a panel of tissues harvested

from C57BL/6 mice to visualize S-acylation in vivo.

experiment, confirming thioester bond for-

mation and, thus, cysteine modification

(Figure 1B). We also probed ERK S-acyla-

tion by ABE in mouse tissues, observing

significant S-acylation across all tissues

profiled, especially in the brain, liver, and

pancreas, confirming ERK S-acylation

in vivo (Figure 1C). Together, these results

establish that ERK1/2 are S-acylated at

the cellular and organismal levels.

Central to ERK1/2’s mediation of cellular

events is their ligand-induced activation, which stimulates a

rapid increase in their phosphorylation and then downstream ki-

nase activity. We next sought to determine whether the levels of

ERK1/2 S-acylation are sensitive to ligand-induced activation;

changes in ERK1/2 S-acylation concurrent with activity changes

could hint at a regulatory role of S-acylation in ERK1/2 activation.

We therefore monitored ERK1/2 S-acylation levels upon stimula-

tion with EGF, a secreted peptide that activates a signal trans-

duction network that includes the RAS/ERK pathway.25 Upon

treatment of serum-starved cells with EGF, basal S-acylation

of ERK1/2 increases within 5 min and remains elevated through

15 min of stimulation, with a return to baseline acylation levels

occurring by 30 min in HepG2 and A431 cells (Figures 2A,

S1B, and S1C). Significantly, this pattern mirrors that of ERK

phosphorylation, which also remains elevated through 15 min

and decreases by 30 min.30 Because much remains unknown

about how the extracellular concentration of ligand (signal

strength) is relayed intracellularly, we next assessed the dose

dependence of ERK1/2’s S-acylation increase. As EGF concen-

tration increased from 0 to 1 to 10 ng mL�1, ERK1/2 S-acylation

increased in step, with a lessening increase at 100 ng mL�1 in

HepG2 and A431 cells. This suggests that S-acylation is respon-

sive to the flow of quantitative information through the pathway

(Figures 2B, S1D, and S1E). These results established our acti-

vating concentration of EGF at 1 ng mL�1, a concentration

congruent with reported physiologic levels of the growth factor

in some tissues.31 Finally, to assess the generality of the ERK

S-acylation dynamics, we probed for ERK1/2 S-acylation

changes upon treatment with insulin, another signaling ligand

also established to activate the ERK/MAPK pathway. To our sur-

prise, insulin treatment did not trigger an increase in ERK1/2 S-

acylation in HepG2 or A431 cells, although a decrease in S-acyl-

ation was observed in A431 cells at 30 min (Figures 2C and S1F).
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Thus, S-acylation of ERK1/2 is not only dynamic but also sensi-

tive to signal strength and signal identity, emphasizing its poten-

tial as a regulator of ERK1/2 activity.

Dynamic ERK S-acylation does not depend on TEYmotif
phosphorylation
Given that the timing of ERK1/2’s dynamic S-acylation corre-

sponds to that of its dynamic TEY phosphorylation, we next at-

tempted to parse the connection between the two modifica-

tions. First, we used ABE to determine the S-acylation status

of active ERK1/2; i.e., ERK1/2 that have been phosphorylated

at the TEY motif of their activation loops. Here, we observed

palmitoylated ERK1/2 increasing concomitant with ERK1/2

phosphorylation (Figure 3A). This result confirms that the two

PTMs can co-occur on ERK1/2. We next used established

MAPK pathway inhibitors to investigate whether the signaling

elements that regulate phosphorylation also regulate ERK1/

2’s dynamic palmitoylation. Pre-treatment with upstream inhib-

itors for MEK (AZD6244, CI-1040) and RAF (PLX-4720) as well

as with okadaic acid, an inhibitor of ERK1/2-directed phospha-

tase activity, inhibited the EGF-induced increase in ERK1/2

A B

C

D

Figure 2. ERK1/2 S-acylation responds to

EGF stimulation

(A) ABE assay carried out in HepG2 and A431 cells

following stimulation with EGF (1 ng mL�1) for 0, 15,

and 30 min. n = 6.

(B) Quantification of (A), showing the relative fold

change in ERK1/2 S-acylation after stimulation with

EGF (1 ng mL�1) at t = 15 min relative to t = 0. Sta-

tistical analysis was performed with a two-tailed

Student’s t test with equal variance; p < 0.05.

(C) ABE assay carried out in HepG2 and A431 cells

following stimulation with 0, 1, 10, and 100 ng mL�1

EGF for 15 min. n = 3.

(D) ABE assay carried out in HepG2 and A431 cells

following stimulation with insulin for 0, 15, and

30 min. n = 3.

S-acylation (Figures S2A and S2B).32–35

These results suggest that intact regulato-

ry infrastructure is necessary for dynamic

S-acylation of ERK1/2. However, while

these data establish that dynamic S-acyl-

ation of ERK1/2 is connected to pathway

activation, they do not reveal whether

ERK1/2 phosphorylation itself is neces-

sary for S-acylation.

To gain further insight into the sequen-

tiality and interdependence of the two

modifications, we created variants of

ERK2, the more widely and abundantly ex-

pressed isoform of ERK, in which the three

sites of the phospho-acceptor motif were

mutated to either alanine (AAA) or glutamic

acid (EEE). These mutations, respectively,

confer resistance to or mimic constitutive

phosphorylation, enabling us to probe the

effect of perturbing ERK2 phosphorylation

on its palmitoylation. Overexpression of these constructs in

HEK293T cells, followed by EGF stimulation and visualization

of acylated proteins, indicated that ERK2’s dynamic S-acylation

was not disrupted in either the constitutively inactive or active

constructs (Figure 3B). This suggests that the EGF-mediated in-

crease in ERK2’s S-acylation is not dependent on its phosphor-

ylation status. Interestingly, the levels of basal S-acylation in

serum-starved cells increased for both constructs relative to

the wild type (WT) even when accounting for expression

changes, again hinting at a more complicated regulatory

network (Figures 3B and S2C). Collectively, these results

demonstrate that dynamic ERK1/2 S-acylation is dependent

on pathway activation but remains intact when phosphorylation

of ERK is disrupted.

Acylation-deficient ERK2 displays altered
phosphorylation patterns
To determine the consequences ofS-acylation for regulation and

activation of ERK1/2, we next sought to generate palmitoylation-

deficient variants of each ERK. This required mapping the

S-acylation site(s), where we individually mutated each of the
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six cysteines of ERK1 and the seven cysteines of ERK2 to serine

and then used ABE to visualize the S-acylation status of each

C-to-S mutant. For ERK1, we observed a decrease in ABE signal

for C239S and C271S, and for ERK2, a decrease was seen for

C216S and C254S, signifying that these cysteines are sites of

S-acylation (Figures S3A–S3C). Because the loss of signal for

C233 in ERK1 and C216 in ERK2 were accompanied by a signif-

icant loss of expression for these mutants, implicating these

residues (and possibly their S-acylation) in the stability or protea-

some degradation of ERK1/2, we chose to focus on S-acylation

of C254 and C271. Importantly, these residues are located in the

C-terminal lobe of ERK1/2, which contains their activation and

catalytic loops and is also subject to other regulatory PTMs

(Figure 3C).36

With these biochemical tools in hand, we next assessed the

impact of ERK1/2 S-acylation on their activation, as measured

by TEY phosphorylation. For this, we focused on ERK2, given

that its expression exceeds that of ERK1 in most cells and that

the two kinases possess highly similar sequences and identical

substrate specificity in vitro. Overexpression of myc-tagged

WT and C254A ERK2, followed by EGF stimulation and immuno-

precipitation of the epitope tagged constructs, allowed visualiza-

tion and comparison of TEY phosphorylation of the WT vs.

S-acylation-deficient ERK while eliminating background signal

A B

C D

F

E

Figure 3. Mapping crosstalk between ERK2 S-acylation and phosphorylation

(A) ABE assay carried out in HepG2 cells and analyzed for phospho-ERK1/2 (Thr185/202, Tyr187/204) via western blotting. n = 2.

(B) ABE assay carried out in HEK293T cells overexpressing WT, TEY(AAA), or TEY(EEE) ERK2 and stimulated with EGF (1 ng mL�1) for 15 min. n = 2.

(C) Crystal structure of the C-terminal lobes of ERK1 and ERK2, demonstrating structural homology as well as phosphorylation (blue) and acylation (red) sites

(PDB: 6G54, 6GES).

(D) Immunoprecipitation of myc-ERK2 (WT or C254A) in HEK293T cells with or without EGF stimulation (10 and 30 min, 1 ng mL�1) and analyzed via western

blotting for phospho-ERK (Thr185/Tyr187). n = 3.

(E) Immunoprecipitation ofmyc-ERK2 (WT, C254A) with or without EGF stimulation (10, 30min, 1 ngmL�1), analyzed viawestern blotting for phosphoserine. n = 2.

(F) Overexpression of myc-ERK2 tagged with TurboID in HEK293T cells, followed by biotin incubation and streptavidin enrichment of labeled proteins. Enriched

proteins were visualized via western blotting for MEK1/2 and CK2. n = 3.
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from endogenous ERK1/2. Strikingly, myc-ERK2(C254A) was

dramatically more phosphorylated at the TEY motif than its WT

counterpart (Figures 3D and S3D). This TEY hyperphosphoryla-

tion upon EGF stimulation was lost upon chemical inhibition of

MEK1/2 (Figure S3E).37 Next, because the site of S-acylation,

C254 is most proximal not to the Thr185/Tyr187 phosphorylation

sites but, rather, to the purportedly phosphorylated serine resi-

dues Ser246/248 in ERK2’s putative nuclear translocation signal

(NTS), we assayed for serine phosphorylation under the same

conditions (Figure 3B). Here, we found that, in contrast to TEY

phosphorylation, myc-ERK2(C254A) serine phosphorylation

was diminished relative to that of WT ERK2 (Figure 3E). Impor-

tantly, we also found that EGF stimulation did not increase

myc-ERK2(C254A) S-acylation, confirming that this cysteine is

the site of dynamic S-acylation (Figure S3F). Together, these re-

sults suggest that the dynamic S-acylation of C254 has a sub-

stantial role in regulating the phosphorylation patterns and, we

hypothesize, activation of ERK2.

Disrupting ERK2 S-acylation impacts regulatory
interactions
It is well established that MEK1/2 mediates phosphorylation of

ERK1/2’s TEY motif, while CK2, a constitutively active Ser/Thr

protein kinase, has been implicated as the writer of ERK2 serine

phosphorylation.38,39 Therefore, we next probed whether the

observed changes in TEY and SPS phosphorylation are con-

nected to disrupted interactions with these key regulatory

partners. To do this, we generated myc-ERK2 tagged with

TurboID, a biotin ligase that generates biotin-AMP to rapidly la-

bel proximal proteins and enable themapping of the protein-pro-

tein interactions.40 After validating the expression and ligase ac-

tivity of the constructs, we used the TurboID-tagged myc-ERK2

to visualize changes in ERK2’s interactions (Figure S3G). Here,

we found that, while the interaction withMEK1/2was unchanged

between the WT and C254A myc-ERK2, acylation-deficient

ERK2 demonstrated decreased labeling of CK2 (Figure 3F).

This corresponds with the observed decrease in serine phos-

phorylation and suggests that C254 S-acylation has a role in

coordinating the CK2-ERK2 interaction.

It has additionally been postulated that serine phosphorylation

promotes ERK2 interactions with the nuclear transport receptor

(NTR) importin 7 and contributes to its nuclear translocation.39

Intriguingly, importin 7 is also a lipid-binding protein, and an

ERK NTS-derived myristoylated phosphomimetic peptide has

been shown to inhibit the ERK2-importin 7 interaction.41,42

Therefore, we next used the TurboID constructs to visualize

the acylation dependence of the ERK2-importin 7 interaction.

Here, we found that impairment of ERK2 C254 S-acylation re-

sulted in a diminished interaction with importin 7 (Figure S3H).

While this could result from decreased serine phosphorylation,

it also raises the possibility that ERK2 S-acylation is part of a

two-step coincidence detection motif in this protein-protein

interaction (Figure S3I).

Chemical inhibition of ERK1/2 S-acylation disrupts its
transcriptional program
Upon EGF stimulation and translocation to the nucleus, ERK

signaling elicits a gene expression program linked to diverse

cellular events, such as proliferation and differentiation. Given

the changes in phosphorylation and the possible interruption of

nuclear localization, we next aimed to determine how loss of dy-

namic ERK1/2 S-acylation affects this transcriptional program.

To do this, we began by identifying chemical tools to disrupt

the cycle of ERK1/2 S-acylation and deacylation because over-

expressed proteins have the potential to overload biological

pathways.43 First, we targeted installation of the lipid by

DHHC-PATs using 2-bromopalmitate (2BP), a widely used

albeit promiscuous inhibitor, and cyano-myracrylamide (CMA),

another small inhibitor with a different reactivity profile recently

developed by our group (Figure S4A).44–46 ABE revealed that

treatment with 2BP (20 mM, 6 h) failed to decrease S-acylation

of ERK, possibly because of its poor potency and/or poor target-

ing of ERK-specific writers (Figure 4A). However, treatment with

CMA, but not its inactive analog, under parallel conditions

(20 mM, 6 h) resulted in a significant decrease of S-acylation of

ERK1/2, with maximum inhibition of S-acylation reached after

3 h of treatment in HepG2 cells (Figures 4A and S4A–S4C). These

results validate CMA as a tool to analyze the downstream conse-

quences of inhibiting ERK1/2 S-acylation and confirm that

S-acylation of ERK1/2 is enzymatically regulated.

Next, we used palmostatin B (PalmB), a pan inhibitor of APTs,

to interrupt enzymatic lipid removal and therefore increase

S-acylation of ERK1/2.47 Treatment of HepG2 cells with PalmB

(20 mM, 6 h) and visualization of acylated proteins via ABE

showed increased ERK1/2 S-acylation, confirming the utility of

this inhibitor in probing the effects of perturbing ERK1/2 S-acyl-

ation (Figures 4B and 4C). The effectiveness of PalmB also

confirmed that ERK1/2 deacylation is enzymatically mediated.

We next sought to determine which APT(s) are responsible for

deacylation of ERK1/2. While the b-lactone PalmB acts globally

on APTs, ML-348 and ML-349 are inhibitors specific for two of

the most widely studied S-deacylases, APT1 and APT2, respec-

tively.48,49 We found that a slight increase in ERK S-acylation

only occurred with ML-349 treatment, suggesting that APT2,

but not APT1, potentially regulates deacylation of ERK1/2 (Figure

S4D). However, because the increase was less than that

observed with PalmB, it also introduces the possibility that addi-

tional APTs have a role in regulation of ERK1/2 and establishes

PalmB as the key tool to disrupt ERK1/2’s deacylation.

With these validated chemical inhibitors of ERK1/2S-acylation

and deacylation in hand, we next aimed to assess the conse-

quences of disrupted S-acylation for ERK1/2 transcriptional

regulation. As the key activators of MAPK pathway, ERK1/2

are connected to induction of hundreds of gene targets,

including cFos, early growth response proteins 1/2 (EGR1/2),

and dual-specificity phosphatases 1/6 (DUSP1/6).50 Quantita-

tive reverse-transcription PCR (qRT-PCR), following pretreat-

ment of HepG2 cells with DMSO, CMA, or PalmB and stimulation

with EGF (0, 30, and 60 min), revealed inhibitor-dependent

changes in the induction pattern of these genes (Figures 4D

and S4E). In the case of the immediate-early response genes

cFos and EGR1/2, treatment with CMA and PalmB limited the

rapid mRNA transcription typically observed after 30 min of

EGF treatment compared with the DMSO control. However, after

60 min, cFos and EGR1 transcript levels matched the control

sample, while EGR2 transcript levels continued to rise. This

Cell Reports 42, 113135, September 26, 2023 5

Article
ll

OPEN ACCESS



suggests that disruption of ERK1/2 S-acylation—its installation

and removal—delays rather than inhibits its EGF-stimulated

transcriptional program. For the immediate-late gene DUSP1,

PalmB treatment resulted in increased activation at 60min, while

DUSP6 expression was dampened at all time points. Notably,

treatment with the APT2 inhibitor ML-349 paralleled the effects

of PalmB on key targets in the transcriptional program, support-

ing its claim as a regulator of ERK2 S-acylation (Figure 4E). The

importance of S-acylation in regulating the transcriptional pro-

gram was further substantiated by studies with WT and acyla-

tion-deficient ERK2. Overexpression of these two constructs,

followed by stimulation with EGF and qRT-PCR for key tran-

scripts, revealed a pattern of delayed activation as well, albeit

with amplitude changes likely reflecting background activation

from overexpression (Figure S4F). Together, these alterations

suggest that the cycle of S-acylation is significant for regulating

the timing and amplitude of ERK-mediated gene expression

changes.

ERK2 S-acylation is mediated by dynamic associations
with DHHCs and APTs
Having determined that dynamic S-acylation is significant for

ERK1/2 activity, we next sought to identify the molecular deter-

minants of this PTM. Identification of these regulatory elements

(i.e., the writers and erasers) could enable more controlled

modulation ERK S-acylation and therefore represents a poten-

tially novel way to manipulate ERK1/2 activity. Typically, the

‘‘Fukata assay,’’ overexpression of 23 mammalian zDHHCs,51

followed by visualization of S-acylation via ABE, is used to

ascertain the DHHC-PAT writers of a particular substrate. How-

ever, in this screen, while slight increases in ERK1/2 S-acyla-

tion were observed with overexpression of some zDHHCs, no

definitive writers for ERK1/2 were identified (Figure S5A). This

could suggest that ERK1/2 S-acylation is regulated by multiple

PATs, with compensatory down-regulation complicating obser-

vation of increases in S-acylation. In addition, the levels of

ERK1/2 S-acylation are likely tightly regulated, and the ABE

assay reveals the steady-state levels of S-acylation for a target,

not the cycling of S-acylation mediated in part by the PATs.

Therefore, we next used metabolic labeling to visualize a

change in the rate of S-acylation via increased incorporation

of an alkyne-tagged fatty acid. Here, we observed that a panel

of PATs (annotated as zDHHC 2, 3, 7, 9, 11, 23, 12, 14, 15, 17,

20, 21, and 25) increased ERK1/2 palmitoylation, with zDHHCs

7, 11, 14, 15, 20, 21, and 25 being the strongest hits for ERK1

and ERK2 (Figures 5A and S5B). Because we had observed

two sites of S-acylation for ERK2 (C216 and C254), we also

used the metabolic labeling-coupled DHHC overexpression

assay with the ERK2(C254A) mutant to assess the site speci-

ficity of these writers (Figures 5A and S5C). Here, we found

that, while a portion of the PATs (11, 12, 15, 20, 21, and 25)

that increased palmitoylation of ERK1/2 also increased

A B C

D E

Figure 4. Chemical perturbation of ERK1/2 S-acylation disrupts their transcriptional program

(A) ABE assay carried out in HepG2 cells treated with DMSO, 2BP (20 mM), or CMA (20 mM) for 6 h. CNX is used as a loading and assay control. n = 3.

(B) ABE assay carried out in HepG2 cells treated with DMSO or PalmB (20 mM) for 6 h. CNX is used as a loading and assay control. n = 3.

(C) Quantification of (B), showing the relative fold change in ERK1/2 S-acylation after treatment with PalmB. Statistical analysis was performed with a two-tailed

Student’s t test with equal variance; p < 0.05.

(D) qRT-PCR of key transcripts in the EGF-stimulated transcriptional program in HepG2 cells treated with DMSO, CMA (20 mM), or PalmB (20 mM) for 3 h, followed

by stimulation with EGF (1 ng mL�1) for 0, 30, and 60 min. n = 3.

(E) qRT-PCR of key transcripts in the EGF-stimulated transcriptional program in HepG2 cells treatedwith DMSOorML-349 (20 mM) for 3 h, followed by stimulation

with EGF (1 ng mL�1) for 0, 30, and 60 min. n = 3.
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palmitoylation of ERK2(C254A), certain PATs (namely, zDHHCs

13, 19, and 22) were writers of ERK2(C254A) and, thus, C216

only (Figures S5B and S5C). This suggests that the remaining

identified PATs (zDHHC 2, 3, 7, 9, 23, and 14) possess speci-

ficity for C254.

Given that metabolic labeling implicated a large number (13/

23) of DHHC proteins as ERK1/2 writers, we next aimed to deter-

mine which were significant in its EGF-promoted dynamic S-

acylation. Having observed a change in TEY phosphorylation

of palmitoylation-deficient ERK2, we next probed for changes

in ERK2 EGF-stimulated TEY phosphorylation concurrent with

DHHC overexpression. In this screen, we observed that a num-

ber of DHHCs (3, 7, 23, 12, 13, 14, 15, 17, 18, 21, 22, and 25)

increased ERK2 TEY phosphorylation, with strong overlap (7/

12) with writers identified via metabolic labeling (Figures 5C

and S5D). For final validation, we also assessed the physical

writer/substrate interaction in the context of EGF signaling via

co-immunoprecipitation of ERK2 by HA-tagged zDHHC-family

proteins. Here, a panel of DHHCs (3, 5, 7, 9, 11, 14, 17, 18, 20,

21, 22, and 23) interacted with ERK2 (Figures 5B, 5C, and

S5E). Summation of the results confirmed DHHC 7 and 21–hits

in all assays and thought to be localized to the Golgi apparatus

and plasma membrane, respectively–as key writers of ERK2

S-acylation.52 Significantly, ERK2 association with certain

PATs was dynamic, with ERK2 dissociating from zDHHCs 5, 7,

and 23 and associating with zDHHCs 3, 17, and 21 upon stimu-

lation with EGF (Figure S5E). These results demonstrate that

certain DHHC family members are not just writers of ERK2 S-

acylation, they are also central to its dynamic S-acylation during

EGF signaling.

A B

C

D E

Figure 5. ERK2’s acylation is mediated by dynamic associations with writer and eraser proteins

(A) Quantification of ERK1/2 metabolic labeling with 17-ODYA (relative to an NT control) in HEK293T cells overexpressing murine DHHC-family proteins with and

without myc-ERK2(C254A). n = 2.

(B) Immunoprecipitation using an anti-HA antibody in HEK293T cells expressing the indicated HA-tagged DHHC protein with or without EGF stimulation (10 min,

1 ng mL�1). Co-immunoprecipitated proteins were visualized via western blotting for myc-ERK2. n = 2.

(C) Diagram summarizing the DHHC ‘‘hits’’ from the four assays (ABE, metabolic labeling, TEY phosphorylation changes, and co-immunoprecipitation) used to

ascertain ERK2 writers.

(D) Overexpression of myc-ERK2 tagged with TurboID in HEK293T cells, followed by biotin incubation and streptavidin enrichment of labeled proteins. Enriched

proteins were visualized via Western blotting for APT1 and APT2. n = 3.

(E) Co-immunoprecipitation of APT2 with myc-ERK2 in HEK293T cells with or without EGF stimulation (10 min, 1 ng mL�1) and with or without PalmB treatment

(20 mM, 3 h). Co-immunoprecipitated proteins were visualized via western blotting for APT2. n = 3.
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The other vital element in the cycle of S-acylation/deacylation

are the erasers, the APTs.53–55 To identify candidate erasers, we

first overexpressed the cytosolic serine hydrolases annotated as

APTs, APT1, APT2, and ABHD17 A/B/C, and assayed for resul-

tant changes in ERK1/2 S-acylation. Here, no discernible de-

creases, which would indicate ERK1/2-targeted eraser activity,

were observed (Figure S5F). We also found no observable

change in S-acylation of ERK2(C254A) with overexpression of

known APTs (Figure S5G). Because previous experiments with

the inhibitorML-349 intimated that APT2was a candidate eraser,

we next decided to see whether knockdown of this protein (en-

coded by LYPLA2) would elicit a change in ERK1/2 S-acylation.

However, small interfering RNA (siRNA)-mediated knockdown of

APT2 or APT1/2 together did not increase ERK1/2 S-acylation; in

fact, a decrease was observed (Figure S5H). These results again

suggest that steady-state level S-acylation of ERK2 is tightly

regulated.

Given the challenges of identifying the eraser via observations

of steady-state ERK1/2 S-acylation, we used our TurboID-

tagged myc-ERK2 to map the interactions of ERK2 with APT1

and 2. Here, we observed labeling of and, thus, proximity to

APT2 but not APT1 (Figure 5D). This labeling of APT2 but not

APT1 was also observed with ERK2(C254A), suggesting, not un-

expectedly, that the APT2-ERK2 interaction requires more than

lipid recognition (Figures 5D and S5I). To confirm this observa-

tion and establish the relevance of APT2 in ERK2’s dynamic S-

acylation, we next carried out co-immunoprecipitation of APT2

with myc-ERK2 with and without EGF stimulus. This revealed a

decrease in the interaction between ERK2 and APT2 upon addi-

tion of EGF, an interaction that was also diminished upon treat-

ment with PalmB (Figure 5E). In total, these observations further

substantiate amodel of dynamic ERK S-acylation, modulated by

the interplay of several DHHCs and APT2, in regulation of its

EGF-induced activity.

ERK1/2 S-acylation is altered under conditions of
metabolic stress
ERK1/2 signaling is not only responsive to growth factors but

also to cellular metabolism, with diet-derived molecules, such

as glucose and long-chain fatty acids, influencing enzyme activ-

ity and gene expression.56 In fact, dysregulated ERK signaling,

resulting from aberrant nutrient levels, has been implicated in

the pathogenesis of metabolic syndrome.57 While the mecha-

nisms of this phenomenon are unknown, metabolite-dependent

PTMs, such as S-acylation, present an intuitive, albeit unestab-

lished, regulatory mechanism.58 Thus, we aimed to determine

whether changes in S-acylation of ERK1/2 could contribute to

the changes in its activity in cellulo and in vivo. Incubation of

HepG2 cells with a bolus of palmitate (500 mM), a condition

known to induce metabolic stress and alter ERK1/2 activation,

decreased ERK1/2 S-acylation levels, confirming the sensitivity

of ERK1/2 S-acylation to metabolic stressors (Figures 6A

and S6A).

We next assessed changes in ERK1/2 S-acylation in relevant

tissues in a mouse model of diet-induced obesity. C57BL/6J

were fed either a high-fat diet (HFD) rich in palmitate or a

matched control diet (CD) for 18 weeks and then evaluated for

metabolic health (Figures 6B, 6C, and S6B).59 After confirming

the onset of metabolic syndrome in HFD mice, we probed for

changes in ERK1/2 S-acylation in the liver, a metabolically active

tissue in which ERK signaling is dysregulated in obesity, and the

brain, a tissue with known sensitivity to circulating palmitate

levels.60–62 Here, we observed an increase in S-acylation of

ERK1/2, especially for ERK2, in the liver, while a decrease was

observed in the brain (Figures 6D and 6E). Interestingly, the

MAPK pathway signaling response to metabolic imbalance is

not thought to be congruent across tissues; hepatic ERK overac-

tivation is a known contributor to insulin resistance, while sus-

tained ERK1/2 signaling in the hypothalamus promotes normo-

glycemia.57,63–65 Thus, our observation of opposite changes

in ERK1/2 S-acylation levels in the liver and brain in fact

corresponds with reported changes in activity and lends

credence to a mechanism that links elevated metabolite levels,

S-acylation, and dysregulated signaling. Moreover, transcript

abundance estimation via qRT-PCR indicated corresponding

changes in the expression of ERK2 writers, with DHHCs 9, 14,

and 17 and APT2 downregulated in the liver and DHHCs 3, 7,

9, 14, 17, 21, and 23 downregulated in the brain (Figures 6F–

6I). Intriguingly, the decrease in APT expression in the liver par-

alleled the increase in ERK S-acylation, while the decrease in

DHHC expression in the brain paralleled the decrease in ERK

S-acylation. These results suggest that the enzyme-mediated

changes in S-acylation of ERK1/2 could contribute to the mech-

anism of dysregulated ERK1/2 signaling observed across tis-

sues in metabolic syndrome.

DISCUSSION

As members of the conserved MAPK family, ERK1/2 contribute

to essential cell processes and are associated with cell prolifer-

ation, cell growth, cell mobility, and cell survival.66 Targeting

ERK1/2 activity is of therapeutic interest for a constellation of

pathological conditions, including cancer, metabolic syndrome,

neurological disease, and chronic inflammation.57,67–69 Here, we

introduce S-acylation as a signal-responsive PTM for ERK1/2, in

particular ERK2. The dynamics observed (i.e., increasing S-acyl-

ation with EGF treatment) are in accordance with our previously

reported rapid decrease in APT activity upon EGF treatment and

highlight the regulatory role of this PTM and the potential of APT

activity to tune substrate lipidation levels.70–72 In addition, when

coupled with the observed specificity of the increase (EGF over

insulin) and the previously described role of phosphorylation in

regulating APT1 activity, this suggests a so far undescribed

cellular conversation between the acylation-regulatory machin-

ery and canonical phosphorylation cascades.73 Defining the na-

ture of these upstream interactions represents a new and signif-

icant line of investigation.

Our experiments also highlight the relevance of S-acylation for

ERK2 activity and function. Although mutation (activation/inacti-

vation) of the canonical TEYmotif did not disrupt the dynamics of

ERK2 S-acylation, biochemical perturbation of a primary acyla-

tion site of ERK2, C254, resulted in an altered pattern of phos-

phorylation for its activation loop TEY motif and serine residues.

Mutation of this site also disrupted ERK2’s interactions with the

kinase CK2 and the NTR importin 7. Given the observed changes

in phosphorylation and regulatory interactions, which are
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significant for ERK2 activation and activity, we also assessed

the effect of disrupting the cycle of ERK1/2 S-acylation on their

transcriptional program. Here, we observed that chemical inhibi-

tion of lipid installation and removal disrupted the activation

timing and amplitude of targets like EGR1, cFos, and DUSP6

(Figures 4C and 4D). This suggests that an inhibitor targeting

C254 of ERK2, or possibly C271 of ERK1, could be used to regu-

late their activity and downstream cellular events. The potential

of cysteine-reactive chemical tools to moderate ERK1/2 is also

highlighted by the observation that the decreased expression

of ERK1/2 coincident with the mutagenesis of Cys233/216 can

be reversed by addition of either the proteasome inhibitor

MG132 or the APT2 inhibitor ML-349, although further studies

are needed to understand the intersection between S-acylation

and ubiquitination-dependent degradation (Figure S6B). Finally,

while there are currently at least three overlapping models of

ERK1/2 nuclear translocation, our observations suggest that

the story is not yet complete; perhaps S-acylation has a role to

play as well. We posit that the TEY hyperphosphorylation and

shifted transcriptional program timing could reflect increased

ERK2 cytoplasmic time in the setting of alterations in the ERK/

CK2/importin 7 interactions (Figures 3 and 4).

We additionally identified the enzymatic mediators of ERK1/

2’s S-acylation and a candidate enzyme for its deacylation,

A B C

D F

E

G

H I

Figure 6. ERK1/2 S-acylation is responsive to metabolic stress in cellulo and in vivo
(A) ABE assay in HepG2 cells treated with palmitate (0 or 500 mM). n = 3.

(B) Plot of the weight of mice fed either a control diet (CD) or high-fat diet (HFD). Mean ± SD, n = 5.

(C) Glucose tolerance test (GTT) for mice fed either a CD or an HFD. Mean ± SD, n = 5.

(D) ABE assay carried out on liver tissues of C57BL/6 fed either a CD or HFD for 20 weeks.

(E) ABE assay carried out on brain tissues of C57BL/6 fed either a CD or HFD for 20 weeks.

(F) qRT-PCR analysis of ERK DHHC writer transcript levels in the liver of HFD mice relative to those of CD mice.

(G) qRT-PCR analysis of APT transcript levels in the liver of HFDmice relative to those of CDmice. Statistical analyses were performedwith a two-tailed Student’s

t test with equal variance (n = 5). *p < 0.05, **p < 0.005, ***p < 0.0005..

(H) qRT-PCR analysis of ERK DHHC writer transcript levels in the brain of HFD mice relative to those of CD mice.

(I) qRT-PCR analysis of APT transcript levels in the brain of HFDmice relative to those of CDmice. Statistical analyses were performed with a two-tailed Student’s

t test with equal variance (n = 5). *p < 0.05, **p < 0.005, ***p < 0.0005.

Cell Reports 42, 113135, September 26, 2023 9

Article
ll

OPEN ACCESS



with zDHHCs 7 and 21 emerging as two of several writers and

APT2 as a possible eraser (Figure 5). Interestingly, traditional

methods to identify writers and erasers, including overexpres-

sion and knockdown of said proteins, failed to reveal DHHC

and APT regulators of ERK S-acylation. This result emphasizes

that identification of molecular determinants for a substrate

whose steady-state S-acylation status is tightly regulated by

multiple actors requires different experimental approaches. In

the case of ERK2, chemical metabolic labeling enabled

observation of changes in palmitate incorporation with

DHHC overexpression, while co-immunoprecipitation validated

DHHC/ERK2 interactions and the phosphorylation change assay

the role of DHHCs in ERK2 activation. The observation of dy-

namic interactions between ERK2 and DHHCs/APT2 in the

context of EGF stimulation is also noteworthy. While steady-

state substrate-writer/eraser associations are well established

(e.g., STAT3/DHHC7 and Scribble/APT2), here we find that inter-

actions between ERK2 and DHHCs/APT2 are sensitive to EGF

signaling.7,74 This again hints at upstream crosstalk between dy-

namic phosphorylation and S-acylation, and although the mech-

anisms that drive these interactions have yet to be elucidated, it

also spotlights the importance of exploring dynamic interactions

in changing cellular contexts for other S-acylated substrates.

In identifying ERK1/2 S-acylation writers, we also observed

that certain DHHC-family proteins, including 9, 23, 12, 15, and

20, appeared to affect S-acylation of ERK1 more significantly

than that of ERK2 (Figure 5A). These results suggest a possible

ERK isoform-specific mode of regulation and highlight the po-

tential of isoform-selective DHHC inhibitors to modulate ERK1

vs. ERK2 signaling. In addition, the efficacy of CMA as a chem-

ical inhibitor of ERK1/2 S-acylation, in contrast to the well-estab-

lished 2BP, emphasizes the potential utility of new broad-spec-

trum DHHC-family inhibitors. Also interesting was ERK2’s

association with zDHHC5 (Figure S5E). This plasma-mem-

brane-localized PAT is unlikely to be a writer of ERK1/2 S-acyla-

tion, given its inability to increase fatty acid incorporation (Fig-

ure 5A).52 However, proximity proteomics experiments indicate

that it is associated with Grb2, an adaptor protein that links the

MAPK pathway to activated RTKs.75 These associations sug-

gest that it may have a role as a scaffolding protein in the

EGFR signaling complex.

The observation of organ-specific changes in ERK1/2 S-acyl-

ation in a mouse model of metabolic syndrome underscores the

responsiveness of this modification to the organismal environ-

ment and its potential as a regulatory mechanism (Figure 6).

Given our data suggesting that ERK1/2 acylation status regu-

lates their activity and stability, this result strongly suggests

that S-acylation could be a significant contributor to altered

ERK1/2 signaling in metabolic syndrome. The alterations in

expression of S-acylation writers and erasers suggest that the

acylation machinery is sensitive to metabolic stress, an observa-

tion with implications not only for ERK1/2 but also for the thou-

sands of proteins whose activity is regulated by enzymatic

S-acylation.

Overall, this works helps to address the still salient question for

ERK1/2—quis regit ipsos regendos/who regulates the regula-

tors?—by adding a new element to regulation of ERK1/2 and

presenting a new therapeutic hypothesis for targeting ERK1/2-

driven pathologies. More broadly, this work highlights the

connection between dynamic lipidation and phosphorylation, a

connection hinted at by our previous work showing that APT ac-

tivity is responsive to growth factor stimulation and lipid stress

and by the observation that APT1 activity is regulated by phos-

phorylation.70,72,73 It also underscores the importance of timing

and cell state in identifying the molecular determinants and sig-

nificance of S-acylation for a substrate, especially given the

observation of dynamic interactions between ERK2 and APT2/

DHHCs. Further exploration of the mechanisms that regulate

the dynamic activity and interactions of acylation writer/eraser

proteins will broaden our perspective on the regulatory machin-

ery of the cell in physiological and pathological contexts. Overall,

this work and the approaches described here grow our under-

standing of dynamic protein S-acylation and provide a roadmap

to further deconvolute the role of dynamic S-acylation in regu-

lating signal transduction.

Limitations of the study
While it is clear that S-acylation is significant for ERK1/2 activity,

there are limitations to the present study. First, many observa-

tions relating ERK2 acylation to its activity and interaction part-

ners were made using the acylation-deficient mutant. Ideally,

these observations would be validated via manipulation of writer

enzymes, but the number of identified writers precluded signifi-

cant changes in lipidation status with single-protein siRNA

knockdown. While some results were validated using chemical

inhibitors, these small molecules are non-selective, complicating

interrogation of downstream consequences. More broadly, the

precise mechanism orchestrating phosphorylation and ERK ac-

tivity changes in response to S-acylation changes remains

somewhat obscure; of particular interest will be further work

evaluating ERK1/2 nuclear translocation/transcriptional changes

and their connection with lipidation. Finally, the correlations be-

tween ERK2 S-acylation and activity in a mouse model of meta-

bolic disease are evocative, but missing are data showing thatS-

acylation is the molecular link between changes in diet and

changes in ERK1/2 activity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-ERK1/2 (p44/42 MAPK) Cell Signaling Technology 9102S; RRID: AB_330744

Rabbit anti-Phospho-ERK1/2 (Thr202/Tyr204) Cell Signaling Technology 9101S; RRID: AB_331772

Mouse anti-c-Myc (9E10) Santa Cruz Biotechnology sc-40; RRID: AB_2857941

Mouse anti-FLAG (DYKDDDDK; FG4R) Invitrogen MA1-91878; RRID: AB_2537622

Rabbit anti-APT1 (LPL-I; EPR3667) Abcam AB-91606; RRID: AB_10565192

Rabbit anti-APT2 Abcam AB-151578; Not available

Mouse anti-HA-Tag (F-7) Santa Cruz Biotechnology sc-7392; RRID: AB_627809

Rabbit anti-Phosphoserine Abcam AB-9332; RRID: AB_307184

Rabbit anti-Calnexin Abcam AB-22595; RRID: AB_2069006

Chemicals, peptides, and recombinant proteins

2-bromopalmitate Sigma-Aldrich 21604; CAS: 18263-25-7

Palmostatin B Sigma-Aldrich 178501

ML-348 Tocris 5345; CAS: 899713-86-1

ML-349 Tocris 5344; CAS: 890819-86-0

N-ethylmaleimide Acros 156100050; CAS: 128-53-0

EZ-LinkTM HPDP-Biotin ThermoFisher Cat# 21341

Streptavidin-Peroxidase Polymer Sigma-Aldrich Cat# S2438

Phosphatase Inhibitor Cocktail A Santa Cruz Biotechnology Cat# sc-45044

Phosphatase Inhibitor Cocktail B Santa Cruz Biotechnology Cat# sc-45045

Protein G Dynabeads Invitrogen Cat# 10003D

Critical commercial assays

BCA Protein Assay Kit ThermoFisher Cat# J63283.QA

RNeasy Mini Kit Qiagen Cat# 74106

RNA Clean & Concentrator kit Zymo Research Cat# R1014

PrimeScript RT Reagent Kit TaKaRa Bio Cat# RR037B

PowerUp SYBR Green Master Mix Applied Biosystems Cat# A25777

Experimental models: Cell lines

Human: HEK293T cells ATCC CRL-3216; RRID:CVCL_0063

Human: A-431cells ATCC CRL-1555; RRID:CVCL_0037

Human: Hep G2 cells ATCC HB-8065; RRID:CVCL_0027

Experimental models: Organisms/strains

Mouse: DIO Jackson Labs Stock No.: 380050 RRID:IMSR_JAX:380050

Mouse: DIO control Jackson Labs Stock No.: 380056 RRID:IMSR_JAX:380056

Oligonucleotides

Hs_LYPLA1_6 FlexiTube siRNA

(human APT1/LYPLA1 siRNA)

Qiagen GeneGlobe ID: SI03246586

Hs_LYPLA2_9 FlexiTube siRNA

(human APT2/LYPLA2 siRNA)

Qiagen GeneGlobe ID: SI04269041

Negative Control (nontargeting; NT) siRNA Qiagen GeneGlobe ID: SI03650325

F Primer: cFos

50-CAAGCGGAGACAGACCAACT-30
Integrated DNA Technologies N/A

R Primer: cFos

50-AGTCAGATCAAGGGAAGCCA-30
Integrated DNA Technologies N/A

F Primer: EGR1

50-CAGCACCTTCAACCCTCAG-30
Integrated DNA Technologies N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R Primer: EGR1

50-AGCGGCCAGTATAGGTGATG-30
Integrated DNA Technologies N/A

F Primer: EGR2

50-CCTTTGACCAGATGAACGGAGTG-30
Integrated DNA Technologies N/A

R Primer: EGR2

50-GAAGGTCTGGTTTCTAGGTGCAG-30
Integrated DNA Technologies N/A

F Primer: DUSP1

50-CAACCACAAGGCAGACATCAGC-30
Integrated DNA Technologies N/A

R Primer: DUSP1

50-GTAAGCAAGGCAGATGGTGGCT-30
Integrated DNA Technologies N/A

F Primer: DUSP6

50-TCCCTGAGGCCATTTCTTTCATAGATG-30
Integrated DNA Technologies N/A

R Primer: DUSP6

50-GCAGCTGACCCATGAAGTTGAAGT-30
Integrated DNA Technologies N/A

F Primer: mDHHC3

50-TGGTGGGATTCCACTTCCTGCA-30
Integrated DNA Technologies N/A

R Primer: mDHHC3

50-GCCTCAAAGCACAGCAGGATGA-30
Integrated DNA Technologies N/A

F Primer: mDHHC7

50-GCTCTGTCTTCGGTTCATGCTC-30
Integrated DNA Technologies N/A

R Primer: mDHHC7

50-CTCAAGGCACAGGAAGACCAAC-30
Integrated DNA Technologies N/A

F Primer: mDHHC9

50-CTGCTGTGAAGTGCTTTGTGGC-30
Integrated DNA Technologies N/A

R Primer: mDHHC9

50-TCTGTGGCAACAGGCTACTGCT-30
Integrated DNA Technologies N/A

F Primer: mDHHC14

50-ACAGAAGAGGCTATGTCCAGCC-30
Integrated DNA Technologies N/A

R Primer: mDHHC14

50-GCTCTGAATGCACTGGTCTTGG-30
Integrated DNA Technologies N/A

F Primer: mDHHC17

50-CTTCCTTGCCAACAGCGTTGCT-30
Integrated DNA Technologies N/A

R Primer: mDHHC17

50-TGAGGTCCAGACTTCCAGTCTC-30
Integrated DNA Technologies N/A

F Primer: mDHHC21

50-CTGAGCTGCTTACTTGCTACGC-30
Integrated DNA Technologies N/A

R Primer: mDHHC21

50-TGCCCATGAAGGCAGCTAGTCT-30
Integrated DNA Technologies N/A

F Primer: mDHHC23

50-GGATATGCGGTATCTGTGTACGG-30
Integrated DNA Technologies N/A

F Primer: mDHHC23

50-GGTCAGCGATATTCCGTAAACCG-30
Integrated DNA Technologies N/A

F Primer: mLYPLA1

50-CTCACCACACAGCAGAAACTGG-30
Integrated DNA Technologies N/A

R Primer: mLYPLA1

50-TCCATGGCACTGGAGAACGGAA-30
Integrated DNA Technologies N/A

F Primer: mLYPLA2

50-CCTCTATACAGCACTTACCTGCC-30
Integrated DNA Technologies N/A

R Primer: mLYPLA2

50-CAGGTCCTTGGCACTGCCATTG-30
Integrated DNA Technologies N/A

Recombinant DNA

pFLAG-CMV-hErk1 Addgene RRID:Addgene_49328

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bryan C.

Dickinson (dickinson@uchicago.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
Cells were plated and maintained in growth media (DMEM GlutaMAX for HEK293T and A431cells; EMEM for HepG2 cells) supple-

mented with 10% FBS and 1% penicillin/streptomycin at 37�C and 5%CO2. For all experiments, cells had undergone fewer than 18

passages. Transfections were conducted using PEI (Sigma) or Lipofectamine 3000 (Invitrogen) in accordance with manufacturer

protocols.

Mouse models
The use of vertebrate animals (Musmusculus, mouse) in the laboratory of B. Dickinson has been approved by the Institutional Animal

Care andUse Committee under the Animal Care and Use protocol no. 72531, ‘Mousemodels of lipid signaling regulation’. DIO or DIO

control mice (male, 53 each) were purchased from Jackson Labs (see key resources table) at 12 weeks of age and then maintained

on either the high fat diet (60 kcal% fat) or the control diet (10 kcal% fat) (Research Diets, Inc.; see key resources table) for an addi-

tional 6 weeks. To confirm the manifestation of metabolic syndrome, insulin tolerance tests (ITT) and glucose tolerance tests (GTT)

were carried out in accordance with previously reported protocols (Wang and Liao, 2012).

METHOD DETAILS

Plasmid cloning
All plasmidswere constructed byGibson Assembly fromPCRproducts generated usingQ5Hot Start DNAPolymerase (NewEngland

Biolabs) or Phusion Polymerase (generated in-house). Plasmids for human ERK1, human ERK2, and TurboID were obtained from

Addgene (see key resources table) and subsequently cloned into the d0 backbone. All newly constructed plasmids were

sequence-verified by the University of Chicago Comprehensive Cancer Center DNA Sequencing and Genotyping Facility and are

available on request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pDONR223_MAPK1_WT Addgene RRID:Addgene_82145

Flag-TurboID Addgene RRID:Addgene_124646

mDHHC plasmids Masaki Fukata Fukata et al., 2006

Software and algorithms

Leica LASX software Leica Leica Application Suite X (RRID:SCR_013673)

ImageJ Schneider et al., 201276 https://imagej.nih.gov/ij/

GraphPad Prism9 GraphPad Software RRID: SCR_002798

Other

PEI PrimeTM linear polyethylenimine Sigma-Aldrich Cat# 919012

LipofectamineTM 3000 Transfection Reagent Invitrogen Cat# L3000

High fat diet Research Diets, Inc. D12492

Control diet Research Diets, Inc. D12450B
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Western blotting
After SDS–PAGE, proteins were transferred onto methanol-preactivated Immobilon-P PVDF membranes (pore size 0.45 mm; Milli-

pore) using a semi-dry transfer cell or a wet transfer tank (Bio-Rad). After transfer, membranes were treated in accordance with

standard Western blotting procedures, using a solution of 3% BSA (ThermoFisher) in TBST (20 mM Tris, pH 7.5, 150 mM NaCl,

0.1% Tween 20) wash buffer. Membranes were visualized using SuperSignal West Pico PLUS chemiluminescent substrate

(ThermoFisher) and recorded on a chemiluminescent Western blot imaging system (Azure Biosystems C300). All antibodies used

can be found in the key resources table in the STAR Methods section.

Acyl biotin exchange (ABE)
All volumes and reagent amounts are representative for an experiment using a 10 cm plate

Following treatment as required, cellswerewashed twicewithcoldDPBSand lysedwith1–2mLofRIPA lysis buffer (50mMTris, 150mM

NaCl, 0.5% deoxycholate, 0.1% SDS, 1.0% Triton X-100, pH 7.4) supplemented with a protease inhibitor cocktail and 50 mMN-ethyl-

maleimide (NEM) (Acros). After end-over-end rotation (4 �C, 3 h), lysates were centrifuged at 13,000g (4 �C, 20min), and the supernatant

was collected and subjected to acetone precipitation. The resulting pellet was dissolved by sonication in resuspension buffer (4%SDS,

50mMHEPES, 150mMNaCl, 5 mMEDTA, pH 7.4; 100 mL per mg of protein) containing 50mMNEM. This protein solution was rotated

end-over-end (25 �C, 2 h) and then subjected to chloroform–methanol precipitation (23) to remove excess NEM. The resulting protein

pellet was dissolved in 160 mL of resuspension buffer via sonication. The protein sample was divided into two equal parts for ± hydrox-

ylamine (HA) (Combi-Blocks) treatment. Each sample was treated with 320 mL of either -HA Triton buffer (0.2% Triton X-100, 50 mM

HEPES, 150mMNaCl, 5 mMEDTA, pH 7.4) or +HA buffer (Triton buffer +0.7MHA, pH�7.2). After shaking incubation (25 �C, 1 h), pro-

teins were precipitated by chloroform–methanol precipitation to remove HA. Protein pellets were resuspended by sonication in 80 mL of

resuspensionbuffer containing 10mMEZ-LinkHPDP-Biotin (ThermoFisher), dilutedwith 320 mL of Tritonbuffer containing 10mMHPDP-

Biotin, and incubated with shaking (25 �C, 2 h). Excess biotin was removed with two sequential chloroform-methanol precipitations.

Finally, protein pellets were dissolved in 40 mL resuspension buffer via sonication, and the solution volume was brought to 400 mL

with Triton buffer. Protein concentration was then measured using the BCA assay (ThermoFisher). Protein (�30–40 mg, 10%) was

removed toserveasanexpressioncontrol (‘input’).The remainingsolutionwasdilutedwithTritonbuffer, andstreptavidin–agarosebeads

(50 mL of slurry per 1mg of protein) were added to each sample, which was then incubated via end-over-end rotation (4 �C, 12 h). Beads
were then washed (3 3 1 mL) with wash buffer (Triton buffer +0.1% SDS) to remove unbound protein. Bound proteins (‘output’) were

eluted by boiling the beads (95 �C, 10min) with 13 Laemelli sample buffer (Alfa Aesar) containing 30mMDTT. The protein was resolved

on 8–12% SDS–PAGE gels and subjected to Western blotting in accordance with the protocol outlined above.

For ABE performed on mouse tissue samples, organs were isolated from C57BL/6J mice, washed with Hanks’ balanced salt so-

lution, and flash-frozen in liquid nitrogen. Following mechanical homogenization, samples were lysed in 2–5 mL (depending on organ

mass) of HEPES lysis buffer (150 mM NaCl, 40 mM HEPES, 0.5% Triton, 3 mM EDTA, pH 7.4 with protease inhibitors and 1 mM

PMSF) containing 50 mM NEM, vortexed vigorously and rotated end-over-end (4�C, 8 h). After centrifugation at 15,000g, the super-

natant was removed and subjected to sequential acetone and chloroform–methanol precipitations to yield dry protein. The resulting

protein pellet was then processed as described above.

To visualize phosphorylated and acylated ERK1/2, phosphatase inhibitor cocktails A and B (see key resources table) were added

to the lysis buffer and to subsequent protein solutions throughout the assay.

For ABEs following chemical inhibitor treatment (CMA, PalmB, ML-348, and ML-349), cells were treated at the stated concentra-

tions and times in media containing 0.1% FBS (DMEM, HEK293T cells) or 1% FBS (EMEM, HepG2 cells).

For ABEs following mDHHC library overexpression HEK293T cells first were transfected with HA-tagged mDHHC plasmids (11 mg

DNA per 10 cm dish) at 40–60%confluency. At 24 h post transfection, HEK293T cells were washedwith DPBS and lysed with 1–2mL

of RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1.0% Triton X-100, pH 7.4) supplemented with a

protease inhibitor cocktail and 50mMN-ethylmaleimide (NEM) (Acros). The resulting lysate was then processed as described above.

For ABEs following APT knockdown in a 10 cm dish, HEK293T cells at 40–60% confluency were transfected with 10 pmol of siRNA

targeting either APT1 or APT2, or an NT siRNA control. At 24 h post transfection, HEK293T cells were washed with DPBS and lysed

with 1–2 mL of RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1.0% Triton X-100, pH 7.4) supple-

mented with a protease inhibitor cocktail and 50 mM N-ethylmaleimide (NEM) (Acros). The resulting lysate was then processed as

described above.

To quantify changes observed via ABE, each output sample was first normalized to the input protein and then presented as the

ratio to the control band.

Metabolic labeling
All volumes and reagent amounts are representative for an experiment using 2 wells of 6 well plate

At 40–60% confluency, HEK293T cells were transfected with HA-tagged mDHHC plasmids (2 mg DNA/well) with or without myc-

ERK2(C254A) (0.5 mg DNA/well). At 24 h post transfection, HEK293T cells were washed with DPBS and treated with 50 mM

17-ODYA absorbed on 5% BSA in DMEM GlutaMAX supplemented with 5% charcoal filtered FBS (6 h). Following treatment, cells

were washed once in DPBS, lysed with 280 mL HEPES Lysis buffer (150mMNaCl, 50mMHEPES, 0.2%SDS, 1% Triton-100, pH 7.4,

supplemented with an EDTA-free protease inhibitor cocktail and 1mM PMSF), and subjected to end-over-end rotation (4�C, 12 h).
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The cell debris was pelleted by centrifugation at 13000g (4�C, 20min) and the supernatant collected. Amaster mix (24 mL, per sample,

6 mL each of 5 mMBiotin-Azide, 5 mM TBTA, 50 mMCuSO4 and 5mM TCEP) was made and added for a 300mL ‘‘click’’ reaction. The

resulting solution was incubated (r.t., 1 h) with shaking. 10 mL of 100mMEDTAwas added to quench the ‘‘click’’ reaction and proteins

were precipitated by chloroform-methanol precipitation (23). The resulting protein pellet was dissolved in 40 mL of the resuspension

buffer via sonication and the volume was brought to 1600 mL with Triton buffer. Undissolved material was removed by centrifugation

at 13,000 g (4�C, 5min). Two 40 mL protein samples were transferred to fresh tubes (‘input’ and expression validation). 25 mL of strep-

tavidin-agarose bead slurry was added to 1400 mL of the remaining protein solution, and then samples were incubatedwith end-over-

end rotation (4�C, 12 h). Unbound proteins were removed by washing (6 3 1 mL) with wash buffer. Bound proteins were eluted by

boiling the beads (95�C, 10min) with 13 Laemelli sample buffer containing 20–30mMDTT. The protein was resolved on 8–12%SDS-

PAGE gels and subjected to Western blotting protocol using the protocol described above.

To quantify changes observed via metabolic labeling, each output sample was first normalized to the input protein and then pre-

sented as the ratio to the control band.

Immunoprecipitations
For immunoprecipitation and co-immunoprecipitation experiments, following stated transfections and treatments, cells were lysed in

SDS-free RIPA (150 mM Tris, 150 mM NaCl, 0.5% deoxycholate, 1.0% Triton X-100, pH 7.4) supplemented with PMSF and a pro-

tease inhibitor cocktail on ice for 10 min, followed by centrifugation at 13,000g (4�C, 20 min). Protein concentration was then

measured using the BCA assay (ThermoFisher), and protein (20 mg, ‘input’) was removed and lysate was added to Protein G Dyna-

beads (Invitrogen: 10003D) pre-incubatedwith the appropriate antibody. After 12 h of enrichment, beadswerewashed (33, SDS-free

RIPA) and total protein eluted with 50 mM glycine (pH 2.8) and brought to neutral with 1 mL of 1 M Tris-base, ‘output.’ Both input and

output protein were subjected to separation by SDS-PAGE and Western blotting in accordance with described procedures.

RT-qPCR
For in cellulo experiments, HepG2 cells were starved in low-serummedia (1%EMEM) for 16 h, and then treated first with DMSO, CMA

(20 mM, 3 h), PalmB (20 mM, 3 h), or ML-349 (20 mM, 3 h), and then with EGF (1 ngmL�1) for 0, 30, or 60 min. Total RNA was harvested

and isolated using the RNeasy Mini Kit (QIAGEN) and RNA clean & concentration (Zymo). After RNA isolation, RNA was reverse tran-

scribed using the PrimeScript RT Reagent Kit (TaKaRa). All qPCR reactions were run at 20 mL volumes with three biological replicates

using PowerUp SYBR Green Master Mix on a QuantStudio 3 Real-Time PCR System (Thermo). Relative expression levels for target

genes were calculated using the 2–DDCt method, with gene expression first compared to the housekeeping control gene (b2M) cycle

threshold (Ct) value and then to the DMSO-treated samples. For mouse experiments, tissue samples were homogenized in Trizol and

subjected to phase separation and precipitation to isolate the total RNA. After RNA isolation, RT-qPCR steps were carried out as

described above. Relative expression levels for target genes were calculated using the 2–DDCt method, with gene expression in

DIO mice first compared to the housekeeping control gene (b2M) cycle threshold (Ct) value and then to the DIO-control samples.

All qPCR primers can be found in the key resources table, above. Exact p values for statistical analysis reported below.

Target, brain p value

DHHC3 0.002738

DHHC7 0.013413

DHHC9 0.009586

DHHC14 0.00463

DHHC17 0.002304

DHHC21 0.001567

DHHC23 0.037805

APT1 0.011226

APT2 0.389931

Target, liver p value

DHHC3 0.241058

DHHC7 0.019486

DHHC9 0.002116

DHHC14 0.000167

DHHC17 0.000598

(Continued on next page)
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TurboID
At 40–60% confluency, HEK293T cells were transfected with ERK2(WT)-TurboID or ERK2(Mutant)-TurboID (10 mg DNA/10 cm dish).

At 24 h post transfection, HEK293T cells were starved in 0.1% FBS DMEM media for 12 h. Then the cells were treated with 100 mM

Biotin (Sigma) in 0.1%FBSDMEMwith or without 1 ng/mL EGF for 12min. The cells were washed three times with DPBS and lysed in

SDS-free RIPA buffer supplemented with PMSF and protease inhibitors on ice for 30 min, followed by centrifuge at 13,000g (4�C,
20 min) Protein (20 mg, ‘input’) was removed and 750 mg lysate was added with streptavidin–agarose beads (30 mL of slurry), which

was then incubated via end-over-end rotation (4 �C, 12 h). Beads were then washed (3 3 1 mL) with wash buffer (0.1% SDS, 0.2%

Triton X-100, 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, pH 7.4) to remove unbound protein. Bound proteins (‘output’) were eluted

by boiling the beads for 10 min at 95 �C with 1.5 3 Laemelli sample buffer (Alfa Aesar) containing 30 mM DTT. The protein was

resolved on 8–12% SDS–PAGE gels and subjected to Western blotting in accordance with the protocol outlined above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9 (see key resources table). p-values for each experiment was determined

as indicated in the figure legends, with values of <0.05 considered significant. The number (n) of replicates or individual data points

are described in the figure legends and/or indicated by data points in the figures. Standard deviations (std) are indicated with error

bars in the figures.

Continued

Target, liver p value

DHHC21 0.05172

DHHC23 0.18285

APT1 0.012769

APT2 0.000148
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