
ISSN 2041-6539

rsc.li/chemical-science

Chemical
Science

EDGE ARTICLE
Ku-Lung Hsu et al.
Isoform-selective activity-based profi ling of ERK signaling

Volume 9 Number 9 7 March 2018 Pages 2387–2634



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
12

:2
0:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Isoform-selective
aDepartment of Chemistry, University of Virg

Charlottesville, Virginia 22904, USA.

+1-434-297-4864
bDepartment of Pharmacology, University

400319, Charlottesville, Virginia 22908, US
cUniversity of Virginia Cancer Center, Univer

USA

† Electronic supplementary information
and Supplementary Figures. See DOI: 10.1

Cite this: Chem. Sci., 2018, 9, 2419

Received 4th January 2018
Accepted 28th January 2018

DOI: 10.1039/c8sc00043c

rsc.li/chemical-science

This journal is © The Royal Society of C
activity-based profiling of ERK
signaling†

Myungsun Shin,a Caroline E. Franksa and Ku-Lung Hsu *abc

Extracellular signal-regulated kinases (ERKs) mediate downstream signaling of RAS-RAF-MEK as key

regulators of the mitogen-activated protein kinase (MAPK) pathway. Activation of ERK signaling is

a hallmark of cancer and upstream MAPK proteins have been extensively pursued as drug targets for

cancer therapies. However, the rapid rise of resistance to clinical RAF and MEK inhibitors has prompted

interest in targeting ERK (ERK1 and ERK2 isoforms) directly for cancer therapy. Current methods for

evaluating activity of inhibitors against ERK isoforms are based primarily on analysis of recombinant

proteins. Strategies to directly and independently profile native ERK1 and ERK2 activity would greatly

complement current cell biological tools used to probe and target ERK function. Here, we present

a quantitative chemoproteomic strategy that utilizes active-site directed probes to directly quantify

native ERK activity in an isoform-specific fashion. We exploit a single isoleucine/leucine difference in ERK

substrate binding sites to enable activity-based profiling of ERK1 versus ERK2 across a variety of cell

types, tissues, and species. We used our chemoproteomic strategy to determine potency and selectivity

of academic (VX-11e) and clinical (Ulixertinib) ERK inhibitors. Correlation of potency estimates by

chemoproteomics with anti-proliferative activity of VX-11e and Ulixertinib revealed that >90%

inactivation of both native ERK1 and ERK2 is needed to mediate cellular activity of inhibitors. Our findings

introduce one of the first assays capable of independent evaluation of native ERK1 and ERK2 activity to

advance drug discovery of oncogenic MAPK pathways.
Introduction

The mitogen-activated protein kinase (MAPK) pathway is
fundamental to cell biology because of its role in integrating cell
surface signals to transcriptional regulation of the proteome.1–3

In the extracellular signal-regulated kinase (ERK) MAPK
pathway, growth factors and mitogens trigger activation of
receptor tyrosine kinases (RTKs) that mediate guanosine
triphosphate (GTP) loading of the RAS GTPase.4 GTP-loaded
RAS can recruit RAF (ARAF, BRAF, and CRAF) to the cell
membrane resulting in activation; activated RAF can phos-
phorylate and activate MEK (MEK1 and MEK2), which phos-
phorylates and activates ERK (ERK1 and ERK2) as part of
a signaling cascade to modulate cell proliferation, differentia-
tion, apoptosis, and migration1,5,6 (Fig. 1). Mutations that acti-
vate the MAPK pathway are found in >30% of human cancers
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and as a result, efforts to develop drugs against members of the
ERK cascade have been extensively pursued.7–9 Despite initial
clinical response using BRAF10,11 and MEK inhibitors,12,13 the
rapid rise of resistance has limited the durability of BRAF/MEK
drugs.14 Reactivation of ERK signaling in tumors resistant to
BRAF/MEK inhibitors has prompted interest in targeting these
downstream kinases directly for cancer therapy.15,16

As a central mediator of the MAPK pathway (Fig. 1), ERKs
ne-tune cellular responses through phosphorylation of diverse
substrates to modulate transcriptional programs.6 To date, >200
putative ERK substrates found in both nuclear and cytoplasmic
locales have been identied from global proteomic studies.17

The wide substrate prole of ERKs has led to questions as to
how the MAPK pathway regulates specic biological
responses.18 Debate remains in the eld as to whether ERK1 and
ERK2 exhibit overlapping or distinct biological functions.19,20

The high sequence homology (>80% identity6,15), in vitro
evidence of equivalent catalytic activity,21 and seemingly parallel
activation of ERK1 and ERK2 in cellular systems support func-
tional redundancy.22 However, other groups have reported ERK1
(ref. 23 and 24) and ERK2-specic functions in several biological
systems.25–27 Genetic knockout models further support that
ERKs are not functionally redundant; ERK2 ablation is embry-
onic lethal28,29 while ERK1 knockout mice are viable and
fertile.30One of the challenges impeding testing of ERK isoform-
Chem. Sci., 2018, 9, 2419–2431 | 2419
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Fig. 1 The ERK MAPK signaling pathway. Kinases mediating ERK MAPK signaling are sequentially activated by phosphorylation. ERK1/2 are
terminal kinases in MAPK signaling that can translocate to the nucleus to regulate transcription programs mediating growth/migration/differ-
entiation. Aberrant activation of ERK signaling through RAS and RAF mutations is observed in >30% of human cancers and extensive drug
discovery efforts have been directed towards this pathway for targeted cancer therapies. However, reactivation of ERK signaling with RAF and
MEK inhibitors has prompted interest in targeting ERK1/2 directly. Percentages reflect the TCGA provisional data sets accessed via cBioPortal
(http://www.cbioportal.org/).
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specic functions is the lack of assays capable of direct
measurement of endogenous ERK1 versus ERK2 activity.

Current methods for measuring ERK activity consist mainly
of biochemical assays using puried recombinant ERK1 and
ERK2 to measure substrate specicity and inhibitor activity31

(Fig. 2A). More advanced screening platforms (e.g.
KINOMEscan®) take advantage of recombinant ERK fusion
proteins with T7 bacteriophage to enable rapid evaluation of
inhibitor activity in lysates.32,33 ERKs are activated by phos-
phorylation and phosphorylated ERK1 and ERK2 (phospho-
ERK1/2) serve as widely-used biomarkers of native ERK
activity. Phospho-ERK1/2 is oen combined with measure-
ments of phosphorylated downstream substrates (e.g. p90RSK)
to monitor ERK activity and inhibition in cell biological
assays6,34 (Fig. 2B). Additional methods have been used for ERK
analysis including genetically encoded FRET sensors,35 NMR
spectroscopy,36 and covalent probes.37,38 To the best of our
knowledge, no method has demonstrated the ability to evaluate
2420 | Chem. Sci., 2018, 9, 2419–2431
inhibition of endogenous ERKs (i.e. ERK1 and ERK2) with iso-
form specicity in complex proteomes.

Here, we present a chemoproteomic strategy for direct evalua-
tion of native ERK1 versus ERK2 activity in complex proteomes.We
used ATP acyl phosphate activity-based probes39,40 and quantitative
mass spectrometry41,42 to survey ERK active-sites for features that
enable isoform-selective proling. We addressed challenges with
studying the near-identical substrate binding pocket20 of ERK
isoforms by revealing a single mass-indistinguishable isoleucine/
leucine (I/L) difference that could be exploited for quantitation
by chemoproteomics. We synthesized peptides corresponding to
active-site regions containing the I/L isomer to recapitulate the
chromatographic phenomenon (i.e. elution prole) and validate
isoform specicity of our activity-based proling assay of native
ERK1 and ERK2. We used our assay to determine isoform selec-
tivity of academic (VX-11e) and clinical (Ulixertinib) ERK inhibitors
to discover that chemoproteomic inhibitor binding proles are
more predictive of compound activity against tumor cells
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Development of a chemoproteomic assay for direct and isoform-specific evaluation of native ERK activity. (A) Biochemical assays for
measuring recombinant ERK1 and ERK2 activity. Substrate assays can measure individual ERK isoforms but are limited to assaying of recombinant
proteins. (B) Western blots can measure native ERK1/2 activity but readouts are indirect and often cannot discern isoform specificity of inhibitors.
Phosphorylation of ERK1/2 and downstream substrates are biomarkers used to evaluate cellular activity of compounds. (C) Schematic of a che-
moproteomic assay to measure native ERK activity in an isoform-specific fashion. Measurement of ERK1 and ERK2 in complex proteomes enables
parallel evaluation of potency and selectivity. Conserved lysines in the active-sites of kinases react with acyl phosphate groups of ATP activity-based
probes to covalently modify active kinases with desthiobiotin tags for quantitative LC-MS/MS analysis. (D) MS1 extracted ion chromatogram (EIC) of
a peptide m/z from chemoproteomic analysis of mouse brain proteomes resulted in ambiguous identification of 2 LC-resolved peptides that
matched ERK1/2 (labeled RT1 and RT2). (E, F) MS2 spectra resulting from fragmentation of the same peptidem/z for each LCpeak (RT1 and RT2). The
spectra showed an identical fragmentation pattern from each chromatographically separated peak. Red amino acid indicates probe-modified lysine
residue. Green X indicates an ambiguous isoleucine/leucine isomer in ERK active-site peptides that cannot be distinguished from MS2 spectra.
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compared with traditional cell biological readouts (i.e. phospho-
ERK1/2). Given that several ERK inhibitors are in clinical
trials,15,43,44 our assay and ndings should be of utility for guiding
efforts to target ERK isoforms in oncology.

Experimental section
Materials

Reagents used were purchased from Fisher Scientic unless
specied otherwise. Primary antibodies were purchased from
Cell-Signaling Technologies: phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) Antibody (catalog # 9101S); phospho-p90RSK
(Thr359/Ser363) Antibody (catalog # 9344S). Secondary uores-
cent conjugated antibodies were obtained from Thermo Fisher
Scientic (goat anti-Rabbit-DyLight 550, catalog # 84541). Fetal
bovine serum (FBS), and dialyzed fetal bovine serum (dialyzed-
FBS) were obtained from Omega Scientic. Ulixertinib (BVD-
523, catalog # S7854) and VX-11e (catalog # S7709) were ob-
tained from Selleckchem.

Cell culture

A549, H82, H1650, and DM122 cells were maintained in RPMI
1640 (Fisher Scientic) and HEK293T cells were maintained in
This journal is © The Royal Society of Chemistry 2018
DMEM (Fisher Scientic) supplemented with 10% FBS (Omega
Scientic, US Source Fetal Bovine Serum), 2 mM L-glutamine
(Thermo Fisher Scientic), 10 units and 100 mg mL�1 penicillin–
streptomycin (Sigma-Aldrich). SILAC A549 and HEK293T cells
were maintained in RPMI 1640 and DMEM media, respectively,
for SILAC without L-lysine and L-arginine (Thermo Scientic)
supplemented with 10% dialyzed FBS (Omega Scientic, US
Source Fetal Bovine Serum), 2 mM L-glutamine (Thermo Fisher
Scientic), 10 units and 100 mg mL�1 penicillin–streptomycin
(Sigma-Aldrich). ‘Light SILAC’ media was supplemented with L-
lysine and L-arginine (100 mg mL�1, Acros Organics). ‘Heavy
SILAC’ media was supplemented with isotopically labeled L-
lysine (13C6,

15N2) and L-arginine (13C6,
15N4, 100 mg mL�1,

Sigma-Aldrich) for a minimum of ve passages prior to use.
Cells were cultured at 37 �C in 5% CO2.

Biological tissues

Mouse brains were obtained from C57BL/6 mice. Mice were
anesthetized with isourane (Henry Schein Animal Health) and
sacriced by cervical dislocation. Collected tissues were washed
with PBS before snap freezing in liquid nitrogen. Brain tissue
from Zebra nch (Taeniopygia guttata) was gied by Dr Daniel
Meliza (Department of Biology, University of Virginia). All
Chem. Sci., 2018, 9, 2419–2431 | 2421
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animal experiments were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee
at the University of Virginia. The experiments performed were
approved by the Animal Care and Use Committee at the
University of Virginia (animal protocol no. 4034).

Western blot analysis of p-RSK and p-ERK1/2

Cell lysates were separated via centrifugation at 100 000 � g for
45 min at 4 �C. Proteins separated by SDS-PAGE (4–20% poly-
acrylamide, TGX Stain-Free MIDI Gel). Gel transfers were per-
formed using the Bio-Rad Trans-Blot Turbo RTA Midi
Nitrocellulose Transfer Kit with a Bio-Rad Trans-Blot Turbo
Transfer System. Aer incubation with 5% milk in TBST (1.5 M
NaCl, 0.25 M Tris pH 7.4, 0.1% Tween 20, in ultrapure water
(ddH2O)) for 1 h. The membrane was incubated with primary
antibody p-RSK (1 : 1000), or p-ERK1/2 (1 : 1000) for 12 h at 4 �C.
Aer the primary antibody incubation, membranes were
washed 5 times for 5 min with TBST and incubated with
secondary antibody (1 : 10 000) for 2 h at 25 �C. The membrane
was washed 5 times for 5 min with TBST and imaged with
a Chemidoc MP Imaging system.

WST-1 viability assay

A549 cells were detached from the plate using trypsin and
plated in cell culture treated 96 well plate in serum free RPMI
1640. Cells were treated with inhibitors and incubated at 37 �C
for 96 h. WST-1 reagent (Roche) was added to each well
according to manufacturer's instruction and incubated at 37 �C
for 2 h. Aer the incubation, the absorbance was measured at
450 nm using a CLARIOstar microplate reader (BMG Labtech).

Synthetic peptides

Peptide with sequences DLKPSNLLLNTTCDLK and
DLKPSNLLINTTCDLK were obtained from Atlantic Peptides,
with reported purities of 98.86% and 99.09%, respectively.
Synthetic peptides were analyzed using a Waters 1525 HPLC
with X-bridge C18 5 mm, 4.6 � 150 mm column, with mobile
phase (A) 0.1% TFA in ddH2O, and mobile phase (B) 0.1% TFA
in CH3CN. Gradient used was 10–50% B in 20 min.

CD4+ T cell expansion

Puried human CD4+ T cells from peripheral blood (1.5 � 107

cells (Stemcell Technologies)) were resuspended in complete
RPMI (10% FBS, 1% L-Glut, 1% Pen/Strep) at a concentration of
5 � 105 cells per mL (30 mL). Human T-Activator CD3/CD28
Dynabeads™ (Gibco) were resuspended in the vial by vortex-
ing and the desired volume was transferred to an Eppendorf
tube. Beads were rinsed with PBS + 0.1% BSA (1 mL) by vor-
texing for at least 30 s. Beads were isolated using a magnet and
resuspended in the same volume of RPMI culture medium as
the initial volume of beads taken from vial. Beads were then
added to T cell culture at a ratio of 1 : 1 (375 mL beads for 1.5 �
107 cells). Recombinant human IL-2 was added to T cell culture
at a concentration of 30 U per mL. The culture was incubated in
5% CO2 at 37 �C for ten days. Cell density was measured daily.
2422 | Chem. Sci., 2018, 9, 2419–2431
When cells reached 2.5 � 106 cells per mL the culture was split
to 5 � 105 cells per mL with fresh complete RPMI with 30 U per
mL recombinant human IL-2.

Sample preparation for quantitative LC-MS analysis using ATP
acyl phosphates

Samples were prepared for LC-MS analysis as previously
described.41,42 See ESI† for additional details.

LC-MS/MS analysis of proteomics samples

LC-MS analyses were performed as previously described.41,42 See
ESI† for additional details.

Modeling of ERK1 and ERK2 crystal structures

Crystal structures of ERK1 (ID 4QTB) and ERK2 (4QP4) were
obtained from the Protein Data Bank (https://www.rcsb.org/
pdb/home/home.do). Monomeric ERK1 and ERK2 were
aligned using PyMol (https://pymol.org/2/) and the catalytic
lysine (ERK1:K168, ERK2: K151) and isoleucine/leucine
(ERK1:I174, ERK2:L157) found in active-sites of each isoform
were highlighted to generate Fig. 4B.

Statistical analysis and determination of IC50 values

For chemoproteomics analysis, the percentage of enzyme activity
was determined from SILAC ratios obtained from LC-MS anal-
yses and normalized to the DMSO control (Light-DMSO, Heavy-
DMSO) sample. Dose–response curves of inhibitor concentra-
tion (log scale) and % control was used to determine potency
(half maximum inhibitory concentration, IC50) by tting curves
using nonlinear regression analysis (one site – Fit log IC50) in
GraphPad Prism. For the WST-1 assay used to generate EC50

estimates of cell viability, GraphPad prism soware was used to
perform nonlinear regression analysis. EC50 dose–response
curves are shown as normalized values to the top and bottom
values in Graphpad Prism. The reported values in the gures are
shown as mean � standard error of the mean (SEM).

Results & discussion
Discovery of ERK active-site peptides for isoform-selective
activity-based proling

Mammalian ERK1 and ERK2 show high sequence homology
(>80% identity6,15) and contain largely indistinguishable
substrate binding sites where 22 out of the 23 residues are
identical between isoforms.20 Our goal was to use covalent
activity-based probes to map features of ERK active-sites under
native conditions that could be leveraged for isoform-specic
activity-based proling using chemoproteomic methods.45–47

For these experiments, we chose to use ATP acyl phosphate
activity-based probes because these probes balance substrate
recognition (via the ATP binding element) with proteome
reactivity through the electrophilic acyl phosphate group.39,40

Previous studies demonstrated that the tuned specicity/
reactivity of these probes can reveal active features that are
not captured by crystallography48 or conventional biochemical
This journal is © The Royal Society of Chemistry 2018
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substrate assays.41,42 ATP acyl phosphates covalently modify
amino groups of conserved lysine side chains in active-sites of
kinases and other ATP-binding proteins for global proteomic
analysis39–42 (Fig. 2C).

To probe native ERK active sites, we treated mouse brain
proteomes with ATP acyl phosphates and performed quantita-
tive chemoproteomic analysis following previously published
methods41,42 and as depicted in Fig. 2C. In brief, mouse brain
soluble proteomes were pretreated with DMSO vehicle or free
ATP (1 mM), respectively, prior to addition of ATP acyl phos-
phate (10 mMATP probe, 30 min) to label active-site lysines. ATP
competition was included to conrm probe labeling at kinase
active sites. Aer probe labeling, proteomes were digested with
trypsin/Lys-C proteases and desthiobiotin-modied peptides
were enriched by avidin affinity chromatography and analyzed
by LC-MS/MS to identify active-site peptides from kinases and
other ATP-binding proteins39–42 (see Experimental section for
additional details on LC-MS analyses).

We identied two closely eluting probe-labeled peptides that
shared identical precursor (MS1) mass to charge ratios (m/z
1021.053, Dm/z < 5 ppm) that were ambiguously matched to
either ERK1 or ERK2 (RT1 and RT2 peptides, Fig. 2D). Inspec-
tion of MS/MS fragmentation (MS2) spectra revealed identical
fragment ions including those corresponding to the modied
lysine residue for early (RT1, Fig. 2E) and late-eluted ERK
peptides (RT2, Fig. 2F). Both probe-modied peptides were
potently competed with free ATP as determined by reductions in
MS1 peak intensities, which supports active site labeling with
the ATP acyl phosphate probe (Fig. S1A†). To determine if these
probe-modied peptides correspond to ERK1 and ERK2 or if
they are modied peptides from a single ERK isoform, we
analyzed brain proteomes from Taeniopygia guttata. Gene
sequencing and biochemical analyses have revealed that bird
lineages lack the erk1 gene20 and thus the T. guttata proteome
serves as a natural ERK1 “knockout” for comparative analyses to
assign isoform identity to peptides based on elution times in
our liquid chromatography-mass spectrometry (LC-MS) studies.
Our LC-MS studies revealed a single ATP-sensitive probe-
modied peptide detected in T. guttata brain proteomes
(Fig. S1B†), which had fragmentation spectra (Fig. S2†) and
elution times matching the late-eluted ERK peptide identied
in mouse brain samples (Fig. 3A). To exclude the possibility of
tissue- and species-specic effects, we also measured ERK
peptides in primary human T cell proteomes and discovered the
same chromatographically-resolved peptides with MS2 frag-
mentation patterns (Fig. 4A) and ATP sensitivity (Fig. S1C†) that
matched results from brain proteomes (Fig. 3A). Collectively,
our ndings support the early and late-eluted peaks as ERK1
and ERK2 active-site peptides, respectively, that could be
detected across different cells and tissues from diverse
mammalian species.
Analysis of synthetic peptide standards to validate ERK1 and
ERK2 isomeric active-site peptides

Sequences for the putative ERK1 and ERK2 peptides mapped to
a region containing the catalytic loop and activation segment of
This journal is © The Royal Society of Chemistry 2018
the ERK substrate binding site (Fig. 4B). Multiple sequence
alignments revealed complete conservation of this region
across species for each respective ERK isoform (human, cow,
rodent, monkey, and pig, Table S1†). A single isoleucine/leucine
isomer differentiates ERK1 (I174) and ERK2 active-site peptides
(L157; amino acid numbering for human ERKs). LC-MS studies
to discriminate leucine and isoleucine isomers in peptide
sequences is typically accomplished with multistage fragmen-
tation strategies and customized LC-MS methods49–51 because
these amino acids cannot be distinguished by mass alone. Since
we did not implement specialized LC-MS methods, we
hypothesized that the ERK1 and ERK2 isomeric peptides are
resolved and detected by reverse-phase LC-MS strictly based on
differences in hydrophobicity of leucine and isoleucine.

To validate our hypothesis, we analyzed synthesized peptides
with sequences matching ERK1 and ERK2 active-site tryptic
peptides using the same LC-MS parameters employed for our
chemoproteomic studies. Analysis of commercial synthetic
peptides DLKPSNLLINTTCDLK (ERK1) and
DLKPSNLLLNTTCDLK (ERK2) conrmed >95% purity for these
peptides (Fig. S3A†). Comparison of retention times in our LC-
MS analyses of synthetic ERK1 and ERK2 peptides (Fig. 3B)
recapitulated the chromatographic elution prole observed for
probe-modied active-site peptides detected in native pro-
teomes, i.e. ERK1 peptides have earlier elution times compared
with ERK2 peptides (Fig. 4A and S1†). We also analyzed
mixtures of synthetic ERK1 and ERK2 peptides to dismiss
potential LC variability between sample runs as the explanation
for the observed chromatographic behavior. We analyzed ERK1
and ERK2 synthetic peptides in 10 : 1 and 1 : 10 mixtures and
used signal intensities of precursor MS1 peaks to correlate
peptide identity and elution proles (Fig. S3B†). Our results
show the presence of 2 distinct peptides with MS1 intensities
that match the ratio of mixed synthetic ERK1/ERK2 peptides
(Fig. S3B†) and conrm elution proles of endogenous ERK1
and ERK2 active-site peptides observed in proteomes (Fig. 4A
and S1†). Our ndings constitute a novel demonstration of the
capability of HPLC to separate I/L isomeric peptides in
a complex proteomic sample. Importantly, we exploit this
unique feature of ERK active sites to enable activity-based
proling of ERK1 independent of ERK2 (Fig. 2C).
Chemoproteomic proling of ERK1 and ERK2 activity across
tumor cell panels

We envision chemoproteomic proling of native ERK1 and
ERK2 as a universal activity assay that would complement
widely-used cell biological assays6,34 to gain insights into ERK
signaling in tumor cell biology (Fig. 1). To broadly evaluate ERK
activity across a panel of tumor cells, we employed stable
isotope labeling with amino acids in cell culture (SILAC52) to
enable quantitative proteomic analysis using ATP acyl phos-
phate probes as previously described.41,42 Tumor cells were
cultured in isotopically light and heavy amino acids (K, R),
lysed, and labeled proteomes used for chemoproteomic anal-
ysis. In brief, light and heavy lysates were treated differentially
with DMSO vehicle or free ATP (1 mM) respectively, prior to
Chem. Sci., 2018, 9, 2419–2431 | 2423
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Fig. 3 Discovery and identification of isomeric active-site peptides of mammalian ERKs. (A) Comparison of mouse and bird (Taeniopygia guttata)
brain proteomes by chemoproteomic and western blot analyses. Birds lack the ERK1 gene, which enables distinction between the identities of
ERK peptides detected from themouse brain proteome. The elution time for the ERK2 peptide identified from bird brain matched the late-eluted
peptide in mouse brain, which supports RT1 and RT2 as ERK1 and ERK2, respectively. MS2 fragmentation spectra of the bird brain ERK2 peptide
was identical to that of the mouse brain ERK1 and ERK2 counterparts (see Fig. S2†). The presence of a single ERK in bird brain proteomes was
confirmed by western blot analysis. (B) Synthetic peptides corresponding to non-probe modified ERK1 and ERK2 active site-sequences, differing
by isoleucine (I) versus leucine (L), were analyzed to confirm elution profiles. The identical MS2 fragmentation spectra of the synthetic ERK1 (-LLI-,
top) and ERK2 (-LLL-, bottom) peptides and similar LC elution profile are consistent with the results obtained for endogenous mouse brain ERK1
and ERK2 probe-modified peptides (see Fig. 2). Green amino acids highlight isoleucine/leucine isomers in ERK active site-sequences.
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addition of ATP acyl phosphate to label active site lysines. Aer
probe labeling, light and heavy proteomes were combined,
digested with trypsin/Lys-C protease, and desthiobiotin-
modied peptides enriched by avidin affinity chromatography
and analyzed by LC-MS/MS to identify and quantify isotopically
tagged active-site peptides from ERK1 and ERK2 (Fig. 2C).

Using our quantitative chemoproteomic assay, we detected
native ERK1 and ERK2 activity across a panel of non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC) cell lines
(Fig. S1D†). We proled cell lines that differed by tumor type
andmutational status. We chose H1650 and A549 as our NSCLC
cell models to compare ERK activity in cells with differing EGFR
receptor mutations. H1650 cells express EGFR receptors that
contain activating mutations in the kinase domain (exon 19
2424 | Chem. Sci., 2018, 9, 2419–2431
deletion E746-A750 (ref. 53)) of this receptor tyrosine kinase.
A549 cells express wild-type EGFR but harbor mutant KRAS
(G12S).54 We also included H82 cells55 in our studies to evaluate
ERK activity in small cell lung cancer (SCLC) cells harboring
mutations in MEK2.56 Akin to results from analysis of brain
proteomes, both ERK1 and ERK2 probe-modied peptides were
highly competed with ATP treatment as determined by SILAC
ratios (SR) of MS1 chromatographic peak areas >5 in DMSO/ATP
comparisons (Fig. S1D†). From our activity measurements
across lung cancer proteomes, we calculated that ERK1 and
ERK2 contribute �20% and �80% of the total endogenous ERK
activity, respectively (Fig. S1D†). Our ndings match those of
previous work showing higher ERK2 expression due to
a stronger erk2 promoter and correlate nicely with protein
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Enzyme and inhibitor profiling of native ERK isoforms by chemoproteomics. (A) Chemoproteomic analysis of primary human CD4+ T
cells. Native ERK1 and ERK2 activity is detected by chromatographically-resolved, active-site peptides with identical MS2 spectra that recapit-
ulates LC-MS findings from brain proteomes in Fig. 3. We obtain similar LC-MS data across diverse cell types as shown in Fig. S1,† highlighting use
of this approach as a general activity assay of native ERKs. (B) Structural alignment of human ERK1 (PDB ID: 4QTB, blue) and ERK2 (4QP4, red) as
described in the Experimental section. ERK1 and ERK2 exhibit high structural homology and near identical substrate binding sites (inset), which
contains the catalytic lysine (ERK1 – K168; ERK2 – K151) that is probe-modified. Sequence logo analysis of LC-MS active site-peptide sequences
across 6 mammalian species (human, cow, rodent, monkey, and pig) illustrates complete sequence homology with the exception of the single
isoleucine/leucine isomer (ERK1 – I174; ERK2 – L157) that distinguishes ERK1 and ERK2. (C) Extracted ion chromatograms (EICs) showing
inhibitory activity (determined by SILAC ratios, SRs) of VX-11e and BVD-523 against native ERK1 and ERK2 in A549 proteomes treated with vehicle
(light) or compounds (heavy; 10 and 100 nM). (D) Dose–response curves from SILAC analyses to estimate potency of VX-11e and BVD-523 in
A549 proteomes: VX-11e: ERK1 – IC50¼ 17 nM (95% confidence interval (CI) of 12–24 nM), ERK2 – IC50¼ 15 nM (95% CI of 10–23 nM); BVD-523:
ERK1 – IC50 ¼ 15 nM (95% CI of 11–20 nM), ERK2 – IC50 ¼ 12 nM (95% CI of 11–15 nM).
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expression data measuring ratios of native ERK1 and ERK2
proteins in cell lines.22

In summary, we demonstrate that our ERK chemoproteomic
assay is capable of independent proling of ERK1 and ERK2
activity across tumor cells (Fig. S1D†), primary cells (Fig. 4A),
and tissues (Fig. 3A). Our assay should serve as a universal ERK
activity assay given the complete conservation of measured
active-site peptides across a wide range of species (sequence
logo analysis shown in Fig. 4B and Table S1†). Future studies
are needed to determine whether the ratio of ERK1 and ERK2
activity is perturbed under different activation paradigms and
from different microenvironments in vivo (e.g. from patient
tumors).
This journal is © The Royal Society of Chemistry 2018
Inhibitor proling of native ERK1 and ERK2

Next, we asked whether we could use our ERK chemoproteomic
assay to evaluate specicity of inhibitors against native ERK1 and
ERK2. Isoform specicity of ERK inhibitors are conventionally
determined using assays of recombinant ERK1 and ERK2 (ref.
31–33) (Fig. 2A). Activity of inhibitors against endogenous ERK in
cellular and animal models is largely ascribed to both isoforms
(denoted by ERK1/2, Fig. 2B) based on the assumption that
overlapping substrate specicity observed with recombinant
proteins will translate to biology observed with native protein.6,19

Here, our goal was to determine whether our chemoproteomic
assay could prole inhibitor activity against native ERK1 and
ERK2 independently and directly in complex proteomes (Fig. 2C).
Chem. Sci., 2018, 9, 2419–2431 | 2425
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Several optimized ERK1/2 inhibitors have been reported to
date, and the selectivity of these compounds against ERK iso-
forms have been determined largely for recombinant
proteins.43,44,57–61 For our studies, we selected the ERK inhibitor
VX-11e (i.e. Vertex-11e), which was originally discovered as
a potent, selective, and orally bioavailable ERK2 inhibitor.57

Further studies demonstrated that VX-11e is a type-I kinase
inhibitor with unique kinetic properties dened by slow disso-
ciation rates31,61 that results in potent inhibitor activity against
both recombinant ERK1 and ERK2.61 It has not been determined
if VX-11e exhibits ERK isoform specicity in native systems. To
evaluate selectivity of VX-11e, A549 soluble proteomes were
pretreated with compound at varying concentrations followed by
labeling with ATP acyl phosphate probe and quantitative che-
moproteomic analysis (Fig. 2C). Potent competition at ERK1 and
ERK2 active sites was determined by SILAC ratios of MS1-
extracted ion chromatograms in DMSO/VX-11e comparisons
(SR > 5, Fig. 4C). We calculated the potency of VX-11e against
endogenous ERK1 and ERK2 and found equivalent and potent
inhibition based on calculated IC50 values (ERK1, IC50 ¼ 17 nM,
95% condence intervals (CI) of 12 to 24 nM; ERK2, IC50 ¼
15 nM, 95% CI of 10 to 23 nM; le panel, Fig. 4D). Our potency
measurements of endogenous ERKs by VX-11e match previous
ndings of near-equivalent inhibition of puried ERK1 and
ERK2 using biophysical kinetic binding assays.61

We also tested the ERK inhibitor BVD-523 (Ulixertinib43),
which is in clinical trials for cancer therapy (NCT01781429,
NCT02296242, and NCT02608229). Akin to VX-11e, Ulixertinib is
a type-1 reversible, ATP-competitive inhibitor.43 Biochemical
substrate and calorimetric assays of recombinant ERKs showed
enhanced potency of BVD-523 for recombinant ERK2 compared
with ERK1 (�8-fold enhanced potency for ERK2 (ref. 43)). We
determined that BVD-523 showed equipotent activity against
endogenous ERK1 and ERK2 by chemoproteomics (ERK1, IC50¼
15 nM, 95% CI of 11 to 20 nM; ERK2, IC50¼ 12 nM, 95% CI of 11
to 15 nM; right panel, Fig. 4D). While our assay format (i.e.
displacement of probe-binding by inhibitors) for measuring
BVD-523 potency is different than conventional substrate assays,
our calculated ERK2 IC50 values for BVD-523 are comparable
with potency estimates using reported biochemical assays
(�2 nM (ref. 57)). We propose the difference in isoform selec-
tivity between methods is a reection of assaying recombinant
versus native kinase proteins; similar discrepancies have been
observed for other clinical kinase inhibitors using chemo-
proteomic assays.39 In addition to BVD-523,43 several optimized
ERK inhibitors including GDC-0994 (ref. 44) (NCT01875705,
NCT02457793) and MK8353 (NCT02972034) are currently in
clinical trials. Correlation of efficacy with selectivity data against
native ERK isoforms should provide critical insights into the
inhibition mechanism and determine whether isoform-selective
or global ERK inhibitors are more efficacious cancer therapies.
Clinical ERK inhibitors mediate tumor cell killing via
equipotent inhibition of ERK1 and ERK2

Next, we measured viability of A549 (NSCLC), H82 (SCLC), and
DM122 (melanoma) cells exposed to VX-11e and BVD-523 in
2426 | Chem. Sci., 2018, 9, 2419–2431
order to correlate potency estimates by chemoproteomics
(Fig. 4D) with cellular activity of compounds. Tumor cells were
treated for 4 days at varying concentrations and cell prolifera-
tion monitored using established metabolic assays.62 We
observed dose-dependent blockade of cell proliferation in A549
and DM122 cells treated with both BVD-523 (Fig. 5A) and VX-11e
(Fig. 5B). Specically, VX-11e and BVD-523 displayed compa-
rable cytotoxicity in A549 and DM122 cells as judged by the
measured effective concentrations (average EC50 values in the
range of �400–700 nM, Fig. 5A and B). In contrast, H82 cells
were largely resistant to VX-11e and BVD-523 treatments;
substantial cell death only occurred in H82 cells treated at the
highest concentration of VX-11e and BVD-523 tested (10 mM for
both compounds, Fig. 5C).

To gain further insights into the mechanism and compound
effects on cellular signaling, we performed western blot anal-
yses of ERK1/2 phosphorylation and the downstream substrate
p90RSK,63 which are established biomarkers for evaluating
compound activity against native ERK1/2.43 For these studies,
cells were treated with vehicle or compound for 4 hours fol-
lowed by western blot analysis of phosphorylated proteins. We
observed mild increases in ERK1/2 phosphorylation in A549
and DM122 cells treated with VX-11e and BVD-523 at moderate
(0.5 mM) and high concentrations tested (2 mM compounds, le
panels; Fig. 6A and B). Our ndings match reports of paradox-
ical increases in ERK1/2 phosphorylation in various tumor cells
treated with VX-11e and BVD-523, albeit to a lesser magnitude
than previously observed.43,58 In striking contrast, H82 cells
displayed low basal ERK1/2 phosphorylation that was massively
enhanced in VX-11e and BVD-523 treated cells (le panels,
Fig. 6A and B). Reactivation of phospho-ERK by VX-11e and
BVD-523 is likely due to feedback activation pathways as
previously described.16 For all 3 cell lines, enhancement of
ERK1/2 phosphorylation was achieved at 500 nM of inhibitor
with no further increase in phosphorylation at higher
compound concentrations (le panels; Fig. 6A and B).

We also demonstrated that VX-11e and BVD-523 treatments
blocked phosphorylation of the downstream ERK substrate
p90RSK (right panels, Fig. 6A and B). Akin to effects observed for
ERK1/2, maximal blockade of RSK phosphorylation occurred at
500 nM of compound with no appreciable increases in inhibitor
activity at higher concentrations of VX-11e or BVD-523 (right
panels, Fig. 6A and B). We also used quantitative chemo-
proteomics to show that VX-11e and BVD-523 are not inhibitors
of endogenous RSK (RSK1/2/3 active-site peptide detected in
A549 proteomes, Fig. 6C and D). The lack of RSK inhibition using
VX-11e and BVD-523 was maintained even when tested at
concentrations �1000-fold higher (10 mM, Fig. 6D) than potency
values observed for ERK (average IC50 value of �15 nM, Fig. 4D).
These studies were important to conrm that the observed cell
biology is due to on-target inhibition of ERK1/2 and not off-target
activity against RSK directly. We also conrmed that VX-11e and
BVD-523 showed negligible activity against a panel of endoge-
nousMEKs including direct regulators of ERKs (MEK1/2, Fig. 7A)
and other MEKs involved in MAPK signaling (MEK3, MEK4, and
MEK6, Fig. 7B–D). For all kinases tested, we conrmed quanti-
tation of active sites by demonstrating near complete blockade of
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Cytotoxicity of ERK inhibitors in tumor cells. VX-11e and BVD-523 were tested for cytotoxic activity against A549 (NSCLC), DM122
(melanoma), and H82 (SCLC) cells. Cells were incubated with compounds at varying concentrations for 4 days followed by measurement of cell
proliferation using established metabolic assays (WST-1). Dose–response curves were generated to evaluate cellular potency (EC50 values) of
compounds. (A) The EC50 values for BVD-523 in cell lines were calculated as follows: A549, EC50 ¼ 400 nM (95% CI of 200–750 nM); DM122,
EC50 ¼ 480 nM (95% CI of 270–870 nM). (B) The EC50 values for VX-11e in cell lines were calculated as follows: A549, EC50 ¼ 770 nM (95% CI of
420–1400 nM); DM122, EC50¼ 370 nM (95% CI of 250–540 nM). (C) H82 cells were tested with the same inhibitor concentrations used in (A) and
(B). VX-11e and BVD-523 were less cytotoxic in H82 cells, and substantial blockade of cell proliferation was only observed at 10 mM concen-
trations. Staurosporine (Stauro; pan-kinase inhibitor) was included as a positive control for our cytotoxicity experiments.
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probe labeling upon pretreatment with free ATP (1 mM, Fig. 7
and S4†). Collectively, our studies support that VX-11e and BVD-
523 mediate cell biological effects through on-target and equi-
potent blockade of ERK1 and ERK2 activity.

From our chemoproteomic studies, we estimate �90%
blockade of both native ERK1 and ERK2 activity with treatment
of �0.5–1 mM of VX-11e and BVD-523 (Fig. 4D). The concen-
trations that provide near-complete blockade of ERK1 and ERK2
are highly correlated withmaximal cell biological response (RSK
phosphorylation, right panels; Fig. 6A and B) and cytotoxicity
observed in cell proliferation assays (Fig. 5A and B). Based on
our chemoproteomic and cell biological ndings, we propose
This journal is © The Royal Society of Chemistry 2018
a model whereby >90% blockade of native ERK1 and ERK2 is
required for cellular activity of BVD-523 and VX-11e. Although
our potency estimates of BVD-523 are substantially higher than
those reported from recombinant ERK assays,43 we believe the
inhibitor competition proles against native ERKs more closely
mirror the cellular activity of ERK inhibitors. Discrepancies in
potency estimates from in vitro/recombinant kinase assays and
cellular activity of compounds have also been observed with
RAF inhibitors.39 The authors demonstrated that in vivo activity
of RAF inhibitors was highly consistent with inhibitory proles
against native RAF proteins determined by chemoproteomics,
which was attributed to differences in behavior of recombinant
Chem. Sci., 2018, 9, 2419–2431 | 2427
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Fig. 6 Cell biology of ERK inhibitor activity in tumor cells. Western blot analysis to determine phosphorylation status of ERK1/2 and RSK in A549,
DM122, and H82 cells treated with VX-11e and BVD-523. Cells were treated with each compound at respective concentrations for 4 hours in
serum free media. Samples were analyzed with antibodies against p-ERK (Thr202/Tyr204) and p-RSK (Thr359/Ser363). (A, B) VX-11e and BVD-
523 showed inhibition of phosphorylation for p-RSK at 0.5 mM and 2 mM. A549 and DM122 showed a slight increase in phosphorylation for ERK1/2
when treated with VX-11e and BVD-523. In contrast, H82 showed a massive enhancement in ERK1/2 phosphorylation upon compound
treatment. (C) MS2 fragmentation spectra of RSK active-site peptides from quantitative chemoproteomic analysis. (D) SILAC analyses confirmed
that VX-11e and BVD-523 are not inhibitors of endogenous RSK in A549 proteomes. Sensitivity of RSK peptide to ATP competition confirmed
active site-dependent probe labeling in our chemoproteomic studies. RSK peptide used for analysis is shared between RSK1, RSK2, and RSK3.

Fig. 7 Selectivity of ERK inhibitors against upstreamMAPK regulators. (A) MEK1/2 are kinases that phosphorylate ERK1 and ERK2. SILAC analyses
in A549 proteomes confirmed that VX-11e and BVD-523 are not inhibitors of endogenous MEK1/2. (B–D) Activity of VX-11e and BVD-523 was
tested against additional MEK kinases and found to be inactive. Sensitivity of MEK kinase active-site peptides to ATP competition (1 mM)
confirmed active site-dependent probe labeling. Lack of inhibitory activity of VX-11e and BVD-523 against endogenousMEKs supports on-target
activity of compounds against native ERK1 and ERK2.
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and native RAF protein and not simply due to differences
between assay format.39
Conclusions

ERKs are critical nodes in cellular signaling and currently the
focus of drug discovery efforts to battle resistance mechanisms
2428 | Chem. Sci., 2018, 9, 2419–2431
observed in clinical agents targeting the MAPK pathway.7–16

Questions remain in the eld regarding the contribution of
ERK1 and ERK2 isoforms to cell signaling under physiological
and pathological conditions.19 Consequently, the efficacy of
isoform-selective versus global ERK inhibitors for blocking
oncogenic MAPK signaling has not been explored. New plat-
forms capable of measuring native ERK activity in an isoform-
This journal is © The Royal Society of Chemistry 2018
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specic fashion would enable development of isoform-selective
inhibitors to probe ERK1 versus ERK2 function. The challenge is
the high sequence homology of ERK1 and ERK2 isoforms6,15 as
well as the nearly identical substrate binding sites.20

We introduce a chemoproteomic strategy to prole native
ERK1 and ERK2 active-sites directly in complex proteomes. We
discovered that a single isoleucine/leucine difference in ERK1
and ERK2 substrate binding sites was sufficient to differentiate
isomeric peptides and enable isoform-specic activity-based
proling of native ERK (Fig. 2C and 4B). Importantly, we per-
formed our proteomic studies in complex proteomes to retain
post-translational modications and conformational states that
can be lost in analyses of recombinant proteins. The ability to
distinguish isoleucine and leucine in peptide sequencing
experiments is technically daunting and typically accomplished
using multistage fragmentation strategies and customized LC-
MS workows.49–51 We demonstrate that our chemoproteomic
strategy can achieve baseline resolution and quantitation of I/L-
isomeric ERK active-site peptides using standard reverse-phase
LC-MS congurations and data-dependent MS acquisitions
used in proteomics64 (Fig. 3B and 4A). Our assay also provides
the advantage of proling selectivity of ERK inhibitors against
other kinases detected in lysates in parallel with selectivity
assessment against native ERK isoforms (Fig. 6C and 7).

Our chemoproteomic and cell biological ndings reveal
a correlation that supports >90% inactivation of both native
ERK1 and ERK2 to explain cellular activity of VX-11e and
Ulixertinib. From these studies, we also conclude that ERK1/2
phosphorylation is not a suitable biomarker of cellular activity
of ERK inhibitors like VX-11e and BVD-523 because H82 cells
that show greatest enhancement in ERK1/2 phosphorylation
(le panels, Fig. 6A and B) are largely resistant to cytotoxic
effects of compounds (Fig. 5C). In agreement with our nd-
ings, recent clinical trials of BVD-523 have selected phospho-
RSK as a pharmacodynamic marker of response to ERK
inhibitors (NCT02296242). Future studies are needed to
determine the underlying signaling pathways responsible for
enhanced phospho-ERK1/2 and resistance of H82 cells to ERK
inhibitors. Finally, phosphorylation of ERK2 results in
a massive enhancement in catalytic activity;6 future studies are
needed to evaluate ATP acyl phosphate probe binding of native
ERK2 as well as ERK1 under different phosphorylation states
to enable targeting of ERK isoforms under various cell
signaling states.

In summary, our chemoproteomic assay provides the
advantage of direct assessment of inhibitor activity at native
ERK active-sites that is not confounded by potential resistance
pathways that result in reactivation of ERK. Integration of
chemoproteomic and cell biological assays of ERK activity
should prove valuable for guiding development of ERK inhibi-
tors and selection of appropriate cellular biomarkers for eval-
uation in research and clinical settings.
Conflicts of interest

The authors declare no competing nancial interest.
This journal is © The Royal Society of Chemistry 2018
Acknowledgements

The authors thank all members of the Hsu laboratory and
colleagues at the University of Virginia for review of the
manuscript. We thank Mark M. Ross for his assistance with
mass spectrometry experiments and data analysis. This work
was supported by the University of Virginia (start-up funds to K.-
L. H.), National Institutes of Health Grants DA035864 and
DA043571 to K.-L. H., T32 GM007055 to C. E. F., the Schiff
Foundation (K.-L. H.), and U.S. Department of Defense
(W81XWH-17-1-0487 to K.-L. H.).
References

1 R. Seger and E. G. Krebs, FASEB J., 1995, 9, 726–735.
2 T. S. Lewis, P. S. Shapiro and N. G. Ahn, Adv. Cancer Res.,
1998, 74, 49–139.

3 G. Pearson, F. Robinson, T. Beers Gibson, B. E. Xu,
M. Karandikar, K. Berman and M. H. Cobb, Endocr. Rev.,
2001, 22, 153–183.

4 D. K. Simanshu, D. V. Nissley and F. McCormick, Cell, 2017,
170, 17–33.

5 B. Derijard, J. Raingeaud, T. Barrett, I. H. Wu, J. Han,
R. J. Ulevitch and R. J. Davis, Science, 1995, 267, 682–685.

6 R. Roskoski Jr, Pharmacol. Res., 2012, 66, 105–143.
7 D. Hanahan and R. A. Weinberg, Cell, 2011, 144, 646–674.
8 A. S. Dhillon, S. Hagan, O. Rath and W. Kolch, Oncogene,
2007, 26, 3279–3290.

9 M. Holdereld, M. M. Deuker, F. McCormick and
M. McMahon, Nat. Rev. Cancer, 2014, 14, 455–467.

10 K. T. Flaherty, U. Yasothan and P. Kirkpatrick, Nat. Rev. Drug
Discovery, 2011, 10, 811–812.

11 A. D. Ballantyne and K. P. Garnock-Jones, Drugs, 2013, 73,
1367–1376.

12 C. J. Wright and P. L. McCormack, Drugs, 2013, 73, 1245–
1254.

13 K. P. Garnock-Jones, Drugs, 2015, 75, 1823–1830.
14 G. Moriceau, W. Hugo, A. Hong, H. Shi, X. Kong, C. C. Yu,

R. C. Koya, A. A. Samatar, N. Khanlou, J. Braun,
K. Ruchalski, H. Seifert, J. Larkin, K. B. Dahlman,
D. B. Johnson, A. Algazi, J. A. Sosman, A. Ribas and
R. S. Lo, Cancer Cell, 2015, 27, 240–256.

15 M. B. Ryan, C. J. Der, A. Wang-Gillam and A. D. Cox, Trends
Cancer, 2015, 1, 183–198.

16 C. A. Pratilas and D. B. Solit, Clin. Cancer Res., 2010, 16,
3329–3334.

17 A. von Kriegsheim, D. Baiocchi, M. Birtwistle, D. Sumpton,
W. Bienvenut, N. Morrice, K. Yamada, A. Lamond,
G. Kalna, R. Orton, D. Gilbert and W. Kolch, Nat. Cell Biol.,
2009, 11, 1458–1464.

18 S. Yoon and R. Seger, Growth Factors, 2006, 24, 21–44.
19 R. Busca, J. Pouyssegur and P. Lenormand, Front. Cell Dev.

Biol., 2016, 4, 53.
20 R. Busca, R. Christen, M. Lovern, A. M. Clifford, J. X. Yue,

G. G. Goss, J. Pouyssegur and P. Lenormand, BMC Evol.
Biol., 2015, 15, 179.
Chem. Sci., 2018, 9, 2419–2431 | 2429

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00043c


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
12

:2
0:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
21 D. J. Robbins, E. Zhen, H. Owaki, C. A. Vanderbilt, D. Ebert,
T. D. Geppert and M. H. Cobb, J. Biol. Chem., 1993, 268,
5097–5106.

22 R. Leoch, J. Pouyssegur and P. Lenormand, Mol. Cell. Biol.,
2008, 28, 511–527.

23 S. M. Jung, S. S. Park, W. J. Kim and S. K. Moon, Eur. J.
Pharmacol., 2012, 681, 15–22.

24 C. H. Bae, J. S. Kim, S. Y. Song, Y. W. Kim, S. Y. Park and
Y. D. Kim, Biochem. Biophys. Res. Commun., 2013, 430, 683–
688.

25 C. Fremin, F. Ezan, P. Boisselier, A. Bessard, G. Pages,
J. Pouyssegur and G. Baffet, Hepatology, 2007, 45, 1035–1045.

26 S. Radtke, M. Milanovic, C. Rosse, M. De Rycker,
S. Lachmann, A. Hibbert, S. Kermorgant and P. J. Parker, J.
Cell Sci., 2013, 126, 2381–2391.

27 D. E. O'Brien, B. J. Alter, M. Satomoto, C. D. Morgan,
S. Davidson, S. K. Vogt, M. E. Norman, G. B. Gereau,
J. A. Demaro 3rd, G. E. Landreth, J. P. Golden and
R. W. t. Gereau, J. Neurosci., 2015, 35, 9491–9507.

28 N. Hatano, Y. Mori, M. Oh-hora, A. Kosugi, T. Fujikawa,
N. Nakai, H. Niwa, J. Miyazaki, T. Hamaoka and M. Ogata,
Genes Cells, 2003, 8, 847–856.

29 M. K. Saba-El-Leil, F. D. Vella, B. Vernay, L. Voisin, L. Chen,
N. Labrecque, S. L. Ang and S. Meloche, EMBO Rep., 2003, 4,
964–968.

30 G. Pages, S. Guerin, D. Grall, F. Bonino, A. Smith, F. Anjuere,
P. Auberger and J. Pouyssegur, Science, 1999, 286, 1374–1377.

31 J. Rudolph, Y. Xiao, A. Pardi and N. G. Ahn, Biochemistry,
2015, 54, 22–31.

32 M. A. Fabian, W. H. Biggs 3rd, D. K. Treiber, C. E. Atteridge,
M. D. Azimioara, M. G. Benedetti, T. A. Carter, P. Ciceri,
P. T. Edeen, M. Floyd, J. M. Ford, M. Galvin, J. L. Gerlach,
R. M. Grotzfeld, S. Herrgard, D. E. Insko, M. A. Insko,
A. G. Lai, J. M. Lelias, S. A. Mehta, Z. V. Milanov,
A. M. Velasco, L. M. Wodicka, H. K. Patel, P. P. Zarrinkar
and D. J. Lockhart, Nat. Biotechnol., 2005, 23, 329–336.

33 M. W. Karaman, S. Herrgard, D. K. Treiber, P. Gallant,
C. E. Atteridge, B. T. Campbell, K. W. Chan, P. Ciceri,
M. I. Davis, P. T. Edeen, R. Faraoni, M. Floyd, J. P. Hunt,
D. J. Lockhart, Z. V. Milanov, M. J. Morrison, G. Pallares,
H. K. Patel, S. Pritchard, L. M. Wodicka and
P. P. Zarrinkar, Nat. Biotechnol., 2008, 26, 127–132.

34 C. Caelles, C. Bayod and M. Morcillo, Methods Mol. Biol.,
2017, 1487, 89–98.

35 C. D. Harvey, A. G. Ehrhardt, C. Cellurale, H. Zhong,
R. Yasuda, R. J. Davis and K. Svoboda, Proc. Natl. Acad. Sci.
U. S. A., 2008, 105, 19264–19269.

36 H. M. Rose, M. Stuiver, R. Thongwichian, F. X. Theillet,
S. M. Feller and P. Selenko, Biochim. Biophys. Acta, 2013,
1834, 1396–1401.

37 H. Lebraud, D. J. Wright, C. E. East, F. P. Holding, M. O'Reilly
and T. D. Heightman, Mol. BioSyst., 2016, 12, 2867–2874.

38 J. Sipthorp, H. Lebraud, R. Gilley, A. M. Kidger,
H. Okkenhaug, M. Saba-El-Leil, S. Meloche, C. J. Caunt,
S. J. Cook and T. D. Heightman, Bioconjugate Chem., 2017,
28, 1677–1683.
2430 | Chem. Sci., 2018, 9, 2419–2431
39 M. P. Patricelli, T. K. Nomanbhoy, J. Wu, H. Brown, D. Zhou,
J. Zhang, S. Jagannathan, A. Aban, E. Okerberg, C. Herring,
B. Nordin, H. Weissig, Q. Yang, J.-D. Lee, N. S. Gray and
J. W. Kozarich, Chem. Biol., 2011, 18, 699–710.

40 M. P. Patricelli, A. K. Szardenings, M. Liyanage,
T. K. Nomanbhoy, M. Wu, H. Weissig, A. Aban, D. Chun,
S. Tanner and J. W. Kozarich, Biochemistry, 2007, 46, 350–
358.

41 C. E. Franks, S. T. Campbell, B. W. Purow, T. E. Harris and
K. L. Hsu, Cell Chem. Biol., 2017, 24, 870–880.

42 R. L. McCloud, C. E. Franks, S. T. Campbell, B. W. Purow,
T. E. Harris and K. L. Hsu, Biochemistry, 2018, 57, 231–236.

43 U. A. Germann, B. F. Furey, W. Markland, R. R. Hoover,
A. M. Aronov, J. J. Roix, M. Hale, D. M. Boucher,
D. A. Sorrell, G. Martinez-Botella, M. Fitzgibbon,
P. Shapiro, M. J. Wick, R. Samadani, K. Meshaw,
A. Groover, G. DeCrescenzo, M. Namchuk, C. M. Emery,
S. Saha and D. J. Welsch, Mol. Cancer Ther., 2017, 16,
2351–2363.

44 J. F. Blake, M. Burkard, J. Chan, H. Chen, K. J. Chou, D. Diaz,
D. A. Dudley, J. J. Gaudino, S. E. Gould, J. Grina, T. Hunsaker,
L. Liu, M. Martinson, D. Moreno, L. Mueller, C. Orr,
P. Pacheco, A. Qin, K. Rasor, L. Ren, K. Robarge,
S. Shahidi-Latham, J. Stults, F. Sullivan, W. Wang, J. Yin,
A. Zhou, M. Belvin, M. Merchant, J. Moffat and
J. B. Schwarz, J. Med. Chem., 2016, 59, 5650–5660.

45 J. W. Chang, A. M. Zuhl, A. E. Speers, S. Niessen, S. J. Brown,
M. M. Mulvihill, Y. C. Fan, T. P. Spicer, M. Southern,
L. Scampavia, V. Fernandez-Vega, M. M. Dix,
M. D. Cameron, P. S. Hodder, H. Rosen, D. K. Nomura,
O. Kwon, K. L. Hsu and B. F. Cravatt, ACS Chem. Biol.,
2015, 10, 925–932.

46 J. M. Nagano, K. L. Hsu, L. R. Whitby, M. J. Niphakis,
A. E. Speers, S. J. Brown, T. Spicer, V. Fernandez-Vega,
J. Ferguson, P. Hodder, P. Srinivasan, T. D. Gonzalez,
H. Rosen, B. J. Bahnson and B. F. Cravatt, Bioorg. Med.
Chem. Lett., 2013, 23, 839–843.

47 K. L. Hsu, K. Tsuboi, L. R. Whitby, A. E. Speers, H. Pugh,
J. Inloes and B. F. Cravatt, J. Med. Chem., 2013, 56, 8257–
8269.

48 B. E. Nordin, Y. Liu, A. Aban, H. E. Brown, J. Wu,
A. K. Hainley, J. S. Rosenblum, T. K. Nomanbhoy and
J. W. Kozarich, Biochemistry, 2015, 54, 3024–3036.

49 A. T. Lebedev, E. Damoc, A. A. Makarov and T. Y. Samgina,
Anal. Chem., 2014, 86, 7017–7022.

50 Y. Xiao, M. M. Vecchi and D. Wen, Anal. Chem., 2016, 88,
10757–10766.

51 D. Bagal, E. Kast and P. Cao, Anal. Chem., 2017, 89, 720–727.
52 M. Mann, Nat. Rev. Mol. Cell Biol., 2006, 7, 952–958.
53 D. Irmer, J. O. Funk and A. Blaukat, Oncogene, 2007, 26,

5693–5701.
54 A. Kharbanda, H. Rajabi, C. Jin, M. Alam, K. K. Wong and

D. Kufe, OncoTargets Ther., 2014, 5, 8893–8905.
55 N. S. Jahchan, J. T. Dudley, P. K. Mazur, N. Flores, D. Yang,

A. Palmerton, A. F. Zmoos, D. Vaka, K. Q. Tran, M. Zhou,
K. Krasinska, J. W. Riess, J. W. Neal, P. Khatri, K. S. Park,
A. J. Butte and J. Sage, Cancer Discovery, 2013, 3, 1364–1377.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00043c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
12

:2
0:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
56 J. Barretina, G. Caponigro, N. Stransky, K. Venkatesan,
A. A. Margolin, S. Kim, C. J. Wilson, J. Lehar,
G. V. Kryukov, D. Sonkin, A. Reddy, M. Liu, L. Murray,
M. F. Berger, J. E. Monahan, P. Morais, J. Meltzer,
A. Korejwa, J. Jane-Valbuena, F. A. Mapa, J. Thibault,
E. Bric-Furlong, P. Raman, A. Shipway, I. H. Engels,
J. Cheng, G. K. Yu, J. Yu, P. Aspesi Jr, M. de Silva,
K. Jagtap, M. D. Jones, L. Wang, C. Hatton,
E. Palescandolo, S. Gupta, S. Mahan, C. Sougnez,
R. C. Onofrio, T. Liefeld, L. MacConaill, W. Winckler,
M. Reich, N. Li, J. P. Mesirov, S. B. Gabriel, G. Getz,
K. Ardlie, V. Chan, V. E. Myer, B. L. Weber, J. Porter,
M. Warmuth, P. Finan, J. L. Harris, M. Meyerson,
T. R. Golub, M. P. Morrissey, W. R. Sellers, R. Schlegel and
L. A. Garraway, Nature, 2012, 483, 603–607.

57 A. M. Aronov, Q. Tang, G. Martinez-Botella, G. W. Bemis,
J. Cao, G. Chen, N. P. Ewing, P. J. Ford, U. A. Germann,
J. Green, M. R. Hale, M. Jacobs, J. W. Janetka, F. Maltais,
W. Markland, M. N. Namchuk, S. Nanthakumar,
S. Poondru, J. Straub, E. ter Haar and X. Xie, J. Med. Chem.,
2009, 52, 6362–6368.

58 E. J. Morris, S. Jha, C. R. Restaino, P. Dayananth, H. Zhu,
A. Cooper, D. Carr, Y. Deng, W. Jin, S. Black, B. Long,
J. Liu, E. Dinunzio, W. Windsor, R. Zhang, S. Zhao,
M. H. Angagaw, E. M. Pinheiro, J. Desai, L. Xiao,
This journal is © The Royal Society of Chemistry 2018
G. Shipps, A. Hruza, J. Wang, J. Kelly, S. Paliwal, X. Gao,
B. S. Babu, L. Zhu, P. Daublain, L. Zhang, B. A. Lutterbach,
M. R. Pelletier, U. Philippar, P. Siliphaivanh, D. Witter,
P. Kirschmeier, W. R. Bishop, D. Hicklin, D. G. Gilliland,
L. Jayaraman, L. Zawel, S. Fawell and A. A. Samatar, Cancer
Discovery, 2013, 3, 742–750.

59 R. A. Ward, N. Colclough, M. Challinor, J. E. Debreczeni,
K. Eckersley, G. Fairley, L. Feron, V. Flemington,
M. A. Graham, R. Greenwood, P. Hopcro, T. D. Howard,
M. James, C. D. Jones, C. R. Jones, J. Renshaw, K. Roberts,
L. Snow, M. Tonge and K. Yeung, J. Med. Chem., 2015, 58,
4790–4801.

60 J. T. Bagdanoff, R. Jain, W. Han, S. Zhu, A. M. Madiera,
P. S. Lee, X. Ma and D. Poon, Bioorg. Med. Chem. Lett.,
2015, 25, 3788–3792.

61 A. Chaikuad, E. M. Tacconi, J. Zimmer, Y. Liang, N. S. Gray,
M. Tarsounas and S. Knapp, Nat. Chem. Biol., 2014, 10, 853–
860.

62 O. Kepp, L. Galluzzi, M. Lipinski, J. Yuan and G. Kroemer,
Nat. Rev. Drug Discovery, 2011, 10, 221–237.

63 R. Anjum and J. Blenis, Nat. Rev. Mol. Cell Biol., 2008, 9, 747–
758.

64 S. S. Thakur, T. Geiger, B. Chatterjee, P. Bandilla, F. Frohlich,
J. Cox and M. Mann, Mol. Cell. Proteomics, 2011, 10, M110.
Chem. Sci., 2018, 9, 2419–2431 | 2431

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00043c

	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c

	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c

	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c
	Isoform-selective activity-based profiling of ERK signalingElectronic supplementary information (ESI) available: Experimental Methods and Supplementary Figures. See DOI: 10.1039/c8sc00043c




