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Abstract

ERK-dependent signaling is key to many pathways through which extracellular signals are
transduced into cell-fate decisions. One conundrum is the way in which disparate signals induce
specific responses through a common, ERK-dependent kinase cascade. While studies have
revealed intricate ways of controlling ERK signaling through spatiotemporal localization and
phosphorylation dynamics, additional modes of ERK regulation undoubtedly remain to be
discovered. We hypothesized that fine-tuning of ERK signaling could occur by cysteine oxidation.
We report that ERK is actively and directly oxidized by signal-generated H,O5 during proliferative
signaling, and that ERK oxidation occurs downstream of a variety of receptor classes tested in four
cell lines. Furthermore, within the tested cell lines and proliferative signals, we observed that both
activation loop-phosphorylated and non-phosphorylated ERK undergo sulfenylation in cells and
that dynamics of ERK sulfenylation is dependent on the cell growth conditions prior to
stimulation. We also tested the effect of endogenous ERK oxidation on kinase activity and report
that phosphotransfer reactions are reversibly inhibited by oxidation by as much as 80 to 90%,
underscoring the importance of considering this additional modification when assessing ERK
activation in response to extracellular signals.
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Reactive oxygen species (ROS), while previously considered detrimental byproducts of
respiration [1], are now recognized as significant contributors to cellular signaling [2-4]. An
important milestone in support of ROS as regulators of cell signaling was the discovery in
the mid-1990s by Sundaresan et al. that HoO, generation was required to elicit appropriate
proliferative responses to Platelet-Derived Growth Factor (PDGF) in primary rat vascular
smooth muscle cells [5]. Roles for H,O5 as a signaling mediator have now been
demonstrated in many cell types and /7 vivo models [6-8], including our recent work
establishing the important role of H,O, in the proliferative responses to lysophosphatidic
acid (LPA), a bioactive lipid synthesized by ovarian and prostate cancer cells and cell lines
[9, 10]. ROS have also been implicated in diverse signaling processes such as migration by
endothelial cells [11], stem cell pluripotency and differentiation [12], and chondrocyte
response to fibronectin fragments [13].

Much work has been done by us and others in the field of redox signaling to identify targets
of signal-generated ROS [14-17]. Various ROS, reactive nitrogen species (RNS), and
reactive sulfur species (RSS) react with cysteine residues of proteins, modifying the
structure, dynamics, and/or function of those proteins. The oxidation of a cysteine residue is
often reversible [15, 18], which sets up the oxidation of a target cysteine on a protein to be a
molecular switch. This switch-like property of cysteines has enabled them to serve specific
functions as redox sensors on proteins [19-22]. For example, a well-established example of
a binary cysteine switch is in the protein tyrosine phosphatase (PTP) family of enzymes
[23]. In this case, the reactive, low pKa cysteine at the active site can become oxidized by
ROS, inactivating the phosphatase, thereby favoring a sustained phosphorylation response to
stimuli [3, 4, 24].

Identifying novel proteins whose cysteines are oxidized in response to extracellular signals
has been historically difficult due to the generally labile nature of oxidized cysteine
products. One class of cysteine probes developed by our research team is based on
dimedone, which alkylates sulfenic acid (R-SOH) [15, 25], the intermediate, two-electron
oxidized form of cysteine generated upon reaction with ROS molecules such as H,0, (Fig.
1A). Using these dimedone-based probes to capture proteins undergoing active oxidation in
cells responding to external signals can reveal the identity of the proteins oxidized in situ,
and in favorable cases the specific cysteine residue undergoing oxidation [16, 26].
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One of the probes, DCP-Biol (Fig. 1A), contains the reactive core of dimedone linked to
biotin, allowing for affinity capture of labeled cellular proteins undergoing active oxidation
in cells (Fig. 1B) [27, 28]. This probe has been used to identify multiple novel targets of
oxidation, such as Akt2 [9, 14, 29], responding to extracellular signals [11, 28, 30, 31].
Based on preliminary data from experiments suggesting that oxidation of mitogen-activated
protein kinases ERK1 and ERK?2 (designated ERK1/2) occurs during proliferation
(unpublished) and migration [11], we undertook a project to further investigate the redox
regulation of these proteins during cell signaling. ERK proteins are at the heart of a variety
of signaling pathways involved in proliferation, differentiation, survival, migration [32, 33],
and at times even apoptosis [34, 35]. This presents a conundrum of specificity — how do
disparate signals induce specific responses while sharing the ERK signaling cascade?
Evaluating ERK1/2 regulation is vital to understanding diseases from cancer to diabetes to
neurological disorders. In fact, various components of the ERK1/2 signaling cascade
(particularly Ras and Raf) are the most frequently found oncogenic mutations in human
cancers, and an overall hyperactivation of the ERK1/2 pathway is reported in up to 90% of
all human cancers [36].

Extensive research to date has revealed much about the ERK1/2 pathway and its regulation.
Upon binding of an appropriate ligand to its receptor, a cascade of signaling protein
activation occurs: the GTPase Ras activates the Raf kinases, which in turn activate the MAP
kinase kinases MEK1 and MEK?2 (referred to as MEK1/2). MEK1/2 proteins phosphorylate
ERK1/2 at T183 and Y185 [32, 37], hereafter designated as the TEY motif. This induces a
conformational change that opens the active site of ERK1/2 [37, 38] and enhances structural
flexibility [39, 40], allowing ERK1/2 to phosphorylate substrates. However, with over 300
known substrates in various subcellular compartments [36, 41], multiple layers of regulation
are involved, including temporal and spatial control of TEY phosphorylation and
dephosphorylation [42, 43]. While we know that dual phosphorylation is a prerequisite for
ERKZ1/2 activation, it is not yet fully clear how cells orchestrate ERK1/2 localization, enable
discrimination between substrates, or regulate the dephosphorylation of ERK1/2 by protein
phosphatases [44].

Our knowledge of cysteine switches, including the tentative identification of ERK1/2
oxidation resulting from vascular endothelial growth factor (VEGF) signaling [11], led us to
hypothesize that ERK1/2 cysteine oxidation could be an additional mode to control cell fates
through ERK1/2 regulation. Human ERK1 and ERK2 contain 6 and 7 cysteines,
respectively, half of which are solvent exposed and conserved in the MAPK family [37, 45].
Analysis of the literature gives ample evidence that several of these cysteines could be redox
sensitive. Under oxidative stress conditions, as mimicked by the bolus addition of H,O, or
nitric oxide donors, others have reported evidence for the modification of ERK1/2 cysteines
[11, 26, 46-49]. ERK1/2 cysteine modification can also occur downstream of the
physiological signals of vascular endothelial growth factor (VEGF) [11] and tumor necrosis
factor a (TNF-a) [49], but it has not definitively been shown that ERK1/2 oxidation
commonly occurs as a result of extracellular signals. Moreover, the linkage of signal-
mediated oxidation events on ERK1/2 to their functional outputs has not been established.
Here, we used the dimedone-based probe DCP-Biol in conjunction with
immunoprecipitation and assays to test the redox sensitivity of recovered ERK1/2 activity, to
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assess function-altering ERK1/2 oxidation induced by extracellular stimuli. We report that
ERKZ1/2 cysteine sulfenylation occurs in response to a variety of proliferative signals and
that endogenous oxidation strongly modulates ERK1/2 kinase activity /in vitro. To our
knowledge, this is the first report to document the modification of ERK1/2 cysteines in
response non-stress extracellular signals other than VEGF, and to relate the observed
sulfenic acid formation to endogenous ERK1/2 kinase activity.

Materials and Methods

Reagents and antibodies

Primary antibodies for Western blots to total ERK [recognizing both p44 (ERK1) and p42
(ERK2), RRID AB_390780], TEY-phosphorylated ERK1/2 (RRID: AB_331646), phospho-
Elk1 (RRID: AB_2277933), along with anti-rabbit (RRID: AB_2099233) and anti-mouse
(RRID: AB_330924) HRP-conjugated secondary antibodies, and Platelet Derived Growth
Factor BB (abbreviated PDGF herein) were from Cell Signaling Technology. AhpC was
expressed and purified as described previously [50, 51], and anti-AhpC antibody was
purified from rabbit serum [28]. DCP-Biol was synthesized as described previously [52].
PEG-Catalase was from Sigma (catalog C4963). DMEM, RPMI, and Fetal Bovine Serum
were from Lonza; EMEM was from Gibco. Chemiluminescence reagents for Western
blotting (SuperSignal Dura) were from Thermo Scientific. Nitrocellulose was from GE
Healthcare - Amersham. Magnetic A beads (Dynabeads) for phospho-ERK1/2
immunoprecipitations were from Novex by Life Technologies, and ATP for /n vitro kinase
assays was acquired from Promega. lodoacetamide (IAM) was from Sigma-Aldrich; 1,4-
dithiothreitol (DTT) and N-ethylmaleimide (NEM) were from Fisher-Scientific.

Elk1 for ERK1/2 in vitro activity assays was cloned, expressed, and purified as described
below. GST-EIk1-Hisyg was expressed from a pGex-6P-1-derived bacterial expression
plasmid. First, the EIk1 DNA sequence corresponding to residues 307-428 of human Elk1
was synthesized by GenScript, with the codon usage modified for expression in £. coli. The
gene was subcloned into pGex-6p-1 between BamH1 and Xhol restriction sites. Due to
issues with truncated versions of the protein being expressed in £. coli, a 6-His tag was
added to the C-terminal end of EIk1 using PCR to reengineer the DNA insert, with a forward
primer (5"-CTGGGATCCATTTCGCAACCGC-3") and a reverse primer encoding the
extended His tag at the C-terminus (5'-
GCGCTCGAGTTAATGGTGATGGTGATGGTGCGGTTTTTGCGGACCCGGCGAC-3).
After PCR product purification, the DNA fragment was ligated into pGex-6p-1. Successful
cloning was verified by a restriction digest followed by gel analysis and was verified in its
entirety by sequencing (Eurofins Genomics).

GST-Elk1-Hisyg was expressed in BL21 Gold cells with growth in TYP media supplemented
with 30 mM glucose and 100 pg/mL ampicillin at 37 °C to an optical density of 1 at 600 nm.
Expression was then induced by addition of 1 mM IPTG and incubation continued at 24 °C
for 4 h, after which cells were harvested by centrifugation and stored at —80 °C until used
for purification. Cells were thawed and resuspended in 25 mM potassium phosphate at pH
7.0, with 150 mM NacCl, 10% glycerol, and cOmplete protease inhibitor cocktail (EDTA-
free, Roche) and disrupted using an Avestin C5 emulsifier. After centrifugation, the
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supernatant was applied to a cobalt-NTA column (GE Healthcare) pre-equilibrated in 50
mM sodium phosphate at pH 8.0, with 0.3 mM NaCl and 20 mM imidazole, washed with 4
column volumes of the same buffer, then eluted by increasing the imidazole to 500 mM.
Elk1-containing fractions were pooled, bound to Glutathione Sepharose (GE Healthcare)
pre-equilibrated and subsequently washed with 50 mM Tris-HCI at pH 8.0 (4 °C), including
150 mM NaCl, 1 mM EDTA and 10% glycerol. Bound protein was then eluted using 50 mM
Tris-HCI at pH 8.0 containing 10 mM reduced glutathione and 10% glycerol. GST-EIk1-
Hisyg was further purified on a 15 mL Source Q column using a gradient of 50 mM to 1 M
NaCl in 50 mM Tris-HCI pH 7.5, 10% glycerol. Elk1-containing fractions were then pooled,
concentrated, exchanged by ultrafiltration into 20 mM Tris-HCI at pH 8.0 with 1 mM EDTA
and 10% glycerol, aliquoted, and stored at —80 °C until use.

Cell culture and treatments

Cell lines used (giving Resource ldentification Initiative accession numbers), NIH 3T3
(RRID:CVCL_0594), WI-38 (RRID:CVCL_0579), SK-OV-3 (RRID:CVCL _0532), and
PC-3 (RRID:CVCL_0035), were obtained from ATCC-derived stocks from the Cell and
Viral Vector Laboratory Shared Resource at Wake Forest School of Medicine and cultured at
37 °C in a 5% CO, incubator in either DMEM (NIH 3T3), EMEM (WI-38) or RPMI (SK-
OV-3 and PC-3) supplemented with 10% fetal bovine serum, L-glutamine, penicillin, and
streptomycin. Except where indicated, cells were transferred into fresh, serum-free media
for 18 h before treatment with PDGF. PDGF-BB was added to the cells to a final
concentration of 20 ng/mL and then cells were harvested at indicated time points. Where
indicated, PEG-Catalase was added at 400 U/mL 18 h before PDGF stimulation.

DCP-Biol labeling and affinity capture

Cells grown to ~80% confluency were harvested and replated (~5 x 10° per 100 mm plate)
in FBS-supplemented media for 24 h, then replenished with either new FBS-supplemented
media or media lacking FBS for 18 h before treatment with PDGF. Samples were harvested
at indicated time points by addition of lysis buffer supplemented with DCP-Biol essentially
as described previously [27]. Briefly, lysis buffer (50 mM Tris-HCI at pH 8.0, with 100 mM
NaCl, 100 uM diethylene triamine pentaacetic acid (DTPA), 20 mM B-glycerophosphate,
0.1% SDS, 0.5% Na Desoxycholate, 0.5% NP-40, and 0.5% Triton-X-100) was freshly
prepared with 1 mM PMSF, 10 pg/mL aprotinin, 1 mM NagVOy, 10 mM NaF, 1 mM DCP-
Biol, 10 mM NEM, 10 mM IAM, and 200 U/mL Catalase (Fig. 1). Seventy-five uL of lysis
buffer was added to each dish and cells were scraped from the plates, transferred to micro-
centrifuge tubes, incubated on ice for 30 min, and then stored at —80 °C. Before affinity
capture and elution of labeled proteins [28], samples were thawed and clarified by
centrifugation, then excess DCP-Biol was removed via a BioGel P6 spin column. Eluants
were assessed for protein concentration using a BCA assay (Pierce), then 500 ug of protein
for each sample was diluted into 2 M urea and supplemented with 0.5 g prebiotinylated
AhpC to control for the efficiency of the affinity capture, elution, and gel loading steps.
After samples were precleared with Sepharose CL-4B beads (Sigma), they were applied to
plugged spin columns containing high capacity streptavidin-agarose beads (Thermo
Scientific) and incubated overnight at 4 °C with constant rotation. Samples then underwent a
series of stringent washes to remove any contaminating, non-labelled proteins that were co-
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captured with DCP-Biol conjugated proteins. Washes consisted of 2 washes each with 4
column volumes of (in order) 1% SDS, 4 M Urea, 1 M NaCl, 10 mM DTT, 50 mM
ammonium bicarbonate and water. Labeled proteins were eluted with 25 mM Tris-HCI at pH
6.8, containing 2% SDS, 50 mM DTT, 0.02% bromophenol blue, and 5% glycerol,
incubated at 100 °C for 10 min, then centrifuged to separate protein from beads. Samples
were then stored at =80 °C as needed and analyzed by Western blot as described below.

Western blotting

For immunoblots of proteins labeled with DCP-Biol (after affinity capture), 40-80 pg of
protein per sample was separated on 10% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes for 1 h at 100 V and 4 °C (or overnight at 100 mA). For
immunoblots of cell lysates, 10 ug of total protein was typically loaded per lane. For
phospho-Elk1 immunoblots after kinase assays (described below), 1.2-2.4 ug of ERK1/2-
treated GST-Elk1-Hisyg was added to each lane. In all cases, after transfer to nitrocellulose,
membranes were blocked with 5% Nonfat dry milk, probed with protein-specific antibodies,
and visualized using SuperSignal Dura chemiluminescence reagent. Exposed film was then
scanned on an Epson Perfect V30, where original image integrity was maintained by
adjusting scanner settings to prevent auto-adjustments in contrast and gamma. Band density
was measured using ImagelJ software. To analyze data from DCP-Biol experiments, each
sample was first normalized to AhpC band density to control for variations in affinity-
capture efficiency, and then each replicate was normalized to the most intense ERK1/2 band,
which was set to 1. For quantitation of EIk1 phosphorylation after /n vitro kinase assays of
immunoprecipitated ERK1/2, each lysate sample was normalized to phospho-EIk1 intensity
from Kkinase reactions including DTT. For DCP-Biol labeling experiments, p-values were
calculated using Student’s #tests assuming 2-tailed distributions with two-sample equal
variance. For activity assays, p-values were calculated using Student’s #test for paired
samples, 2-tailed distribution.

In vitro kinase assays of ERK1/2 immunoprecipitated from cells grown in culture

NIH 3T3 cells were treated and harvested as described above, but without the addition of
DCP-Biol, IAM, or NEM to the lysis buffer. Lysates were subsequently clarified by
centrifugation and protein content of the supernatants was measured via BCA assay.
Samples containing 50 pug of protein were added to 4 uL of anti-phospho-p42/44 (i.e.,
phospho-ERK1/2) rabbit antibody into a total volume 200 pL of lysis buffer supplemented
with protease and phosphatase inhibitors and 200 U/mL of catalase. Twenty-five uL of
protein A magnetic beads were suspended in the lysate plus antibody mix and incubated
overnight at 4 °C with constant rotation. The following morning, beads were washed twice
with 5 column volumes of lysis buffer with phosphatase and protease inhibitors, followed by
2 washes with 5 volumes of kinase buffer (25 mM Tris-HCI at pH 7.5, with 5 mM B-
glycerophosphate, 0.1 mM NazgVOy,, and 10 mM MgClI,). After washes, beads were re-
suspended in 100 uL of 40 mM Tris-HCI at pH 7.5, with 0.1 mM NazVOy; samples were
diluted five-fold with either DTT (to give a final concentration of 2 mM DTT) or HPLC
water, then incubated with 2.21 uM GST-EIk1-Hisyg fusion protein substrate, 200 pM ATP,
and kinase buffer at 30°C for 30 min with constant shaking. Reactions were quenched by the
addition of protein gel loading buffer (25 mM Tris-HCI at pH 6.8, with 2% SDS, 50 mM
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DTT, 0.2 % bromophenol blue, and 5% glycerol) and incubated at 100 °C for 5 min.
Samples were either stored at =80 °C or directly loaded onto a 10% SDS-polyacrylamide
gel, transferred to nitrocellulose, and probed for phospho-EIk1 as described above.

To test whether ERK1 and/or ERK2 are direct targets of oxidation in cells responding to
proliferative signals, we used the dimedone based probe DCP-Biol, as described in Fig. 1
and Materials and Methods. Various cell lines were treated with cell-specific growth factors
over a time course of 5 to 30 min before harvest. Cells were harvested in the presence of
DCP-Biol, catalase, and cysteine alkylators (NEM and IAM) to minimize artifactual
oxidation of cysteines during lysis [27]. After clarification, lysates were supplemented with
pre-biotinylated AhpC protein as an internal control for differences in capture efficiency and
gel loading, then subjected to biotin-dependent affinity capture as described in Materials and
Methods. Captured proteins were resolved by SDS-PAGE and immunoblotted using
antibodies that either recognize total ERK1/2 (with ERK1 at ~44 kDa and ERK2 at ~42
kDa) or dual (TEY) phosphorylated ERK1/2 at T183 and Y185 (referred to here as phospho-
ERKZ1/2) [28]. Quantitation of relative changes in oxidized ERK band intensities followed
normalization to the AhpC internal control in each case to account for potential differences
in capture affinity. Using these approaches, we observed that ERK1/2 proteins were labeled
by DCP-Biol in response to PDGF in NIH 3T3 mouse fibroblasts (Fig. 2) as well as other
treated cell types (see below). Considering the observations that ERK1/2 proteins were not
endogenously biotinylated and that biotinylation could be detected in immunoprecipitated
phospho-ERK after the above treatments (Supplemental Fig. S1), we conclude that the
biotinylation of ERK1/2 when DCP-Biol is added to lysis buffer indicates active sulfenic
acid formation occurring on phospho-ERK1/2 after PDGF addition. In NIH 3T3 cells, we
observed a consistent increase in sulfenic acid formation of ERK1/2 10 min after stimulation
with a return to basal levels of sulfenylation 30 min after stimulation (Fig. 2), confirming our
hypothesis that ERK1/2 oxidation occurs as a result of physiologically-relevant extracellular
signals like growth factors.

To further investigate the source and nature of the ROS responsible for ERK1/2 oxidation,
we utilized the cell-permeable ROS modulator PEG-Catalase, which scavenges H,0,. NIH
3T3 cells were treated with PDGF for 10 min with or without PEG-Catalase pre-treatment.
We observed that PEG-Catalase significantly dampened the amount of total and
phosphorylated ERK1/2 labeled by DCP-Biol (Fig. 3). Thus, intracellular H,O5, or a
derivative thereof, is implicated as the ROS molecule responsible for observed ERK1/2
oxidation in NIH 3T3 cells.

We also investigated the temporal dynamics of ERK1/2 sulfenic acid formation in another
fibroblast cell line, WI-38, in response to PDGF stimulation. WI-38 cells were serum starved
for 18 h before PDGF stimulation, as was done with NIH 3T3 cells in Fig. 2. Following
PDGF stimulation, we observed a very similar pattern in sulfenic acid formation among
phospho-ERK1/2 proteins, with an initial abrupt increase followed by a decline in observed
sulfenic acids on ERK1/2 (Fig. 4B). However, when probing DCP-Biol labeled proteins
with an antibody measuring total-ERK1/2, we observed a modest amount of total-ERK1/2
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undergoing active oxidation before PDGF treatment. Upon PDGF stimulation, sulfenylation
of the total population of ERK1/2 decreased and then considerably increased by 30 min after
treatment (Fig. 4A).

We also tested the hypothesis that oxidation patterns vary with cell growth conditions by
repeating the experiments with W1-38 cells under serum-replete conditions (including 10%
Fetal Bovine Serum). In contrast to the PDGF-induced oxidation pattern observed in serum-
starved cells, serum-supplemented WI-38 cells exhibited very different dynamics of ERK1/2
oxidation (Supplemental Fig. S2). We observed relatively high levels of total-ERK1/2
oxidation occurring before PDGF treatment that significantly decreased 10 min after
stimulation and only modestly increased again by 30 min (Supplemental Fig. S2A).
Phospho-ERK1/2, however, had a delayed oxidation response when compared to the
response observed in serum-starved cells, with a maximal increase in sulfenic acid formation
in serum-supplemented cells occurring 30 min after PDGF stimulation. These data confirm
that basal growth conditions of cells significantly modulate the temporal dynamics of
ERKZ1/2 oxidation in response to a stimulus.

Using this same sulfenic acid labeling technique, we also investigated ERK1/2 cysteine
oxidation in SK-OV-3 ovarian cancer cells (Fig. 5) and PC-3 prostate cancer cells
(Supplemental Fig. S3) during responses to LPA, a lipid growth factor produced by prostate
cancers and found in the ascites fluid of many ovarian cancers [53, 54]. Our group has
previously shown that LPA induces the intracellular formation of H,O» in these cell lines
and that the H,O, is necessary for the proliferative response of these cell lines to LPA [9,
10]. In serum-starved SK-OV-3 cells, there is no detectable pattern for changes in sulfenic
acid formation in the total population of ERK1/2 in response to LPA; instead, it appears that
total ERK1/2 is continuously oxidized across the time course (Fig. 5A). Assessing just the
population of phospho-ERK1/2, however, relatively high levels of active sulfenylation are
observed five min post-stimulus, followed by a drop in relative levels of sulfenylation 10
min post-stimulus (Fig. 5B). There may be an additional increase in phospho-ERK1/2
sulfenylation 30 min after LPA stimulation in SK-OV-3 cells, but the intensities of phospho-
ERKZ1/2 sulfenylation at 30 min are variable between biological replicates and therefore we
cannot conclude whether phospho-ERK1/2 undergoes active oxidation 30 min post stimulus.

Within serum-supplemented PC-3 cells, sulfenylation of total ERK1/2 is highly variable
(Supplemental Fig. S3A), but it appears to be relatively low at 10 min post-stimulus and
peak 30 min post-stimulus. With phospho-ERK1/2, an increase in sulfenylation is observed
10-30 min after LPA stimulation (Supplemental Fig. S3B).

Sulfenic acid formation on proteins can be detected using chemical probes like DCP-Biol,
but the observation of active oxidation does not address whether or not the observed
oxidation changes the activity of the protein. Furthermore, the sulfenic acid oxoform trapped
chemically by DCP-Biol may be stabilized within the protein prior to attack by a reductant,
but sulfenic acid can often serve as a transient species subject to subsequent disulfide bond
formation either with another cysteine, or with glutathione (another potentially meta-stable
oxoform of the protein). To determine the effect and extent of reversible cysteine oxidation
on ERK1/2 kinase activity, NIH 3T3 cells treated with PDGF (Fig. 6) and SK-OV-3 cells
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treated with LPA (Supplemental Fig. S4) were harvested at various time points after addition
of the stimulus and phospho-ERK1/2 was immunoprecipitated. Catalase was included in the
immunoprecipitation buffer to minimize post-lysis oxidation by H,O,. Each sample of
immunoprecipitated phospho-ERK1/2 was divided, with one part incubated with 2 mM DTT
to reverse endogenous oxidation, and the other half lacking DTT (to preserve the
endogenous oxidation state from cells). Each sample was assayed /in vitro by the addition of
recombinant EIk1 and ATP for 30 min at 30 °C as described in Materials and Methods.
Samples were then immunoblotted for phosphorylation of S383 of Elk1 (Fig. 6 and
Supplemental Fig. S4). At each time point tested, ERK1/2 kinase activity towards Elk1
increased by as much as 5- to 10-fold after reduction by DTT. While we cannot definitively
rule out air or oxidant-mediated, post-lysis oxidation of ERK1/2 occurring in samples during
the immunoprecipitation and assay procedures, catalase has in the past demonstrably
protected against post-lysis oxidation occurring during lysis and DCP-Biol labeling of
oxidized proteins [27]. Furthermore, it is notable that the percent inhibition is different
between SK-OV-3 and NIH-3T3 cells, which indicates that the extent of inhibition is cell
specific and not likely due to post-lysis oxidation. Taken together, we interpret our results as
revealing that ERK1/2 kinase activity, at least towards the substrate Elk1, is 80-90%
inhibited by endogenous ERK1/2 oxidation in NIH 3T3 cells (Fig. 6) and ~50% inhibited in
SK-0V-3 cells (Supplemental Fig. S4). These data strongly indicate that the activity of
ERKZ1/2 is modulated by endogenous oxidative cysteine modifications not post-lysis effects,
and that the observed increase in sulfenic acid formation, and potentially subsequent
oxidation products like disulfides, strongly modulate ERK1/2 kinase activity.

Discussion

ERKZ1/2 proteins are extensively studied serine/threonine kinases central to the signal
transduction of a variety of pathways. Due to their ubiquitous nature, understanding ERK1/2
regulation is key to identifying how ERK1/2 signaling induces varying, and even
contradictory, responses to particular signals [44]. To date, several modes of regulation have
been identified, including the activating dual phosphorylation on the TEY motif of the
activation loop by MEK [37], interactions with anchoring proteins and scaffolds which
regulate substrate/enzyme colocalization and modulate activity [33, 41, 55], control over
localization via phosphorylation on the SPS motif [56], crosstalk with other signaling
cascades [44], and modulation of signal duration as controlled by phosphatases [57-59].
This current work identifies an additional layer of regulation through the post-translational
modification of cysteine oxidation, which we demonstrate to be a modification on ERK1 and
ERK2 proteins that is not restricted to a particular class of receptors or cell types.

Regulation of kinases by oxidation is becoming increasingly recognized as an important
aspect of their activity modulation. Unlike protein tyrosine phosphatases, where the primary
oxidation target is the catalytic cysteine at the active site such that oxidation is always
inhibitory, kinase families tend to have non-catalytic cysteine residues in unique locations
specific to individual kinase families. Thus, function-altering oxidation of kinases can
impose a spectrum of changes in structure and function [20, 60] thereby impacting activity,
stability or interaction with partner proteins. This is why kinase oxidation can lead to either
inhibition or activation depending on the specific protein. In some cases such as Src,
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particular cysteine residues and/or oxoforms involved in ROS responses can lead to either
inhibition or activation of even an individual protein [61, 62].

In the present work, it is evident in multiple cell lines that ERK1/2 is labeled by DCP-Biol
upon activation of the receptor tyrosine kinase PDGF receptor or the G-Protein coupled LPA
receptor (Fig. 2, 4, 5, S3). DCP-Biol labeling of ERK1/2 is indicative that at least one of the
cysteine residues on ERK1/2 is reacting with oxidants to form sulfenic acid in response to
the extracellular signal. Although this does not rule out the possibility that ERK1/2
oxidation can occur through a disulfide-transfer or “redox relay” mediated by an oxidized
protein such as a peroxiredoxin (as recently reported for STAT3 [63]), the fact that
dimedone-based probes are able to react directly with ERK1/2 cysteines reveals that ERK1/2
can react directly with oxidants produced by the cell (i.e., a redox relay would generate a
disulfide on the target protein through thiol-disulfide interchange instead of an initial
sulfenic acid) [18]. Furthermore, no biotinylation of ERK1/2 is observed without the
addition of DCP-Biol to lysis buffer, indicating that biotinylation is due to sulfenic acid
formation on ERK1/2 and not endogenous biotinylation (Supplemental Fig. S1A).
Moreover, direct labeling of ERK by the chemical probe is confirmed by the complementary
approach of phospho-ERK immunoprecipitation followed by Western blot for biotin
(Supplemental Fig. S1B). A strongly positive aspect of using DCP-Biol to detect protein
oxidation is that it labels cysteines undergoing direct and active oxidation. However, it
should be noted that, because DCP-Biol detects only the likely transient sulfenic acid (or
potentially sulfenylamide [16, 17]) intermediate, it does not report on the total pool of
oxidized protein.

In NIH 3T3 mouse fibroblasts, there is very low basal sulfenic acid formation on ERK1/2 in
the absence of serum (Fig. 2). Upon PDGF treatment, sulfenic acid formation significantly
increases 5-10 min after stimulation among both total and phospho-ERK1/2 populations
(Fig 2). By 30 min after PDGF stimulation, ERK1/2 sulfenylation decreased to basal levels
even though the relative extent of phosphorylation did not decrease, indicating that active
oxidation of ERK1/2 and phosphorylation of the activation loop are not coupled. This
conclusion is further corroborated in Figure 3, where scavenging of H,O, by PEG-Catalase
decreased sulfenic acid formation on ERK1/2 but did not decrease phosphorylation. While
DCP-Biol labeling and subsequent immunoblotting is unable to report on absolute ratios of
sulfenic acid-oxidized ERK1/2 to total or phosphorylated forms of ERK1/2, the temporal
patterns of oxidation of total ERK1/2 and phospho-ERK1/2 are identical under this
condition and in this cell line. This suggests that in NIH 3T3 cells stimulated with PDGF,
phosphorylation and oxidation are co-temporal events, or that primarily phospho-ERK1/2
undergoes active reaction with H,0, to form sulfenic acids in these cells.

Serum-depleted NIH 3T3 and WI-38 cells, both being embryonic, mesenchymal-derived
fibroblast cell lines from mice and humans, respectively [64, 65], exhibited very similar
patterns of phospho-ERK1/2 oxidation to sulfenic acid upon PDGF stimulation; both
exhibited rapid increases in oxidation 5-10 min after stimulation followed by a substantial
drop in the active oxidation detected by DCP-Biol. Although a direct comparison has not
been made in the kinetics of cell responses between these two cell lines, it is not surprising
that they exhibit a similar profile of ERK1/2 cysteine oxidation given the fact that both cell
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lines require PDGF for sustained growth, survival, and chemotactic responses [66, 67]. It is
notable, however, that the patterns of oxidation in WI-38 cells detected using antibodies
against total ERK1/2 differ from those observed using antibodies against phospho-ERK1/2
in both serum depleted and serum supplemented conditions. Before PDGF stimulation,
serum-depleted cells have almost no observable phospho-ERK1/2 (Fig. 4B), indicating that
the oxidized ERK1/2 observed before PDGF treatment in Fig. 4A is largely non-
phosphorylated ERK1/2. Furthermore, there is little sulfenylation of phospho-ERK1/2 30
min post stimulus, indicating that the sharp increase in sulfenylation detected at this time
point using total ERK1/2 antibodies is occurring on non-phosphorylated ERK1/2. Thus, it
appears that WI-38 cells are differentially targeting sub-populations of ERK1/2 for active
sulfenylation. Interestingly, serum-supplemented WI-38 cells treated with PDGF exhibited a
very different pattern of ERK1/2 sulfenic acid formation (Supplemental Fig. S2). The fact
that the same cell line exhibited such a remarkable difference in sulfenylation dynamics for
ERKZ1/2 in the presence or absence of serum indicates that the basal state of the cells has a
significant impact on how the cells utilize ROS as second messengers upon stimulation.

ERK1/2 oxidation also occurred in the ovarian cancer-derived SK-OV-3 (Fig. 5) and prostate
cancer-derived PC-3 cell lines (Supplemental Fig. S3). Based on these data, we can conclude
that oxidation of ERK1/2 does not only occur in a small subset of cell types or in response to
only a certain class of receptors. Furthermore, it is notable that these cancer-derived cell
lines exhibited either continuous, as in SK-OV-3 (Fig. 5A), or somewhat erratic patterns of
ERKZ1/2 oxidation (Supplemental Fig. S3A) compared to the non-transformed cell lines used
in this study.

While ERK1/2 perform a number of cell functions unconnected to kinase activity [68, 69],
the primary mode of ERK1/2 action is through its ATP-dependent phosphorylation of over
300 known substrates [36, 70]. One of the early response transcription factors
phosphorylated by ERK1/2 during proliferative signaling is Elk1 [70]. Figures 6 and S4
demonstrate that endogenous ERK1/2 kinase activity towards Elk1 is significantly
dampened in the absence of reductant compared to levels measured in the presence of DTT
(included in standard kinase assays), even though ERK1/2 is fully phosphorylated on the
activation loop. Because DTT is a broad spectrum reductant, the observed oxidative
inhibition may reflect sulfenylation, disulfide bond formation, or both (at later time points,
disulfide bond formation most likely predominates given observed sulfenylation time
courses). These results, at first glance, seem to contradict the known role of ERK1/2 in
proliferative signaling, where ERK1/2 kinase activity is required for the cell response to the
proliferative stimuli [36]. However, ERK1/2 regulation by cysteine oxidation could be a
mode of regulation more complex than simply switching the enzyme activity between on
and off states. As depicted in Figure 7, there are multiple possible ways for oxidation to
modulate ERK1/2 cellular activity. For example, with its vast array of known substrates
spanning both the cytosol and nucleus, a model that is consistent with our data and the
important role of activated ERK in signaling is that ERK1/2 cysteine oxidation occurs to
prevent phosphorylation of substrates in the cytosol while phospho-ERK1/2 is en route to
the nucleus; pERK1/2 in the nucleus would then be subjected to a more reducing
environment than in the cytosol, potentially undergoing “unmasking” of its activity by
reduction (Fig. 7) [71, 72]. Alternatively, oxidation of ERK in a docking domain could affect
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interactions with other kinases, phosphatases, scaffold or anchor proteins, or substrates,
thereby altering substrate specificity, phosphorylation status and/or localization.

The mapping of regulatory cysteine oxidation sites in ERK will require further investigation,
but of particular interest given their locations and previous findings are two Cys residues,
C159 and C164. C159 sits within the “D-recruitment site” (DRS), an important region
supporting protein-protein interactions between ERK1/2 and its regulatory proteins such as
the phosphatase MKP3 [73-75], MEK1/2 [76, 77], anchors and other scaffolds [78]. Many
substrates also interact with ERK1/2 in this binding region. Structural studies reveal that
hydrophobic residues of interacting proteins insert into hydrophobic pockets on the surface
of ERK1/2 on either side of C159 [79-82]. Thus, oxidation of this residue could sterically
prevent ERK1/2 from interacting with DRS partners. Indeed, DRS-binding peptides protect
C159 from alkylation [83, 84] and this cysteine has been shown to be sensitive to oxidation
by H,0, [26] and nitrosylation [48], and has been shown to be conjugated to -
mercaptoethanol in a crystal structure [85]. Just five residues farther down the chain is C164,
a site of nitrosylation on ERK1 (C183 in human ERK1 numbering) in cells treated with
GSNO, a NO* donor that participates in transnitrosylation [49]. Nitrosylation of this
cysteine appears to direct cells into apoptosis. Based on the location of this Cys proximal to
the ATP binding site, oxidation or nitrosylation of this cysteine could prevent, or slow, ATP
binding and exchange, thereby inhibiting kinase activity. One or both (or additional) cysteine
residues could undergo active oxidation during the early phase of receptor activation and
modulate ERK activity via changes in protein-protein interactions or ATP binding. It should
be considered that one or multiple cysteine residues in ERK1/2 could be reactive toward
oxidants in given conformations or complexes of the ERK protein, as well, and the scenarios
under which each cysteine undergoes oxidation could vary depending on the specific
stimulus and on other factors influencing the strength and localization of ROS production.

In conclusion, similar to how phosphorylation of ERK1/2 on key residues affects ERK1/2
structure and function, oxidation of ERK cysteines could affect the surface, structure, and
dynamics of ERK1/2 in key regions of ERK1/2 functionality. We have observed that
sulfenylation can occur to both non-phosphorylated and TEY-phosphorylated ERK1/2, and
that this additional post-translational modification that affects kinase activity is reversible.
Irreversible modification may also ensue at these or other cysteine residues, under alternative
and/or potentially pathological conditions. Based on the location of solvent-exposed
cysteines, ERK1/2 oxidation could be a significant mode of regulating ERK1/2 activity
through protein-protein interactions, spatiotemporal localization, and modulation of kinase
activity. Further studies to understand how ERK1/2 is regulated by oxidation are essential to
illuminate modes of ERK1/2 signaling specificity, potentially leading to the development of
novel therapeutics to target ERK1/2 in signal-specific redox states.
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Highlights

. Sulfenylation of ERK in cells is observed based on DCP-Biol labeling of
lysates

. Function-altering ERK oxidation occurs in PDGF-treated NIH 3T3 and WI38
fibroblasts

. Most ERK from PDGF-treated cells is reversibly oxidized given Elk1 kinase
activity

. ERK phosphorylation assessment is insufficient as a proxy for activation
status
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Figure 1.
Trapping of sulfenic acids within cellular proteins during lysis. A) Labeling of oxidized

proteins with DCP-Biol. The reactive carbon of DCP-Biol selectively reacts with sulfenic
acids to form a covalent adduct, thereby biotinylating proteins containing sulfenic acids at
the time of lysis. B) Overall experimental approach for labeling of proteins undergoing
active oxidation to sulfenic acid. Cells are cultured to ~80% confluency, treated with an
exogenous signal of interest such as platelet-derived growth factor (PDGF), and harvested in
lysis buffer containing DCP-Bio1 to trap sulfenic acids, N-ethylmaleimide (NEM) and
iodoacetamide (IAM) to alkylate free, reduced thiols (to minimize thiol oxidation during
lysis), and catalase to remove any H,0, formed during lysis. After incubation for 30 min on
ice, lysates are clarified by centrifugation, excess DCP-Biol is removed with a molecular
sieve (BioGel P6) spin column, and eluates are subjected to avidin-based affinity capture.
Beads are then stringently washed to remove any unlabeled proteins carried over during
capture. Captured proteins are eluted by incubation in 2% sodium dodecyl sulfate (SDS) at
100°C for 10 min, followed by electrophoresis and immunoblotting for the protein of
interest. To control for differences in capture efficiency and gel loading, a pre-biotinylated
bacterial protein, AhpC, is added to lysates at a ratio of 500 ug lysate to 0.5 ug AhpC before
affinity capture. Photo courtesy of ATCC.
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Figure 2.

ERK1/2 cysteines are oxidized to sulfenic acid in response to PDGF in NIH 3T3 cells. ERK
oxidation was monitored during proliferative signaling as described in Materials and
Methods. Briefly, cells were treated with 20 ng/mL PDGF after 18 h in serum-free media
and lysed in the presence of the sulfenic acid trap DCP-Bio1l, thereby biotinylating proteins
undergoing cysteine oxidation. After addition of prebiotinylated AhpC as an internal control
(see Figure 1 legend and Methods), DCP-Biol labeled proteins were captured via
streptavidin-agarose beads, resolved by SDS-PAGE, and subjected to Western blot for total
and dual-(TEY) phosphorylated ERK (ppERK). Upper panels of (A) and (B) show
representative blots of total (A) and phosphorylated (B) ERK oxidation, as well as
corresponding blots of whole cell lysates, detected in NIH 3T3 cells treated with PDGF.
Lower panels summarize ERK band intensity from multiple experiments (n=4) of captured
proteins following normalization to AhpC and then to the band intensity at the 10 min time
point (set to 1) for each replicate. *, p<0.05; ***, p<0.001; **** p<2x10719,
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Figure 3.

H»0, generated in response to PDGF in NIH 3T3 cells is responsible for observed
sulfenylation of ERK1/2. NIH 3T3 cells were grown as in Fig. 2 and treated or not with
PDGF for 10 min with or without preincubation with PEG-Catalase as described in
Materials and Methods. PEG-Catalase significantly reduced the amount of sulfenic acid
formation on total ERK (A) and phosphorylated ERK (B) in response to PDGF, but had no
effect on total or phosphorylated ERK content in whole lysates, indicating that sulfenic acid
formation on ERK is a result of cysteine reaction with H,O» (or a derivative of H,05).
Lower panels summarize ERK band intensity from multiple experiments (n=4) normalized
as described in Figure 2. Images are representative of four biological replicates. *, p<0.05;
** < 0.01; *** p<0.001; **** p<1x10~8
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Figure 4.
ERK1/2 cysteines are oxidized to sulfenic acid in response to PDGF in WI-38 fibroblasts.

Cells were serum-starved for 18 h, treated with PDGF, and lysed in the presence of DCP-
Biol as described in Figures 1 and 2. Affinity-captured proteins were immunoblotted for
total (A) or phospho-ERK1/2 (B). Lower panels summarize ERK band intensity from
multiple experiments (n=4) normalized to AhpC, then to the sample with highest band
intensity. *, p<0.05; **, p< 0.01; **** p<5x10~10
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Figure 5.

ERKZ1/2 oxidation in ovarian cancer-derived SK-OV-3 cells treated with lysophosphatidic
acid (LPA). SK-OV-3 cells depleted of serum for 18 h were treated with 100 nM LPA and
harvested in the presence of DCP-Biol as described in Figures 1 and 2. The upper panels
show representative immunoblots of DCP-Biol labeled proteins for total ERK (A) and TEY-
phosphorylated ERK1/2 (B). The lower panels depict averaged relative intensity for each
sample after LPA treatment, normalized as in Figure 4 (n=6 for total ERK, n=3 for phospho-
ERK). *** p<0.001
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Figure 6.
Endogenous ERK oxidation inhibits kinase activity towards Elk1. Dual (TEY)

phosphorylated ERK1/2 was immunoprecipitated from NIH 3T3 cells treated with PDGF for
various time points as in Fig. 2 and as described in Materials and Methods. Each sample of
immunoprecipitated ERK1/2 was then split into two: one sample was diluted into
dithiothreitol (DTT)-containing buffer while the other was left in its native redox state
(diluted into buffer lacking DTT). Recombinant Elk1 and ATP were added and samples were
incubated at 30°C for 30 min. An immunoblot of S383-phosphorylated ElIk1 was conducted
to measure relative activities of immunoprecipitated ERK1/2. (A) Representative
immunoblot of phosphorylated Elk1. (B) Normalized Western blot data from 5 independent
replicates. DT T-treated samples are at least 5-fold more active toward EIk1 than non-reduced
immunoprecipitates at all time points tested after PDGF addition. ***p< 0.001, ****p<
0.000005. (C) Representative immunoblot for dually (TEY) phosphorylated (top) and total
(bottom) ERK1/2 from cell lysates.
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Figure 7.
Model for ERK phosphorylation and oxidation controlling activity in response to

extracellular signals. Receptor (R) activation due to stimulus (S) binding (1) leads to
MEKZ1/2 activation (2p) as well as concurrent NADPH oxidase (Nox) activation to produce
H»0, (20). Activated MEK1/2 phosphorylates inactive ERK1/2 (gray or red) on Thr and Tyr
residues (3p), and ERK1/2 is reversibly oxidized by H,O5 or a derivative thereof (30) (our
data suggest that neither modification precludes the other). Our data support a strong
inhibitory effect of this oxidation on phospho-ERK. Note that dually phosphorylated AND
oxidized ERK (yellow) is “primed” to be active once reduced (e.g., by thioredoxin or other
dithiol). Note that this diagram does not emphasize the high degree of localization that is
expected to be important in the posttranslational modification of ERK due to signal-
mediated receptor activation.
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