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Oxidative stress inhibits MEKK1 by site-specific glutathionylation in the

ATP-binding domain

Janet V. CROSS and Dennis J. TEMPLETON'

Department of Pathology, University of Virginia Medical School, PO Box 800214, Charlottesville, VA 22908-0214, U.S.A.

Many intracellular signalling events are accompanied by gener-
ation of reactive oxygen species in cells. Oxidation of protein
thiol groups is an emerging theme in signal-transduction research.
We have found that MEKK1 [MAPK (mitogen-activated pro-
tein kinase)/ERK (extracellular-signal-regulated kinase) kinase
kinase 1], an upstream activator of the SAPK/JNK (stress-acti-
vated protein kinase/c-Jun N-terminal kinase) pathway, is directly
inhibited by cysteine alkylation using NEM (N-ethylmaleimide).
The related kinase, ASK1 (apoptosis signal-regulating kinase 1),
was not inhibited, but was instead activated by NEM. Inhibition
of MEKKI1 requires a single unique cysteine residue (Cys'**®) in
the ATP-binding domain of MEKK1. Oxidative stress induced
by menadione (2-methyl-1,4-naphthoquinone) also inhibited
MEKKI1, but activated ASK1, in cells. MEKKI1 inhibition by
menadione also required Cys'**. Oxidant-inhibited MEKK 1 was
re-activated by dithiothreitol and glutathione, supporting re-

versible cysteine oxidation as a mechanism. Using various
chemical probes, we excluded modification by S-nitrosylation
or oxidation of cysteine to sulphenic acid. Oxidant-inhibited
MEKK!1 migrated normally on non-reducing gels, excluding the
possibility of intra- or inter-molecular disulphide bond form-
ation. MEKK1 was inhibited by glutathionylation in vitro, and
MEKK1 isolated from menadione-treated cells was shown by MS
to be modified by glutathione on Cys'***. Our results support a
model whereby the redox environment within the cell selectively
regulates stress signalling through MEKK1 versus ASK1, and
may thereby participate in the induction of apoptosis by oxidative
stress.

Key words: apoptosis signal-regulating kinase 1 (ASK1), gluta-
thionylation, MEKK1, oxidative stress, redox, S-thiolation.

INTRODUCTION

Physiological stress events such as UV and y-irradiation, as well
as the inflammatory cytokines TNFa (tumour necrosis factor o)
and IL18 (interleukin 18), stimulate intracellular generation of
reactive oxygen species, including H,0O, and superoxide [1-3].
This suggests that reactive oxygen species could be either me-
diators of stress signal transduction or might serve to control
secondary events such as feedback regulation. These stress signals
activate SAPK [stress-activated protein kinase; also known as
JNK (c-Jun N-terminal kinase)] [4-6]. SAPK is a member of
the MAPK (mitogen-activated protein kinase) family of protein
kinases and is controlled by the serial activation of at least three
upstream elements of a protein kinase cascade. The first charac-
terized and best-known SAPK kinase kinase is MEKK1 [MAPK
(mitogen-activated protein kinase)/ERK (extracellular-signal-
regulated kinase) kinase kinase 1] [7], which phosphorylates
and activates the SAPK kinase SEK/MKK4 (SAPK/ERK kinase/
mitogen-activated protein kinase kinase 4). However, several
other related kinases such as ASK1 (apoptosis signal-regulating
kinase 1) phosphorylate MKK4 on apparently identical sites [8].
ASK1 has a clear role in signalling to SAPK during apoptosis
[8], whereas the activation of MEKKI1 appears to transmit a
survival signal [9-11]. It is an unsolved paradox how these two
similar protein kinases, with apparently identical activities in
phosphorylation of downstream target substrates, can have oppos-
ing functions in cell physiology.

MEKK(1 was characterized by our group and others as an activ-
ator of the SAPK cascade [7,12]. Recent studies using embryonic
stem-cell lines that lack MEKK1 have confirmed the crucial role
of this kinase in activation of SAPK by a number of extracellular
stimuli [13,14]. Several studies have also implicated MEKK1
in regulation of NF-«B (nuclear factor kB) signalling pathways
[15-17], suggesting that NF-x B may represent a mechanism for
the survival signalling associated with MEKK 1. Although much
is known about the downstream targets of MEKK1, the upstream
signalling events leading to MEKK1 activation remain somewhat
obscure. The full-length MEKK1 polypeptide has a large N-ter-
minal regulatory domain containing a number of regions that
could be important for MEKK 1 regulation [18], including a provo-
cative cysteine-rich region that could be a target for redox control.
The role of this domain in regulation of MEKK1 activity, if any,
remains to be elucidated.

We have been interested in mechanisms by which redox events
regulate the function of the stress-activated SAPK/INK kinase
cascade. In general, oxidative stress is correlated with activation
of SAPK/INK as well as the p38 and ERK/MAPK kinases
[19-22]. In preliminary experiments that led to the detailed work
described in the present paper, we found that oxidative stress
may provide clues to the contradictory signalling mediated by
MEKK(1 and ASK1. Specifically, some oxidants known to induce
apoptosis and activate SAPK/JNK activation paradoxically in-
hibited MEKK(1 activity. This led us to hypothesize that oxidative
damage leading to stress-induced apoptosis was transmitted

Abbreviations used: ASK1, apoptosis signal-regulating kinase 1; cAPK, cyclic AMP-dependent protein kinase; CBD, chitin-binding domain; C1238V
(etc.), Cys'® — Val (etc.); DTT, dithiothreitol; EE epitope tag, MHEEEEYMPMEGPG (in the one-letter amino acid code); GST, glutathione S-transferase;
HA, haemagglutinin; IL1, interleukin 1; JNK, c-Jun N-terminal kinase; LNCaP, lymph-node carcinoma of the prostate; MEKK1, MAPK (mitogen-activated
protein kinase)/ERK (extracellular-signal-regulated kinase) kinase kinase 1; MKK4, mitogen-activated protein kinase kinase 4; MS/MS, tandem MS; NEM,
N-ethylmaleimide; NF-«B, nuclear factor NF-«B; SNAP, S-nitroso-N-acetylpenicillamine; SAPK, stress-activated protein kinase; SEK, SAPK/ERK kinase;
SEK-KR, a catalytically inactive mutant of SEK in which K (lysine) has been mutated to arginine (R); TNF, tumour necrosis factor.
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through an SAPK kinase kinase distinct from MEKK1 (perhaps
ASK1, which is activated by oxidative events), whereas MEKK 1
itself was subject to oxidant-mediated inhibition. The work de-
scribed below confirms this hypothesis, and identifies a direct thiol
oxidation event that serves to silence MEKK 1 without inhibiting
the activity of ASK1.

EXPERIMENTAL

Reagents

Unless otherwise specified, all chemicals were obtained from
Sigma—Aldrich.

Plasmids

A full-length rat MEKK1 expression plasmid was obtained from
Professor Melanie H. Cobb, Department of Pharmacology, Uni-
versity of Texas Southwestern Medical Center, Dallas, TX, U.S.A.
The coding region was subcloned into plasmid pTM1 using a PCR
strategy to engineer an EE (MHEEEEYMPMEGPG) epitope tag
at the 5’ end and a chitin-binding domain (CBD) tag at the 3’ end.
The truncated fragments were generated using PCR to amplify a
portion of the coding region followed by cloning into the pTM1
vector. The C1238V (Cys'**® — Val) mutant was generated using
a PCR-based mutagenesis approach. The HA (haemagglutinin)—
ASK1 expression clone was obtained from Professor Hidenori
Ichijo (Department of Biomaterials Science, Tokyo Medical and
Dental University, Tokyo, Japan). A CBD tag was added to the
C-terminus of the coding region using PCR.

Protein expression and treatments

A 1 pug portion of DNA encoding full-length or truncated
MEKK[1 proteins or full-length ASK1 was expressed in CV-1 cells
in six-well plates using a T7-polymerase-driven vaccinia-virus
overexpression system as described in [23]. After incubation over-
night, the cells were treated for 20-30 min at 37 °C with the com-
pounds indicated in the Figure legends and then lysed in
Mops lysis buffer [SO mM Mops (pH 7.0)/250 mM NaCl/5 mM
EDTA/0.1 % Nonidet P40] supplemented with 2.5 pug/ml apro-
tinin, 2.5 pg/ml leupeptin, 10 mM sodium fluoride, 5 mM so-
dium pyrophosphate, 1 mM sodium orthovanadate and 10 mM
B-glycerol phosphate. Lysates were clarified by centrifugation at
13000 g at 4 °C for 5 min. Proteins were purified using chitin
beads (New England Biolabs), washed twice with 30 vol. of
Mops lysis buffer and once with 30 vol. of 50 mM Tris/HCI,
pH 7.8. In vitro treatments were carried out at room temperature
in 50 mM Tris/HCI, pH 7.8, at concentration and incubation times
as indicated in the Figure legends. After incubation, the buffer
containing the in vitro treatment was removed from the bead-
bound kinase, which was washed once with 50 mM Tris/HClI,
pH 7.4, and the activity measured using an in vitro kinase assay.

For experiments with endogenous MEKK1, LNCaP (lymph-
node carcinoma of the prostate) cells were serum-starved for 16 h.
Cells (2 x 107 per sample) were concentrated into 10 ml of
serum-free medium, then left untreated or treated with 50 uM
menadione (2-methyl-1,4-naphthoquinone) for 15 min. The cells
were pelleted, lysed in 1 ml of Mops lysis buffer as described
above, and MEKK1 was isolated by immunoprecipitation with
anti-MEKK1 antibody (1-9C-2A; Santa Cruz Biotechnology) and
Protein A—Sepharose (Repligen Corp., Waltham, MA, U.S.A.).
Treatment with DTT (dithiothreitol) and assay for kinase acti-
vity were carried out as for the chitin-tagged recombinant
proteins.
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In vitro kinase assays

Purified MEKK 1 or ASK1 on chitin beads (or immunoprecipitates
on Protein A—Sepharose in the case of endogenous MEKK1) was
assayed for activity by an in vitro kinase assay in a buffer con-
taining 50 mM Tris/HClL, pH 7.4, 10 mM MgCl, and 7.5 uM ATP
in the presence of 10 uCi of [y-**P]ATP. A 1 ug portion of bac-
terially expressed GST (glutathione S-transferase)-tagged cata-
Iytically inactive SEK (GST-SEK-KR) was included as substrate
[SEK-KR is a catalytically inactive mutant of SEK in which K
(lysine) has been mutated to arginine (R)]. Reaction mixtures
were incubated for 30 min at room temperature, then the reaction
stopped by the addition of an equal volume of 2 x concentrated
Laemmli sample buffer [2% (w/v) SDS/100 mM Tris/HCI
(pH 7.0)/20 % (v/v) glycerol/150 mM DTT/Bromophenol Blue].
The samples were boiled and subjected to SDS/10 %-PAGE.
Gels were transferred to PVDF membrane (Immobilon), followed
by imaging and quantification using a Packard Instant Imager.
Equivalent protein was confirmed by immunoblotting with anti-
MEKKI1 antibody (Santa Cruz Biotechnology) or anti-EE or
anti-HA epitope antibodies as indicated.

MS analysis of MEKK1

An expression plasmid was engineered by PCR to encode the
wild-type catalytic domain (A1172) of MEKK1 with a thrombin
recognition sequence between the coding region and the CBD tag.
This protein was expressed and isolated as described above from
untreated cells or cells treated with 250 uM menadione. Soluble
protein was released from the chitin beads by cleavage with
thrombin and then submitted, for analysis under standard liquid
chromatography—MS conditions, to W. M. Keck Biomedical Mass
Spectrometry Laboratory, University of Virginia, Charlottesville,
VA, U.S.A. Briefly, the protein was digested with modified trypsin
(Promega, Madison, WI, U.S.A.) overnight at room tempera-
ture. A 100 ng portion of proteinase Asp-N was added and the
material allowed to digest overnight at room temperature.
The samples were acidified with formic acid, and the peptide
extract was injected on to a self-packed Jupiter C18 (Phenomenex,
Torrance, CA, U.S.A.) microcapillary column and eluted into
a Finnigan LCQ (ThermoFinnigan, San Jose, CA, U.S.A.) ion-
trap mass spectrometer using a 2-85 % (v/v) acetonitrile/0.1 M
acetic acid gradient. Full-scan (MS) and product-ion [MS/MS
(tandem MS)] spectra were acquired using full data-dependent
acquisition routines. MS/MS spectra were automatically batch-
searched using Sequest (ThermoFinnigan) against the MEKK1
sequence. Peptides containing the modified cysteine residues were
manually interpreted for confirmation.

RESULTS
MEKK1 activity is inhibited by cysteine alkylation

To test the hypothesis that cysteine residues play a role in the
regulation of MEKKI1 activity, we treated cells overexpressing
full-length MEKK1 with increasing doses of NEM (N-ethyl-
maleimide), a reagent that covalently modifies cysteine residues.
MEKK(1 was then isolated by affinity purification on chitin beads
and assayed for kinase activity. Treatment of cells with NEM com-
pletely inhibited the activity of MEKK 1 (Figure 1A, left panel). At
the highest doses of NEM (0.5-1.0 mM), the MEKK1 protein was
undetectable (Figure 1A, left, lower panel), suggesting that these
concentrations of NEM induced degradation of the full-length
MEKK]1 protein.
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Figure 1 NEM specifically and directly inhibits MEKK1, but not ASK1

(A) Cells overexpressing full-length MEKK1 (left) or ASK1 (right) fused to a CBD were treated with
decreasing concentrations of NEM (1, 0.5, 0.25, 0.1 and 0.05 mM). Cells were lysed, the kinase
purified and its activity was measured by an in vitro kinase assay using SEK-KR as substrate.
MEKK1 was inhibited at all concentrations of NEM. The inhibition of MEKKT is specific, since
ASK1 is not inhibited (but instead activated) by NEM treatment. High concentrations of NEM
cause degradation of both kinases. Abbreviations: autoP, autophosphorylation; 1B, immunoblot.
(B) Purified MEKKT on chitin beads was treated with 1 mM NEM for 20 min. NEM was removed
and the activity measured as described above. Purified MEKK1 is inhibited by NEM, suggesting
that inhibition is due to direct modification of MEKK1.

The related MAP3K kinase, ASK1, was not inhibited by
moderate doses of NEM, but was instead activated by NEM at the
lower concentrations (Figure 1A, right panel, lanes 4-6). Similar
to MEKKI1, the higher doses of NEM caused a loss of ASK1
protein. Thus inhibition of MEKK1 by moderate concentrations
of NEM occurs through a specific mechanism that is not common
to all protein kinases. In contrast, the degradation induced by
higher doses of NEM appears to operate through a mechanism
that is common to both MEKK1 and ASK1.

Inhibition of MEKK1 by low concentrations of NEM might
be due to a direct effect on MEKKI1 itself, or could represent
inhibition of events upstream of MEKK1. To determine whether
MEKKI1 is directly inhibited by NEM, we affinity-purified
active MEKK1 and treated the purified protein with NEM in vitro.
As shown in Figure 1(B), purified MEKK 1 was completely inhibi-
ted by exposure to NEM in vitro, indicating direct modification
and inhibition of MEKK1 by NEM.

NEM targets the catalytic domain of MEKK1

To determine which domain of MEKK1 mediates sensitivity to
NEM, we compared the effect of NEM treatment on two C-ter-
minal protein fragments of MEKKI1 that lack the N-terminal
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Figure 2 The catalytic domain of MEKK1 is the target of NEM inhibition

(A) Schematic of full-length MEKK1 and the two truncated fragments (not drawn to scale).
The site of caspase cleavage (D869) is indicated. N-terminally truncated fragments of MEKK1
representing the caspase cleavage product (A869) or the catalytic domain fragment (A1172)
are shown. Abbreviation: PH, pleckstrin homology domain. The indicated CBD-tagged proteins
were expressed and treated with 1 mM and 0.5 mM NEM on cells (B) or 1 mM NEM for purified
protein in vitro (G). Abbreviation: 1B, immunoblot. Kinase activity was measured by in vitro
kinase assay. The catalytic fragment of the protein is inhibited by NEM, indicating that the target
of modification lies within this domain. The truncated MEKK1 proteins are not degraded in
response to NEM.

regulatory domains (Figure 2A). The first truncation mutant,
A869, mimics the fragment generated when MEKK1 undergoes
caspase-mediated cleavage during apoptosis [9-11]. The second,
A1172, is likely the minimal-catalytic-domain fragment of the
kinase. We found that both the A869 fragment and the catalytic-
domain fragment A1172 were inhibited by NEM after exposure
in cells (Figure 2B) or in vitro (Figure 2C). Thus the NEM-
targeted cysteine residue(s) that is relevant for kinase activity
lies within the catalytic domain of the kinase. Importantly, the
truncated kinases were not degraded in response to high doses
of NEM (1 mM) (Figure 2B, lower panels), suggesting that the
degradation of MEKK1 in response to NEM requires sequences
upstream of the amino acid at position 869.

Cys'2% js the target of inhibitory NEM modification

Comparison of the primary sequence of MEKK1 with those of
other MEKK family members, including the NEM-insensitive
kinase ASK1, revealed the presence of an unconserved cysteine
residue in the ATP-binding domain of MEKK1. This position is
occupied by a valine residue in most other kinases. To determine
whether this cysteine residue could represent the target of NEM
modification that is relevant for MEKK1 activity, we mutated the
catalytic-domain fragment of MEKKI1 to replace this cysteine
residue with a valine residue. This mutation, at position 1238

© 2004 Biochemical Society
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Figure 3 MEKK1 C1238V substitution confers NEM resistance

The cysteine codon at position 1238 was mutated to valine in the context of full-length or
truncated MEKK1. The proteins were overexpressed and then treated with NEM either in cells
(A) (full-length, 0.25, 0.1 and 0.05 mM; truncations, 1 and 0.5 mM) or following purification
(B) (1 mM NEM for all). The C1238V mutant of MEKK1 is completely resistant to NEM.
Abbreviations: autoP, autophosphorylation; WT, wild-type; CV, C1238V mutant.

(C1238V), resulted in the generation of a protein kinase that
retained activity but was completely resistant to inhibition by
NEM, either in treated cells (Figure 3A) or as purified protein
treated with NEM in vitro (Figure 3B). In fact, mutation of this
single cysteine residue to a valine residue was sufficient to
completely abolish NEM sensitivity, even in the context of the full-
length MEKK1 protein (Figures 3A and 3B, left panels). Thus,
whereas NEM certainly alkylates numerous cysteine residues on
full-length MEKK 1, only Cys'**® alkylation is relevant for loss of
catalytic activity.

Oxidative stress inhibits wild-type MEKK1 but not
the C1238V mutant

Treatment of MEKK 1 with NEM indicates that modification of the
cysteine at position 1238 is sufficient to completely abolish kinase
activity. Therefore we set out to determine whether oxidative
stress could induce cysteine modification(s) that impact MEKK1
activity. Treatment of cells overexpressing the catalytic domain of
MEKK]1 with 10 mM H,O, inhibited MEKK1 activity (Figure 4,
upper panel). This inhibition was unique to the wild-type protein,
since the C1238V mutant was resistant to inhibition by H,O,
(Figure 4A, lower panel).

Menadione is a redox-cycling reactive quinone that has a
number of effects on the cell, including the generation of reactive
oxygen species and depletion of glutathione, resulting in intra-
cellular oxidative damage [24-29]. We examined the effect of
menadione treatment of cells on the activity of MEKKI1. Sim-
ilar to treatment with H,O,, exposure of cells to 250 M menad-
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Figure 4 Oxidative stress inhibits MEKK1 by inducing a DTT-reversible
modification

(R) Wild-type or C1238V catalytic domain MEKK1 (A1172) (left) or full-length ASK1 (right)
were expressed in cells that were then treated with hydrogen peroxide (H,02, 10 mM), NEM
(1 mM) or menadione (250 «M) as indicated. Kinase was purified and activity measured using
an in vitro kinase assay. Stimuli that induce oxidative stress inhibited wild-type MEKK1, but
not the C1238V (‘CV’) mutant. ASK1 is not inhibited, but instead activated, by menadione.
(B) Wild-type MEKK1 was isolated from cells treated as in (A) and then incubated in vitro with
10 mM DTT. The activity of the kinase was measured by an in vitro kinase assay. DTT treatment
restored the activity of H,0,- or menadione-inhibited MEKK1. (C) Endogenous MEKK1 was
immunoprecipitated from either untreated or menadione-treated LNCaP cells. The protein was left
untreated or treated with 10 mM DTT in vitro, and the activity measured by an in vitro kinase
assay. Endogenous MEKKT was inhibited by menadione treatment and was partially re-activated
by reduction with DTT. Abbreviations: autoP, autophosphorylation; WT, wild-type; CV, C1238V
mutant.

ione inhibited wild-type MEKK1 (Figure 4A, upper left panel).
Although this concentration of menadione was used in most ex-
periments in order to achieve near complete inhibition over the
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short time periods tested, MEKK1 was inhibited dose-re-
sponsively by menadione, with approx. 50 % inhibition at 25 uM
(results not shown). In contrast with wild-type MEKK1, the
C1238V mutant of MEKK 1 was completely resistant to inhibition
(Figure 4A, lower left panel). Importantly, ASK1 was not only re-
sistant to inhibition by menadione, but was instead activated in
response to menadione (Figure 4A, right panel). Thus, like NEM,
oxidants specifically inhibit MEKK1 activity through a single
cysteine residue, amino acid position 1238.

Oxidant-mediated inhibition of MEKK1 is reversed by treatment
with DTT in vitro

To verify that the inhibition of MEKK1 was due to cysteine
oxidation and to begin characterization of the nature of the modi-
fication, we examined whether the inhibition could be reversed by
reduction in vitro. Inhibited MEKK1 protein was purified from
oxidant-treated cells and then incubated in vitro with the reducing
agent DTT. DTT treatment completely restored the activity of
MEKKI1 protein isolated from menadione or H,O,-treated cells
(Figure 4B). Since alkylation of cysteine residues by NEM is
an irreversible reaction, MEKK1 protein isolated from NEM-
treated cells could not be re-activated by DTT in vitro (Figure 4B).
Importantly, DTT treatment of wild-type MEKK1 isolated from
untreated cells consistently resulted in a small, but reproducible,
increase in kinase activity (Figure 4B; see also Figures 5, 6C and
6D below), perhaps indicating that a fraction of the overexpressed
protein is present in an oxidized and inhibited form that can be
fully activated by reduction with DTT in vitro.

Endogenous MEKK1 is inhibited by cysteine oxidation following
oxidative stress

To confirm the role of redox events in regulation of MEKK1,
we examined the effect of menadione treatment on endogenous
MEKKI1 protein activity. Endogenous MEKK1 protein was im-
munoprecipitated from either untreated cells or cells that were
exposed to menadione for 20 min. The immunoprecipitated
MEKKI1 was either left untreated or incubated with 10 mM DTT
for 30 min, and then assayed for kinase activity. Oxidative stress
induced by menadione significantly inhibited the activity of the
endogenous MEKK(1 protein (Figure 4C; compare lanes 1 and 3).
This loss of activity could be partially restored by exposure
of the purified protein to DTT in vitro (Figure 4C, lane 4),
suggesting that inhibition is due to a reversible, DTT-sensitive
modification. Importantly, similar to the overexpressed catalytic-
domain fragment, the activity of the endogenous protein isolated
from untreated cells was also stimulated more than 2-fold by
exposure to DTT in vitro (Figure 4C; compare lanes 1 and 2),
suggesting that a fraction of the endogenous MEKK1 protein is
inhibited by a DTT-sensitive modification, even in untreated cells.

Oxidized MEKK1 is resistant to inhibition by NEM

To further confirm that in vivo inhibition of MEKK 1 by menadione
is the result of a reversible cysteine-oxidation event, we asked
whether MEKK 1 oxidized by menadione treatment of cells would
be protected from subsequent exposure to NEM. To this end, un-
treated or menadione-treated cells were lysed in a buffer contain-
ing 1 mM NEM to alkylate all non-oxidized cysteine residues. In
the case of wild-type unoxidized protein, the presence of NEM
in the lysis buffer completely inhibited the activity of MEKK1
(Figure 5; compare lane 3 with lane 1). This protein could not
be re-activated by DTT in vitro (Figure 5, lane 4). Treatment of

untreated menadione
o s + | NEMin lysis buffer
r_ W T W1 DTT (after pull down)
MEKK1
SEK-KR> ~ . ® wild type

MEKK1
sexkr> DO
12 3 4 5 6 7 8

Figure 5 Oxidant-inhibited MEKK1 is protected from NEM exposure

Wild-type or C1238V catalytic domain (A1172) MEKK1 was expressed in cells that were then
left untreated or treated with 250 M menadione. The cells were lysed in buffer containing
1 mM NEM. The MEKK1 protein was purified on chitin beads and then treated with 10 mM DTT
as described above. The MEKK1 isolated from menadione-treated cells was protected from NEM
modification during lysis, and could therefore be re-activated by subsequent DTT treatment
in vitro.

cells with menadione prior to lysis in NEM resulted in MEKK1
that was inhibited (Figure 5, lane 7). However, this protein could
be re-activated by DTT (Figure 5, lane 8). This indicates that
oxidative modification of the cysteine residue protects MEKK1
from irreversible alkylation by NEM. As expected, the C1238V
mutant is unaffected by lysis in the presence of NEM, as well as
by in vitro reduction with DTT.

Identification of the Cys'23 oxidation event on MEKK1

Cysteine residues within proteins can be modified in several ways
following oxidative stress in cells. These include: (1) formation
of inter- or intra-molecular disulphide bonds; (2) modification by
reactive nitrogen species (i.e. S-nitrosylation); (3) direct oxidation
of the cysteine thiol groups to sulphenic acid or to higher-order
sulphinic or sulphonic acid; or (4) formation of mixed disulphides
with a small intracellular thiol (e.g. glutathione).

To address the first possibility, we examined oxidant-inhibited
MEKKI1 by non-reducing gel electrophoresis (Figure 6A). The
presence of an intramolecular disulphide bond would result in
altered migration on non-reducing SDS/PAGE. Formation of a
disulphide bond between two molecules of MEKK1 or between
MEKKI1 and another protein would reduce mobility on SDS/
PAGE. Neither menadione nor diamide treatment of cells ex-
pressing MEKK1 resulted in altered electrophoretic mobility
under non-reducing conditions, suggesting that the inhibition of
MEKKT1 is not due to either type of disulphide-bond formation.

To address the potential sensitivity of MEKKI1 to S-nitro-
sylation, we used two different nitric oxide donors, S-nitrosogluta-
thione (GSNO) and S-nitroso-N-acetylpenicillamine (SNAP).
Both failed to inhibit MEKK1 activity, suggesting that MEKK1
is not sensitive to modification by NO (Figure 6B). Even at
concentrations as high as 10 mM (results not shown), SNAP
had no effect on MEKKI1 activity. In addition, ascorbate, which
reverses S-nitrosylation, failed to re-activate menadione-inhibited
MEKKI1 (Figure 6C), suggesting that inhibition is not due to
S-nitrosylation.

Since DTT reactivates oxidant-inhibited MEKK1 (shown in
Figure 4B), higher-order oxidation of cysteine to sulphinic or
sulphonic acid is unlikely, as these oxidized forms are insensitive
to reduction by DTT. To address the possibility of oxidation of

© 2004 Biochemical Society
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Figure 6 MEKK1 inhibition by oxidants does not involve inter- or intra-
molecular disulphide-bond formation, NO modification, or oxidation of
cysteine to sulphenic acid

(R) Cells expressing the catalytic domain fragment of MEKK1 were left untreated () or treated
with menadione ('men’; 250 M) or diamide (‘'dia’; 1 mM). The cells were lysed and samples
prepared in Laemmli sample buffer without DTT supplemented with 10 mM NEM. Samples were
divided into two fractions and one was adjusted to 75 mM DTT. The samples were subjected
to SDS/10%-PAGE, transferred to PVDF membrane and blotted with anti-MEKK1 antibody.
Oxidant-inhibited MEKK1 did not exhibit altered electrophoretic mobility under non-reducing
conditions. (B) Cells expressing wild-type or C1238V (CV) mutant A1172 (upper panel) or
N-terminally truncated MEKK1 A 765 (lower pannel) were treated with menadione (M, 250 pM),
GSNO (0.2 mM or 0.5 mM), NEM (N, 1 mM) or SNAP (S, 100 «M) as indicated. MEKK1 was
purified and activity measured by in vitro kinase assay. MEKK1 activity was unaffected by either
of the NO donors. (C) The catalytic domain of MEKK1 was isolated from either untreated cells
or cells exposed to 250 ..M menadione. Purified MEKK1 was treated with either 10 mM DTT
(‘D") or 10 mM ascorbate (‘A") for 30 min, then MEKK1 activity was measured by in vitro ki-
nase assay. Menadione-inhibited MEKK1 was not re-activated by exposure to ascorbate in vitro.
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Figure 7 Glutathione re-activates menadione-inhibited MEKK1

The catalytic domain of MEKK1 was isolated from untreated cells or cells treated with 250 M
menadione. The purified protein was incubated with the indicated concentrations of glutathione
for 30 min and activity measured using an in vitro kinase assay. Exposure to glutathione restored
the activity of menadione-inhibited MEKKT.

cysteine to sulphenic acid, we used a covalent probe for sulphenic
acid, dimedone (5,5-dimethylcyclohexane-1,3-dione) [30]. Re-
action of sulphenic acid with dimedone produces a DTT-ir-
reversible modification [31]. If the inhibition of MEKK1 by
menadione were due to sulphenic acid formation, in vitro
exposure to dimedone would prevent subsequent re-activation by
DTT. Figure 6(D) demonstrates that dimedone had no effect on
the reactivation of MEKK1 by DTT, suggesting that inhibition is
not due to sulphenic acid.

Taken together, these experiments leave formation of mixed
disulphides with small thiol-containing molecules as the likely
mechanism for inhibition of MEKK1 by oxidative stress. We
examined whether menadione may inhibit MEKK1 by inducing
glutathionylation of Cys'*#,

Oxidized MEKK1 is re-activated by exposure to glutathione

To further define the modification that occurs at Cys'** in response

to oxidant exposure, menadione-inhibited protein was exposed to
various reducing agents in vitro. Like DTT, 2-mercaptoethanol
was able to restore the activity of menadione-inhibited MEKK1
(results not shown). Interestingly, glutathione, a relatively weaker
reducing agent, was also capable of re-activating menadione-
inhibited MEKK1. The re-activation by glutathione was dose-
responsive over three logarithmically decreasing concentrations
(10 mM, 1.0 mM, and 0.1 mM; Figure 7, lanes 7, 8 and 9 re-
spectively), with the re-activation nearly complete at 10 mM.
The C1238V mutant was resistant to any effect of menadione or
in vitro exposure to glutathione, even at the highest dose tested
(Figure 7, lanes 3-5). These data support glutathionylation as the
mechanism of inhibition of MEKK1 by menadione. It should be
noted that these concentrations of glutathione are within the range
predicted to exist in mammalian cells, suggesting that oxidant
inhibition of MEKK1 would be reversible at physiologically re-
levant concentrations of glutathione.

MEKK1 is inhibited by in vitro oxidant-mediated glutathionylation

To directly examine the sensitivity of MEKKI1 to glutathionyl-
ation, we applied an in vitro oxidant-induced glutathionylation
assay [32,33]. Purified MEKK1 was exposed to an oxidant
(diamide) in the presence or absence of glutathione (Figure 8).

(D) Wild-type catalytic domain MEKK1 was isolated from untreated cells (white bars) or cells
treated with 250 M menadione (grey bars). Purified MEKK1 was incubated with or without
20 mM dimedone for 1 h at room temperature. DTT at 10 mM was added to the indicated
samples, and incubation continued for additional 30 min. The buffer containing the treatments
was removed from the kinase immabilized on chitin beads, and activity was measured by using
an in vitro kinase assay. A representative of three independent experiments is shown. Dimedone
did not interfere with re-activation of menadione-inhibited MEKK by DTT.
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Figure 8 Oxidant-induced glutathionylation in vitro inhibits MEKK1

Purified wild-type (WT’) or C1238V MEKK1 was treated with increasing concentrations of
the oxidant diamide in the presence or absence of 100 «M glutathione for 30 min at room
temperature. The treated proteins were washed, and the activity of the MEKK1 measured by
in vitro kinase assay. A representative of three independent experiments is shown. Diamide
inhibited MEKK1 dose-responsively over the concentration range tested. This inhibition was
enhanced in the presence of glutathione. The C1238V mutant was less sensitive to diamide
treatment and was unaffected by the inclusion of glutathione in the reaction mixture.

Wild-type MEKK1 was dose-responsively inhibited by diamide.
This inhibition was markedly enhanced in the presence of gluta-
thione. The C1238V mutant was partially resistant to diamide at
the concentrations tested. Importantly, the C1238V protein was
completely insensitive to the presence of glutathione in the
reaction mixture. Thus MEKKI1 is inhibited by glutathionylation
in vitro, and inhibition requires Cys'*®,

Glutathionylation of MEKK1 at Cys'?% in cells following
oxidative stress

To confirm the results of the in vitro assay above and to determine
whether MEKK1 is glutathionylated in intact cells, we examined
MEKK(1 from menadione-treated cells by MS (Figure 9). The pep-
tide containing Cys'**® was observed in the spectra obtained from
both the untreated MEKKI1 protein and MEKKI1 purified
from menadione-treated cells. However, menadione-exposed
MEKKI1 contained an additional peak representing a modified
form of the Cys'*!-containing peptide with a 305 Da mass
increase. This mass change is consistent with glutathionylation
of the peptide. Sequencing of this peak by MS/MS localized the
modification to the cysteine residue. This glutathionylated form
of the peptide was absent from the untreated control, where the
Cys'**-containing peptide existed exclusively in an unmodified
reduced form. A second fraction of the Cys'**®-containing peptide
in the menadione-treated MEKK 1 sample had a 171 Da addition.
This mass difference is compatible with direct menadione adduct
formation, a known consequence of menadione exposure [34].
Sequence analysis confirmed that this modification also occurred
at Cys'?®. These results demonstrate that oxidative stress induced
by menadione leads to glutathionylation of MEKK1 at Cys'** in
intact cells.

DISCUSSION

Oxidation of specific cysteine residues on target proteins is
an emerging theme in regulation of signal transduction. Like
control by phosphorylation, redox control of signal transduction
is likely to occur through several mechanisms that control protein
localization and interactions, as well as the intrinsic activity of
cell-signalling proteins. Here, we demonstrate that the MEKK1
protein kinase is sensitive to inhibition by direct cysteine alkyl-
ation as well as by exposure of cells to agents that induce oxidative
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Figure 9 MEKK1 is glutathionylated at Cys'?® in menadione-treated cells

MEKK1 was purified from untreated cells or from cells treated with 250 .M menadione, digested
with trypsin and proteinase Asp-N and analysed by MS. (A) Predicted product-ion (MS/MS)
values for unmodified and glutathionylated Cys'2*-containing peptide. Representative MS/MS
spectra for unmodified peptide (B) and glutathionylated peptide (C) are shown, with indicators
identifying the predicted peaks.

stress. We identified a single cysteine residue that mediates
this sensitivity. By examining various chemical and physical pro-
perties of oxidized MEKK1, we characterized the nature of the
redox modification at this cysteine residue. Finally, using an
in vitro assay as well as direct analysis of MEKK1 purified from
oxidant-exposed cells by MS we demonstrated that inhibition of
MEKK1 involves glutathionylation at Cys'>.

Several examples of oxidation events that impact protein
activity have been described previously. Formation of an intra-
molecular disulphide bond in the bacterial OxyR transcription
factor following exposure to H,O, results in activation of the
protein [35]. In mammalian systems, the serotonin (5-hydroxy-
tryptamine) N-acetyltransferase (arylalkylamine N-acetyltrans-
ferase, ‘AA-NAT”’) forms an intramolecular disulphide between
cysteine residues at positions 61 and 177 following exposure to
H,0, in vitro, resulting in inhibition of enzymic activity [36].
Formation of sulphenic acid has been proposed to be involved in

© 2004 Biochemical Society
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the regulation of a variety of proteins (e.g. N-acetyltransferases,
peroxiredoxins, pSO NF-«k B and human serum albumin [37-39]).
However, the oxidation to sulphenic acid is generally considered
unstable and is often modelled as an intermediate in an oxidation
pathway leading to formation of a more stable oxidized form.

Oxidative control has been shown in several signalling mol-
ecules, largely through in vitro studies. Some protein kinases
are regulated through interaction with oxidation-sensitive partner
molecules. For example, the ASK1 protein kinase is inhibited by
non-covalent binding to reduced thioredoxin [40]. Upon oxidation
the thioredoxin dissociates, resulting in activation of ASK1. A
similar mechanism has been proposed for inhibition of SAPK by
GST Pi [41].

Other signalling proteins are regulated by direct oxidation
events. The small G protein Ras can be modified by both gluta-
thionylation and S-nitrosylation. These modifications can prevent
the required farnyslation of the Ras protein [42], as well as stim-
ulate its guanine-nucleotide exchange function [43]. The mam-
malian cell-cycle phosphatase cdc25B is susceptible to inhibition
in the presence of H,0, in vitro through disulphide-bond form-
ation involving a sulphenic acid intermediate [44,45]. The active-
site cysteine residue of protein phosphatases has been examined
as a target for oxidative inhibition [32,46]. The best-characterized
example of this is the inhibition of protein tyrosine phosphatase
1B by H, O, in vitro. This is caused by a stable sulphenyl-amide
intermediate formed between a sulphenic acid at the catalytic
cysteine and the main peptide chain amine of the adjacent serine
residue [47,48]. Finally, cAPK (cyclic AMP-dependent protein
kinase) is inhibited by the oxidant diamide in vitro, resulting in
disulphide-bond formation between cysteine residues at position
199 and 343 [49]. However, in the presence of glutathione, either
in vitro or in the context of an intact cell, diamide inhibits cAPK by
glutathionylation at Cys'” [49]. This cysteine residue lies within
the activation loop of the protein kinase and is predicted to be
important for interaction with substrates.

The modification we have characterized on MEKK1 is unique
in these examples. The Cys'**® residue of MEKK1 lies within the
ATP-binding pocket of the kinase. Modification of this residue by
either experimental alkylation with NEM or by inducible gluta-
thionylation in oxidant-exposed cells would therefore be pre-
dicted to inhibit the catalytic activity by interfering with the ability
of the kinase to bind ATP. The presence of a cysteine codon at this
location is rare. Only a few other protein kinases share this feature,
including the polo family kinases [PLK (polo-like kinase), polo,
cdc5] and the src-family tyrosine kinase Lck (lymphocyte kinase).
This shared cysteine residue suggests that these kinases may also
be sensitive to oxidative stress via modification at this site.

Inhibition of MEKK1 by oxidation appears to be dominant
over activation of the kinase by phosphorylation. This is based
on the observation that oxidative inhibition does not remove the
activating autophosphorylation [50], as judged by an unchanged
electrophoretic mobility. In addition, re-activation of oxidant-
inhibited MEKK 1 by DTT does not require ATP. Cys'** appears
unique in its contribution to redox control of MEKKI1, as indi-
vidual mutation of each of four cysteine residues in the catalytic
domain (Cys'”, Cys"!", Cys'** and Cys'*®) does not affect the
oxidant sensitivity of the protein (results not shown). Mutation of
the fifth cysteine (Cys'*'®), which is conserved in ASKI, results
in a protein that is catalytically inactive. The conservation of
this cysteine residue in other MEKK family members suggests a
potential structural role.

MEKKI1 and the related kinase ASK1 both phosphorylate
MKK4, leading to activation of SAPK/JNK by both kinases.
Paradoxically, ASK1 promotes apoptosis [8], whereas MEKK1
provides a cell-survival signal [9—11], probably through coinci-
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dent activation of other pathways. Our results provide a possible
explanation for this contradiction, in that oxidative stress can
activate ASK1 while inhibiting MEKK 1. Thus, while many stress
signals (e.g. inflammatory cytokines) may stimulate both kinases
and result in a mixed death and survival signal, the addition of
oxidative damage serves to shut down one kinase while stimulat-
ing the other. Therefore, glutathionylation of MEKK 1 might parti-
cipate in shifting the balance from cell survival to cell death.

In addition to a role in the regulation of MEKK1 protein fol-
lowing oxidative stress, inhibition of basal MEKKI1 activity by
oxidation of Cys'*** may be a part of normal cellular physiology.
The activity of endogenous MEKK(1 is enhanced more than 2-fold
by DTT in vitro, and the wild-type catalytic domain fragment
(but not the C1238V mutant) is also moderately activated by
DTT. This suggests that MEKK1 is inhibited by a DTT-reversible
modification, even in unstressed cells. In addition, cysteine
oxidation may play a role in feedback inhibition of MEKK1 acti-
vity following stimulatory signalling. Many extracellular stimuli,
including inflammatory cytokines and UV exposure, are associ-
ated with generation of reactive oxygen species such as H,O,.
Glutathionylation of MEKK 1 may represent a means of feedback
inhibition following responses to these stimuli.

The contribution of oxidative control in the regulation of signal
transduction is emerging through the examples cited above and the
work described here. Experimental evaluation of redox regulation
of protein function is severely limited by the lack of appropriate
reagents and methods. We are interested in further developing
techniques to allow examination of these events. New approaches
for these studies could reveal a substantial role for protein-
oxidation events in the control of signal transduction, the com-
plexity and magnitude of which probably complements the signi-
ficant role of phosphorylation in the exquisite control of cell
signalling.
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