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ASK1 cysteine oxidation allows JNK activation upon oxidative stress. Trx1 negatively regulates this pathway by reducing
the oxidized cysteines of ASK1. However, precisely how oxidized ASK1 is involved in JNK activation and how Trx1
regulates ASK1 oxidoreduction remains elusive. Here, we describe two different thiol reductase activities of Trx1 on
ASK1. First, in H,0,-treated cells, Trx1 reduces the various disulfide bonds generated between cysteines of ASK1 by a
rapid and transient action. Second, in untreated cells, Trx1 shows a more stable thiol reductase activity on cysteine 250
(Cys250) of ASK1. After H,O, treatment, Trx1 dissociates from Cys250, which is not sufficient to activate the ASK1-JNK
pathway. Indeed, in untreated cells, a Cys250 to alanine mutant of ASK1 (C250A), which cannot bind Trxl, does not
constitutively activate JNK. On the other hand, in H,O,-treated cells, this mutant (C250A) fails to activate JNK and does
not induce apoptosis, although it remains fully phosphorylated on Threonine 838 (Thr838) in its activation loop. Overall,
our data show that Cys250 is essential for H,O,-dependent signaling downstream from ASK1 but at a step subsequent to

the phosphorylation of ASK1 Thr838. They also clarify the thiol reductase function of Trx1 on ASK1 activity.

INTRODUCTION

Hydrogen peroxide (H,O,) has long been considered as an
unwanted by-product of cell respiration. However, the ca-
pacity of the cell to produce H,O, in response to stimuli
such as ligand-receptor binding and microorganism infec-
tion as well as the recognized role of H,O, in normal cellular
processes like proliferation, differentiation, migration and
programmed cell death, have changed our vision of this
compound from a metabolic waste product to an impor-
tant intracellular signaling molecule (Stone and Yang,
2006; D’ Autreaux and Toledano, 2007).

The mitogen-activated protein kinase kinase kinase 5
(MAPKKKS), better known as apoptosis signal-regulated
kinase 1 (ASK1), is a major convergence point of signal
transduction induced by H,O,. ASK1 lies upstream of the
stress-activated kinase, p38 and the Jun NH,-terminal ki-
nase, JNK and is essential for their H,O,-dependent activa-
tion (Ichijo et al., 1997; Tobiume et al., 2001). Glucose depri-
vation, extracellular ATP, accumulation of amyloid B
peptides in Alzheimer disease, and TNF all stimulate the
production of reactive oxygen species (ROS), such as H,O,,
and lead to apoptosis by an ASK1-dependent process (Gotoh
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and Cooper, 1998; Liu et al., 2000; Song et al., 2002; Song and
Lee, 2003b; Kadowaki et al., 2005; Noguchi et al., 2008). Many
mechanisms have been proposed to regulate the H,O,-de-
pendent activation of ASK1 such as the binding of cofactors
TRAF2 or PKD and the dissociation of the inhibitors 14-3-3,
Hsp70, glutaredoxin-1 and thioredoxin-1 (Trx1) (Nishitoh et
al., 1998; Saitoh et al., 1998; Liu et al., 2000; Park et al., 2002;
Song et al., 2002; Song and Lee, 2003b; Goldman et al., 2004;
Zhang et al., 2004a; Noguchi et al., 2005; Zhang et al., 2005).
Among these negative regulators, Trx1 is undoubtedly the
most studied.

The canonical function of Trx1 is to reduce intra- or inter-
molecular disulfide bonds within or between proteins
(Powis and Montfort, 2001). Trx1-mediated disulfide reduc-
tion in ribonucleotide reductase, TNFRSF8, NF-«B, and
PTEN has demonstrated a role for Trx1 in DNA synthesis,
inflammation, transcription, and signal transduction regula-
tion, respectively (Laurent et al., 1964; Matthews et al., 1992;
Lee et al., 2002; Meuillet et al., 2004; Schwertassek et al., 2007).

The thiol reductase activity of Trx1 is provided by cys-
teines 32 (C32) and 35 (C35) which form a redox catalytic
CXPC motif. First, C32 forms an intermediate disulfide bond
with one of the two cysteines of the disulfide bond found on
the substrate. Then, C35 reduces the intermediate disulfide
bond resulting in the formation of an intramolecular disul-
fide bond between C32 and C35 and the release of the
reduced substrate (Holmgren, 1995; Powis and Montfort,
2001).

Many studies have shown that Trx1 maintains ASK1 in-
active by direct association and that the dissociation of Trx1
from ASK1 corresponds with the activation of the kinase
function of ASK1 (Saitoh et al., 1998; Liu et al., 2000). This
interaction involves the catalytic cysteines C32 or C35 of
Trx1 because mutation of either is sufficient to inhibit the
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dissociation of Trx1 from ASK1 upon H,O, treatment and
subsequent activation of downstream ASKI1-dependent
pathways (Liu and Min, 2002). Moreover, TNF stimulation
and glucose deprivation lead to increased cellular H,O,
levels, and antioxidants such as catalase or N-acetylcysteine
(NAC) inhibit the release of Trx1 from ASK1 (Liu and Min,
2002; Song and Lee, 2003a, b). These results led to a model in
which H,0, triggers Trx1 oxidation on C32 and C35 and the
formation of an intramolecular disulfide bond between these
two cysteines. This would allow the dissociation of Trxl
from ASK1 and its subsequent activation. Intriguingly, this
Trx1-ASK1 regulation model does not involve the classical
thiol-reductase function of Trx1 (Liu and Min, 2002).

We recently showed an alternative mechanism for the
function of Trx1 in the regulation of ASK1 disulfide-bonded
multimers (DBM) which was more in line with its canonical
thiol reductase function. More precisely, we found that cell
exposure to H,O, induced the oxidation of specific ASK1
cysteine residues and the consequent formation of ASK1
DBM (Nadeau et al., 2007). We proposed a functional role for
ASK1 DBM by showing that changing all oxidation-sensitive
cysteines responsible for DBM formation prevented the ac-
tivation of JNK and the induction of apoptosis. Furthermore,
ASKI DBM were reduced by Trx1 in the recovery period.
This result explained the known function of Trx1 as a neg-
ative regulator of ASK1 activity and was, at the same time,
more consistent with the classical thiol reductase function of
Trx1. However, the precise molecular mechanism by which
Trx1 regulated each oxidation-sensitive cysteine of ASK1
remained unknown.

In the present study, we clarify the regulation of ASK1 by
oxidoreduction. First, we identifiy the cysteines of ASK1
associated with Trx1 and characterize the function of Trx1
on these cysteines. Second, we analyze the role of these
cysteines in H,O,-dependent JNK activation and apoptosis.
Thus, we report two types of thiol reductase activity be-
tween Trx1 and the oxidation-sensitive cysteines of ASKI.
Moreover, we show the critical involvement of Cys250 of
ASK1 in H,O,-dependent signal transduction.

MATERIALS AND METHODS

Plasmids and Reagents

pcDNA3-ASK1-HA encodes the full-length sequence of human ASK1 and an
hemagglutinin (HA) epitope (Ichijo et al., 1997). The various cysteine to
alanine ASK1 mutants were constructed by PCR (PCR) after site-directed
mutagenesis (QuickChange mutagenesis kit, Stratagene, La Jolla, CA). All
newly developed constructs were validated by automated DNA sequencing
(Plateforme de séquencage et de génotypage du genome, CRCHUQ, Québec,
Canada). pCMV5-Myc-Trx1 expressed a Myc-tagged human Trx1 (Liu ef al.,
2000), whereas pRK-Flag-Trx1, pRK-Flag-Trx1C35S, and pRK-Flag-Trx1C32S
encode Flag-tagged human Trx1 and cysteine 35 or 32 to serine substitutions
Trx1 mutants, respectively (Liu and Min, 2002). Hydrogen peroxide (H,0,),
thapsigargin, Iodoacetamide, 2-mercaptoethanol, and poly-L-lysine were pur-
chased from Sigma Diagnostics Canada (Mississauga, ON, Canada).

Cell Culture and Transfection

HeLa, Human embryonic kidney (HEK) 293 and 293T cells (variant of
HEK293 transformed with the SV40 large T antigen) were cultivated in
DMEM (catalogue no. 12100-046; Invitrogen Canada, Burlington, ON, Can-
ada) containing 2.2 g/1 NaHCO; and 0.4 g/1 NaCl and supplemented with
10% fetal bovine serum (Sigma Diagnostics Canada). The cultures were
maintained at 37°C in a 5% CO, humidified atmosphere. Before transfection,
the cells were seeded onto six-well plates or 35-mm Petri dishes (for immu-
nofluorescence) coated (293T) or not coated (HEK293, HeLa) with 1 mg/ml
poly-L-lysine. Twenty-four hours after plating, cells were transfected with
0.01-10 pug of DNA plasmid by calcium phosphate precipitation or with
Lipofectamine 2000 (Invitrogen). Calcium phosphate precipitation was per-
formed as previously described (Landry et al., 1989) with the exception that 25
uM chloroquine was added for the first 4 h of transfection. The Lipofectamine
2000 transfection was performed according to the manufacturer’s protocol
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with the exception that the DNA(ug):Lipofectamine(ul) ratio was 1.5:1 with a
maximum of 1.5 ul Lipofectamine 2000 per condition.

Antibodies

Mouse monoclonal antibodies detecting the HA (HA.11) and the Flag (Flag
M2) epitopes were purchased from Sigma Diagnostics Canada. Anti-MYC
(9E10) was from American Type Culture Collection. Rabbit polyclonal anti-
body against Trx1 and JNK were from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-phospho JNK (P-JNK) was obtained from Cell Signaling Technol-
ogy (Danvers, MA). Anti-phospho ASK1 was described previously (Nadeau
et al., 2007).

Cells Extracts, Coimmunoprecipitation, and Western Blot
Analysis

For experiments in Figures 2B, 3B, 4B, and S1, cells were washed once with
ice-cold PBS and lyzed in SDS-sample buffer lacking 2-mercaptoethanol and
supplemented with 100 mM iodoacetamide. For experiments in Figures 2D
and 4D and for coimmunoprecipitations, cells were washed once with ice-
cold PBS, incubated on ice with lysis buffer (20 mM Tris pH 7.4, 100 mM KCl,
1.25 mM MgCl,, 0.5% Igepal, 3.3% glycerol, Complete protease inhibitors
[Roche Diagnostics, Indianapolis, IN] and 100 mM iodoacetamide) for 5 min
with agitation and centrifuged at 15,000¢ for 10 min at 4°C. Supernatants were
incubated with anti-HA affinity matrix (Roche Diagnostics) for 5h at 4°C,
washed three times with 20 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.5% Igepal,
and 3.3% glycerol, resuspended in SDS-sample buffer with or without 5%
2-mercaptoethanol. Western blot analyses were essentially done as previously
described (Nadeau et al., 2007).

Immunofluorescence Microscopy

HelLa cells were fixed in 3.7% formaldehyde and permeabilized for 15 min in
0.1% saponin. After blocking for 30 min with 3% bovine serum albumin,
samples were incubated for 1 h with anti-HA.11 at 37°C. Antigen-antibody
complexes were revealed by the addition of Alexa Fluor 488-labeled anti-
mouse IgG for 1 h at RT. Cell nuclei were stained with DAPI (1.6 ug/ml). All
solutions were made in PBS. Observations were made with a Nikon Eclipse
E600 upright microscope equipped with a 40 X 0.75 NA objective lens.

RESULTS

Trx1 Covalently Associates with Different ASK1
Complexes

In resting cells, ASK1 is found in a high-molecular-weight
complex of 1500 to 3000 kDa termed the “ASK1 signalo-
some” (Noguchi et al., 2005). In this complex, the proteins
are not covalently associated. Indeed, when separated under
nonreducing conditions, an anti-HA Western blot per-
formed on anti-HA immunoprecipitates from ASK1-HA and
Flag-Trx1-expressing cells revealed ASK1-HA migrating as
a unique species at a predicted molecular weight of 150 kDa
(Figure 1A, left panel, band 1). In H,O,-treated cells, two
other bands (band 3 and 4) migrating above the 200-kDa
marker were also detected. As reported before, these bands
correspond to the DBM of ASK1-HA induced during oxida-
tive stress (Nadeau et al., 2007). The same Western blot
revealed with anti-Flag showed the presence of Flag-Trx1 in
bands 3 and 4 (Figure 1A and B, lane 8). This confirmed a
previously described covalent association between ASK1
DBM and Trx1 which was suggested to result from the
temporary interaction of Trx1 with ASK1 during Trx1-me-
diated disulfide reduction (Nadeau et al., 2007). Interest-
ingly, two other bands were also detected with anti-Flag:
bands 2A and 2B in nontreated and H,O,-treated cells,
respectively. Band 2A migrated just above band 1 and below
the 200-kDa molecular weight marker, suggesting an asso-
ciation between Flag-Trx1 and monomeric ASK1 (lane 7).
Band 2B was more intense and migrated slightly faster than
band 2A (lane 8 and also Figures 2 and 3). Bands 2A and 2B
were also faintly visible in the anti-HA Western blot (Figure
1, A and B, lanes 3 and 4). However, they were much more
apparent when anti-HA Western blots were performed on
total cell extracts rather than HA immunoprecipitates (Fig-
ure 2B, top panel). Actually, in extracts of untreated cells
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Figure 1.

Trx1 covalently associates with different ASK1 complexes. (A) 293T cells were transfected with pRK-Flag-Trx1 with or without

pcDNA3-ASK1-HA for 24 h and left untreated (—) or exposed (+) to 1 mM H,0O, for 1 min. Anti-HA immunoprecipitates (IP:HA) and total
cell extracts (Input) were migrated on nonreducing and reducing SDS gels, respectively, and analyzed by Western blot with anti-HA
(WB:HA) or anti-Flag (WB:Flag). Band 1 indicates the expected positions of monomeric ASK1 (150 kDa), and bands 2A, 2B, 3, and 4 point
the positions of covalent Trx1-ASK1 complexes, which are described. The dot indicates a nonspecific band recognized by the anti-HA.
Numbers on the left indicate the positions of molecular weight standards migrated under nonreducing conditions. Lane numbers are referred
to in the text. (B) Areas in A (indicated by the dotted lines) of lanes 3 and 7 (upper panel) or 4 and 8 (lower panel) are shown magnified to

help with the visualization of bands 1, 2A, 2B, 3, and 4.

coexpressing ASK1-HA and MYC-Trx1, ASK1 distributed in
two bands, ~87.5% being in band 1 and 12.5% in band 2A
(see Figure S1 in supplementary data section for explanation
of the quantification procedure). In H,O,-treated cells, the
ASK1 distribution pattern was similar between bands 1 and
2B. Both bands 2A and 2B also labeled with anti-MYC dem-
onstrating again that MYC-Trx1 and ASK1 were covalently
associated. Notably, the difference in mobility between band
1 and bands 2A and 2B is consistent with a 14-kDa increase
in molecular weight predicted for the covalent association of
Trx1 to ASK1. The faster migration of band 2B as compared
with band 2A may be attributable to further intramolecular
disulfide bonds induced by H,O, in ASK1 or Trx1.

The functional relevance of these findings was evaluated
by studying the distribution of endogenous ASK1 extracted
from untransfected cells in nonreducing gels (Figure 2D,
lane 1). Endogenous ASK1 was also found as a doublet
(arrows). However, in contrast to transfected cells, endoge-
nous ASK1 was mostly found in the slowest migrating band.
To determine the similarity between the migration of endog-
enous ASK1 and the above described band 2A and band 1,
increased concentrations of extract from cells transfected
with ASK1-HA were added to the untransfected cell extract
(lanes 2 to 4, note that the HA epitope had no detectable
effect on the migration of ASK1). In these conditions, only
the faster migrating band was increased. This suggests that
endogenous ASK1 migrates in a greater proportion at a
distance equivalent of band 2A for exogenous ASK1, and
that the concentration of endogenous Trx1 might be a lim-
iting factor in the formation of the ASK1-Trx1 complex. To
confirm that the majority of endogenous ASK1 was asso-
ciated with Trx1, the latter was immunoprecipitated and
the amount of coimmunoprecipitated ASK1 was deter-
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mined (Figure 2E). In these conditions, more than 50% of
ASK1 was depleted in the extract. This result was consistent
with the hypothesis that a large proportion of endogenous
ASK1 is constitutively associated with Trx1 in control cells.
Moreover, based on results in Figures 1 and 2, this associa-
tion between the two endogenous proteins is most likely
covalent.

ASK1 N-Terminal Cysteines 22, 30, and 250 Covalently
Bind Trx1 in Different Conditions

As previously mentioned, the covalent association observed
between Trx1 and ASK1 in band 3 and 4 could be the results
of transient interactions of Trx1 when it reduces ASK1 DBM.
However, the other associations seen between Trx1 and
monomeric ASK1 in bands 2 (2A and 2B), both in control
and H,0,-treated cells, suggested another type of functional
interaction between the two proteins.

Seven potential oxidation-sensitive cysteines in ASK1
were previously identified (Nadeau ef al., 2007). In this
study, we sought to identify which of these cysteines were
involved in the covalent association of ASK1 with Trx1.
To achieve this goal, wild-type ASK1-HA and various
ASK1-HA cysteine to alanine mutants were cooverex-
pressed with MYC-Trx1 in 293T cells treated or not with
H,O,. Total cell extracts were migrated on nonreducing
SDS-PAGE gels, and Western blot analyses were performed
with either anti-HA or anti-MYC. The detection of bands
migrating at the same relative molecular weight with the
two antibodies would indicate a possible direct covalent
association of Trx1 with the indicated ASK1 construct. First,
NACys, KACys, and CACys mutants in which all oxidation-
sensitive cysteines were mutated within a specific domain of
ASK1 were analyzed (Figure 2A). Interestingly, only NACys,
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1 2 3 4

in the N-terminal domain of ASK1 are involved in its asso-
ciation with Trx1.

in which the N-terminal domain cysteines 22, 30, and 250
were replaced by alanines, showed differences in anti-HA

and anti-MYC signals when compared with wild-type ASK1
(Figure 2B). Indeed, for both antibodies, no signal for band
2A was detected in untreated cells and only a very faint
signal for band 2B in H,O,-treated cells was observed. These
results demonstrate that oxidation-sensitive cysteines found
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The role of ASK1 N-terminal Cys22, Cys30, and Cys250 in
the covalent association of ASK1 with Trx1 was investigated
further. C22,30A-HA (C22,30A), a ASK1 mutant in which
both Cys22 and Cys30 were replaced by Ala or C250A-HA
(C250A), a Cys to Ala mutant of Cys250, were cooverex-
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Figure 3. Function of Trx1 on Cys22,30 and Cys250 of ASK1. (A) Schematic representation of the different cysteine substitution mutants
used. Represented are the N-terminal (N), kinase (K), and C-terminal (C) domain of ASK1. Residue numbers at domain boundaries are
indicated. Numbers in bold or in white within each domain indicate which cysteine residue(s) have been replaced by alanine residue(s). (B
through D) 293T cells were transfected with pRK-Flag-Trx1, pRK-Flag-Trx1C35S, pRK-Flag-Trx1C32S, pcDNA3-ASK1-HA, or pcDNA3-
NACys-HA alone, or pRK-Flag-Trx1, pRK-Flag-Trx1C35S, or pRK-Flag-Trx1C32S together with either pcDNA3-ASK1-HA, pcDNA3-NACys-
HA, pcDNA3-C250CACys-HA, or pcDNA3-C22,30CACys-HA. Twenty-four hours after transfection, the cells were left untreated (—) or
exposed (+) to 100 uM (B), 1 mM (C), or 1,5 mM (D) H,O, for 1 min (D) or the time indicated (B and C). Total cell (B and INPUT in C and
D) or anti-HA immunoprecipitated (IP:HA in C and D) extracts were analyzed by Western blot with either anti-HA (HA) or anti-Flag (Flag).
All samples were migrated on nonreducing SDS gel except for the INPUT samples in C and D and the anti-HA immunoprecipitated extracts
analyzed with anti-HA labeled “reducing” in D. Band 1 indicates the expected positions of monomeric ASK1 (150 kDa). In B, bands 3 and
4 point the positions of ASK1 DBM as in C and D, together with bands 2A and 2B, they indicate the positions of Trx1 or Trx1C35S covalent
associations with either or NACys, C250CACys or C22,30CACys.

pressed with MYC-Trx1 and their interaction analyzed as de- ~ Western blot analyses were performed with either anti-HA or
scribed above (Figure 2B). In nontreated cells, C250A showed anti-MYC (Figure 2C). As expected, the results with anti-HA
no band 2A with either anti-MYC or anti-HA but still accumu- confirm previous results that bands 3 and 4 were produced

lated band 2B in H,O,-treated cells. On the other hand, the normally with this mutant, because the N-terminal cysteines
C22,30A distributed normally in band 2A as revealed with contribute little to the formation of the DBM (Nadeau et al.,
anti-HA and anti-MYC, but the induction of band 2B after 2007). Results with anti-Flag confirmed the data of Figure 2B
H,O,-treatment was highly reduced. This residual signal of  that the bands 2A and 2B are not produced by this mutant and
anti-HA and anti-MYC for band 2B in H,O,-treated cells with furthermore indicated no association between Trx1 and NACys
C22,30A, and previously with NACys, could be explained for in the DBM (bands 3 and 4). This finding shows that the
anti-HA by the association of C22,30A or NACys-HA with  detection of Trx1 with ASK1 DBM is also dependent on the
endogenous Trx1 or for anti-MYC by the association of MYC- N-terminal domain cysteines of ASK1, most likely cysteines 22
Trx1 with endogenous ASKI1. Nevertheless, these results or 30; Figure 2B demonstrates that they are essential for the
clearly show that the detected covalent associations of Trx1 in ~ detection of Trx1 with monomeric ASK1 after cell exposure to
resting and H,O,-treated cells are on Cys250 and Cys22,30 of H,0,.
ASK1, respectively. Taken together, these results suggest that in resting cells,
In Figure 2B, although covalent associations of Trx1 were Trx1 is covalently bound to ASK1 through Cys250. On treat-
observed with monomeric ASK1 (bands 2), none were detected ment with H,O,, increased covalent interaction between
with ASK1 DBM (bands 3 and 4) when whole cell extracts were ~ Trx1 and ASK1 on Cys22 or 30 occurs. The binding to one
analyzed. As shown in Figure 1, enrichment of ASK1 by im-  site is independent of the other, since the mutation at one
munoprecipitation was necessary to detect Trx1 within ASK1 site did not affect the binding at the other site.
DBM. Thus, based on the result of Figure 2B, immunoprecipi- )
tation was used to examine whether Cys22, Cys30, and Cys250 ~ Function of Trx1 on Cys22, 30, and Cys250 of ASK1
of ASK1 were implicated in the detection of Trx1 with the We showed previously that Trx1 was involved in the reduc-
ASK1 DBM. NACys-HA was cotransfected with Flag-Trx1 and tion of the DBM species (Nadeau et al., 2007). Because the
the cell lysates were immunoprecipitated with anti-HA, and ~ NACys was still oxidized to DBM after H,O, treatment
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(Figure 2C) but did not show interaction with Trx1, we
asked whether reduction of the DBM by Trx1l proceeded
normally. ASK1-HA or NACys-HA were overexpressed in
293T cells treated with or without H,O,. Extracts were an-
alyzed with anti-HA to detect the induction pattern and the
reduction of DBM (Figure 3B). No difference was observed
between the wild type and the mutant. In both cases, induc-
tion of DBM (band 3 and 4) was maximal at 3 min and
disappeared at 30 min, being completely reduced to the
monomeric 150 kDa ASK1 or NACys forms (band 1). These
results indicated that ASK1 cysteines 22, 30, or 250 were not
the target of Trx1 during the reduction of ASK1 DBM.

Although no interaction was detected between Trx1 and
NACys DBM, we investigated whether NACys DBM were
still reduced by Trx1. The approach used here was based on
the Trx1 reduction mechanism. During this reduction pro-
cess, the disulfide bond in the Trx1 substrate is first attacked
by Cys32 of Trx1 and then resolved by the action of Cys35.
Thus, a mutant of Trx1 in which Cys35 is mutated would
lack thiol reductase activity and would not dissociate from
its substrates (Figure 3C). We tested the effect of the Flag-
Trx1C35S (Trx1C35S) mutant, in which Cys35 of Trx1 was
replaced by a serine, and wild-type Flag-Trx1 (Trx1WT) on
the formation and the reduction of NACys DBM. As ex-
pected, the formation of NACys DBM (bands 3 and 4) upon
H,O, treatment was stronger and lasted longer in cells co-
transfected with Trx1C35S as compared with cells cotrans-
fected with TrxIWT. Furthermore, immunoprecipitation of
total cell extracts with anti-HA followed by an anti-Flag
Western blot detected a covalent association of Trx1C35S
with NACys DBM. No signal was detected for TrxIWT with
NACys, supporting the results shown in Figure 2C. The
interaction of NACys DBM with Trx1C35S but not with
Trx1WT indicated that a Trx1 disulfide reductase-mediated
interaction truly occurred with ASK1 DBM but is likely
highly transient and therefore difficult to detect using a
functional Trx1. Based on this interpretation, the detection of
Trx1WT with cysteines 22, 30, and 250 in Figure 2 suggests
that the interaction with the Cysteines 22, 30, and 250 is
much more long lasting.

To determine the type of interaction between Trx1 and
ASK1 on Cysteines 22,30 and 250, we studied the interaction
of ASK1 mutants C22,30CACys-HA or C250CACys-HA, in
which all oxidation-sensitive cysteines were substituted to
alanine except for Cys22,30 or Cys250, respectively, with
Flag-Trx1C32S (Trx1C32S) and Flag-Trx1C35S (Figure 3D).
The interactions of the Trx1 mutants with ASK1 cysteine
22,30 (Flag, lower panels) after treatment with H,O, and
with Cys250 (Flag, upper panels) in untreated cells were
consistent with a thiol reductase interaction of Trx1. Indeed,
the Cys32 to Ser mutation in Trx1 completely abolished its
association with C250CACys and highly diminished its as-
sociation with C22,30CACys. The remaining interaction of
Trx1C32S mutant with C22,30CACys could result from the
association of other Trx1 cysteines (Cys62, 69 or 73), which
are also known to regulate Trx1 activity and to be sensi-
tive to oxidation (Haendeler, 2006). Less obvious but still
strongly suggesting a thiol reductase interaction of Trxl
with Cys22,30 or Cys250 of ASK1, the Cys35 to Ser mutation
in Trx1 likely enhanced its interaction with both ASK1 mu-
tants. The higher expression (INPUT) of Trx1C35S as com-
pared with Trx1 does not allow us to firmly state on their
degree of association with ASK1 mutants. Interestingly, in
cells overexpressing C22,30CACys and Trx1C35S, the anti-
Flag Western blot performed on the anti-HA immunopre-
cipitate revealed a doublet above band 2B. The shift of
molecular weight suggests this could correspond to a co-
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valently bound dimer of Trx1 or to two monomers of Trx1
covalently bound to ASKI.

Taken together, these results show that Trx1 has two
different thiol reductase activities on ASK1. One is transient
and involved in the reduction of ASK1 DBM. The other, on
Cys 22,30 and Cys250 of ASK1 in control and H,O,-treated
cells, respectively, are much more stable or long lasting.

ASK1 Cys250 Is Essential for ASK1-Dependent Activation
of JNK and Induction of Apoptosis by H,O, In Vivo

Because we previously demonstrated that the replacement
of all oxidation-sensitive cysteines of ASK1 to alanine (in-
cluding 22,30 and 250) inhibited the capacity of ASK1 to
activate JNK and to induce apoptosis in response to H,O,
treatment (Nadeau et al., 2007), we decided here to evaluate
whether cysteines 22,30 and 250 have a specific role in the
activation of JNK and in apoptosis induction.

First, various cysteine to alanine mutants of ASK1 (Figure
4A) were tested for their capacity to phosphorylate JNK after
treatment with H,O,. It is known that H,O, induces a strong
activation of JNK for which the presence of ASK1 is essential
and rate-limiting (Tobiume et al., 2001; Nadeau et al., 2007).
Hence, transfection of wild-type ASK1 caused a marked
increased in the phosphorylation of JNK in response to H,O,
(Figure 4B, lane 2). As shown previously, transfection of the
ACys mutant, in which all oxidation-sensitive cysteine of
ASK1 were replaced by alanine, did not increase JNK phos-
phorylation (lane 10; Nadeau et al., 2007). Similarly, trans-
fection of the C250A mutant severely reduced the phosphor-
ylation of JNK but had only a minimal effect on the
induction of DBM (lane 6). The C22, 30A mutant did not
effect either JNK activation or induction of DBM (lane 4).
These results suggest that Cys250 is essential for JNK acti-
vation. Moreover, Cys250 was sufficient among the other
oxidation-sensitive cysteines because the transfection of
C250CACys was almost as efficient as ASKIWT to activate
JNK (lane 8). Because Cys250 is the only oxidation-sensitive
cysteine remaining in C250CACys, it was not surprising to
observe diminished DBM formation. All tested mutants,
including C250A, were normally phosphorylated on T838, a
marker of ASK1 activation (Figure 4B, P-ASK1). This sug-
gests that Cys250 is not required for upstream ASKI1 activa-
tion signals but is necessary for activation of its downstream
substrates. The incapacity of the ASK1 C250A mutant to
induce phosphorylation of JNK was not attributable to a
structural defect of the mutant. Indeed, JNK activation was
equivalent with ASKIWT or C250A in cells treated with
thapsigargin (Tg), another potent activator ASK1 (Figure 4C;
Nishitoh et al., 2002). These results clearly reveal that Cys250
of ASK1 plays a critical and specific role in ASK1-dependent
signal transduction upon H,O, treatment.

Finally, the biological function of Cys250 was investigated
by studying its role in ASKIl-dependent apoptosis after
H,O, treatment. Transfection of ASKIWT markedly in-
creased apoptosis in cells treated with H,O, (Figure 4D).
However expression of C250A mutant showed decreased
potential to activate apoptosis, which was totally restored by
the C250CACys mutant. These results indicate that Cys250 is
essential for ASK1 to induce apoptosis in response to H,O,.

In conclusion, these findings show that Cys250 alone is
required for ASKI to properly regulate the JNK signaling
pathway and to induce apoptosis in response to oxidative
stress.
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Figure 4. ASK1 Cys250 is essential for ASKl-dependent activation
of JNK and induction of apoptosis by H,O, in vivo. (A) Schematic
representation of the different cysteine substitution mutants used.
Represented are the N-terminal (N), kinase (K), and C-terminal (C)
domain of ASK1. Residue numbers at domain boundaries are indi-
cated. Numbers in bold or in white within each domain indicate
which cysteine residue(s) have been replaced by alanine residue(s).
(B through D) 293T (B and C) or HeLa (D) were transfected with the
empty vector pcDNA3 (EV in C), various ASK1 constructs defined
in A or with other ASK1 mutants labeled “Cx,yA” where the x and
y indicates the positions of cysteines residues replaced by alanine
residues. Twenty-four hours after transfection, cells were left un-
treated ([—] in B and C or CTL in D) or exposed ([+] in B and C) to
100 uM H,0O, for 3 min in (B), 500 uM H,0O, for 3 h in (D), or 10 uM
thapsigargin (Tg) for 5 min in (C). In B and C, total cell extracts were
migrated on nonreducing gels and immnunoblotted with anti-HA
or migrated on reducing gel and probed with anti-JNK or either
anti-phospho specific ASK1 (P-ASK1) or JNK (P-JNK). Band 1 indi-
cates the expected positions of monomeric ASK1 (150 kDa) and
bands 3 and 4 point the position of ASK1 DBM. In D, the percentage
of HA-positive cells showing condensed or fragmented nuclei was
determined by immunofluorescent microscopy. The nontransfected
condition (NT) consist of cells showing no signal for anti-HA by
immunofluorescent microscopy in conditions where ASK1-HA was
transfected. The data are means=SEM from three distinct experiments.
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DISCUSSION

In this work, we demonstrate that Cys250 of ASK1 is essen-
tial for the H,O,-dependent activation of JNK and induction
of apoptosis. Moreover, our results suggest that Trx1 pre-
vents inappropriate activation of ASK1 via its thiol reduc-
tase activity on Cys250 of ASK1 in resting cells. Our results
give new insights on the regulation of ASK1 upon oxidative
stress and highlight the importance of thiol-mediated H,O,
signaling in mammalian cell responses.

Cys250 of ASK1 Is Essential for the H,O
Activation of JNK

Oxidative, endoplasmic reticulum (ER), and genotoxic stress
as well as heat shock, UV radiation, and ligand-receptor
binding (e.g., TNF/TNEFR, FasL/FasR) are clear inducers of
ASK1 activity (Ichijo et al., 1997; Chang et al., 1998; Chen et
al., 1999; Noguchi et al., 2001; Dorion et al., 2002; Nishitoh et
al., 2002). Posttranslational modifications of specific ASK1
residues or the association/dissociation of activators/inhib-
itors from specific ASK1 domains can be promoted by spe-
cific stimuli to selectively activate ASK1. For example, heat
shock treatment induces the dissociation of GSTM1-1 from
the N-terminal domain of ASK1 (Dorion ef al., 2002). The
TNF/TNER or FasL/FasR ligand-receptor associations pro-
mote the binding of TRAF2 and Daxx, respectively, to the
N-terminal domain of ASK1 (Chang et al., 1998; Nishitoh ef
al., 1998; Liu et al., 2000; Fujino et al., 2007). The phosphor-
ylation of Ser83, Ser967, and Ser1034 inhibits the stress-
induced proapoptotic activity of ASK1 (Zhang et al., 1999;
Kim et al., 2001; Fujii et al., 2004; Goldman et al., 2004).
Commonly to all stimuli, the phosphorylation of ASK1 at
Thr838 is essential for its kinase activity (Tobiume et al.,
2002). We show here that another residue, specifically the
Cys250 of ASK1, is essential for downstream JNK activation
and induction of apoptosis specifically by H,O,. This mech-
anism is specific to H,O, stimulation because thapsigargin,
an ER stress inducing agent, induced ASK1-dependent JNK
phosphorylation independently of Cys250 of ASKI.

The event occurring on Cys250 of ASK1 which leads to
JNK activation and induction of apoptosis was unclear. We
showed that Trx1 dissociates from Cys250 upon H,O, treat-
ment, as further described below. In the previous model of
ASK1 regulation by Trx1, the latter negatively regulates
ASK1 by direct association and its dissociation from ASK1
induces the kinase activity (Saitoh et al., 1998). According to
this model, inhibiting Trx1 association with ASK1 in un-
stimulated cells would result in a constitutively activated
ASK1. Our results demonstrate that the C250A mutant,
which cannot bind Trx1, is not constitutively phosphory-
lated on Thr838 and does not constitutively activate JNK.
These results suggest that simple dissociation of Trx1 from
Cys250 is not sufficient to activate the ASK1/JNK pathway.
However, we show that Cys250 of ASK1 is essential for JNK
activation upon H,O, treatment. The precise role of Cys250
in this context remains unclear. However, the dissociation of
Trx1 from Cys250 could induce a structural change in ASK1
ternary or quaternary structure which depends on Cys250
(e.g., disulfide bond) and is necessary for ASK1-dependent
downstream signaling. Additionally, the binding of an un-
identified cofactor (Factor X, see Figure 5) for downstream

,-Dependent

P values of <0.05 were obtained (two-tailed paired ¢ test) when
percentages of apoptosis from cells transfected with C250A were
compared with those of cells transfected with ASK1 or C250CACys
after H,O, treatment.
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Figure 5. A new model for the regulation of
the ASKI-dependent signaling pathway by
H,O,. In untreated cells, ASK1 oligomers are
associated with other interactors (triangle) in a

Inactive
ASK1 Signalosome

REDOX Regulation of ASK1

Active
ASK1 Signalosome

complex of 1500 to 3000 kDa called the ASK1 N

signalosome. In this complex, Cys32 of Trx1l )
binds to and masks Cys250 of ASK1 likely via a

250 ASKI

! 2
slower thiol reductase activity (see text for de- S SH
tails). Stimulation of cells with H,O, induces

the formation of the active ASK1 signalosme o &

(<3000 kDa) in which ASK1 is phosphorylated
(P). This occurs simultaneously with the lost of
thiol reductase activity of Trx1 and its dissoci-
ation from Cys250. This cysteine is essential for
JNK activation after H,O, treatment. The exact
role of Cys250 in this mechanism is unknown.

One possible scenario, illustrated in this figure, shows the Cys250-dependent association of a H,O,-specific interactor (Factor X) with ASK1.
In addition, H,O, induces an association between Cys32 of Trx1 on Cys22,30 of ASK1, also via a slower thiol reductase activity, like on Cys250
of ASK1. Moreover, disulfide-bonded (thick curved line) multimers of ASK1 are formed and are reduced by TrxI.

signaling, could be essential for ASK1 to activate JNK. Pos-
sible candidates for Factor X include H,O,-dependent acti-
vators of ASK1, such as PKD and TRAF2 (Gotoh and Cooper,
1998; Liu et al., 2000; Zhang et al., 2005). Finally, studies
suggest that Daxx could possibly activate ASK1 by a glucose
deprivation-induced upregulation of H,O, (Song and Lee,
2003a). Daxx and TRAF2 bind to the N-terminal domain of
ASK1 and evidence suggests that Daxx and TRAF2 bind
ASK1 near or possibly directly on Cys250 (Chang et al., 1998;
Fujino et al., 2007). Whether Trx1 dissociation allows these
interactors to bind Cys250 or whether factor X association
induces the dissociation of Trx1 from Cys250 remains un-
known.

Our conclusions are in contrast with results previously
published by Zhang and colleagues. They showed that
transfection of an ASK1 mutant in which cysteine 250 was
replaced by serine (C250S) increased JNK-dependent tran-
scriptional activity and apoptosis in unstimulated endothe-
lial cells (Zhang et al., 2004b). In our work, neither JNK
phosphorylation nor induction of apoptosis was different
between ASKIWT and the C250A mutant in untreated epi-
thelial cells. Differences between the two studies could be
explained because different cell lines and times of transfec-
tion were tested as well as different types of mutation (re-
placement of cysteine by alanine or serine). Nevertheless, all
these results clearly demonstrate the involvement of cys-
teine 250 in the function of Askl.

Our recent results raise further questions on the functional
role of ASK1 DBM because only Cys250 is required for JNK
activation, and mutation of Cys250 does not affect the in-
duction of ASK1 DBM. On the other hand, because endog-
enous ASK1 can form DBM and Trx1 clearly reduces these
forms of ASK1 (see below), DBM likely have a functional
role. One can imagine that DBM are also required to sustain
the activation of ASK1 by structural modification or facili-
tate the cellular relocation of ASK1. Further studies will be
needed to get a clearer image of the role of ASK1 DBM in
H,0, signaling.

Different Thiol Reductase Activities of Trx1 on ASK1

Trx1 is a thiol reductase, meaning it reduces intra- or inter-
molecular disulifide bonds within or between other proteins
(Powis and Montfort, 2001). In 1998, Saitoh ef al. observed, in
two-hybrid screenings, that Trx1 strongly interacted with
ASK1. They proposed that Trx1 binds to ASK1 in unstressed
cells and that treating cells with H,O, induces the formation
of an intramolecular disulfide bond between Cys32 and
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Cys35 of Trx1, allowing its dissociation from and activation
of ASK1 (Saitoh et al., 1998). Indirectly, this mechanism
implied that Trx1 was a target of H,O, and identified it as a
peroxidase instead of a thiol reductase. Since then, little
progress has been made to understand the precise mecha-
nism involved in the regulation of ASK1 by Trx1. Recently,
we reported that a thiol reductase activity of Trx1 negatively
regulated the activity of ASK1 by reducing ASK1 DBM
(Nadeau et al., 2007). Here, we enrich the model by propos-
ing that this thiol reductase interaction with ASK1 DBM is
very rapid and transient because it can only be detected with
a thiol reductase-deficient mutant of Trxl that remains
trapped to its substrate (Figure 5).

In addition, our results show that Trx1 also has thiol
reductase activity on cysteine 22,30 and 250 of ASK1 (Figure
5). For cysteines 22 and 30, Trx1 could reduce an intra- or
intermolecular disulfide bond, which is formed upon cell
exposure to H,O,. We show that cysteines 22, 30 have no
function on ASK1 activity. Thus, the role of Trx1 on these
residues needs further investigation.

In unstressed cells, more than 50% of Trx1 is bound to
ASK1 and this major interaction occurs between Cys250 of
ASK1 and the nucleophilic Cys32 of Trx1. This result sug-
gests that Cys250 is highly sensitive to oxidation. The accu-
mulation of an inactive thiol reductase Trx1 mutant (C35S)
on Cys250 of ASK1 suggests that Trx1 has a thiol reductase
activity on Cys250, possibly on an intra- or intermolecular
disulfide bond being continuously formed in basal condi-
tions.

The thiol reductase activity of Trx1 on its substrate is
normally very rapid and transient (Holmgren, 1995). This
was illustrated with the DBM of the NACys mutant. Only
the inactive thiol reductase Trx1 mutant (C35S), which is
trapped and accumulates on its substrate, but not wild-type
Trx1 was detected with DBM of the NACys mutant. As we
mentioned earlier, Trx1 (C35S) accumulates on Cys250 and
Cys22,30 of ASK1, which also suggests a thiol reductase
activity of Trx1 on these cysteines. However, wild-type Trx1
was also detected (at a lower level than C35S) bound to
Cys250 or Cys22,30 of ASK1. This could suggest (1) a lower
turnover rate of Trx1 thiol reductase activity on Cys250 and
Cys22,30 than on ASK1 DBM, thus a more stable interaction
or (2) that Cys250 and Cys22,30 are highly sensitive to
oxidation in specific conditions, in resting cells and after
H,O, treatment, respectively, and thus continuously re-
duced by TrxI.
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ASKI1 Thiols: Potential Targets for New Drug
Development

Our findings show that a specific thiol-containing residue of
ASK1, Cys250, is essential for its activation and proapoptotic
function in cells exposed to oxidative stress. Previous stud-
ies have also proposed this kind of cysteine-dependent reg-
ulation of ASK1. Treatment of cells with N-ethylmaleimide
(NEM), a carboxylating agent of cysteine residues, induces
ASK1 activation in vitro (Cross and Templeton, 2004). Glu-
taredoxin, a thiol reductase which has a main function of
reducing S-glutathionylated proteins (protein-SS-G), nega-
tively regulates ASK1 by direct binding (Song et al., 2002).
Furthermore, nitric oxide (NO) production in response to
interferon-gamma stimulation induces nitrosylation of cys-
teine 869 of ASK1 and its inhibition (Park ef al., 2004). From
a therapeutic point a view, thiols are already the target for
anti-cancer drugs. For example, PMX464, a benzothiazole
substituted quinol compound, inhibits the proproliferative
and antiapototic functions of Trx1, which is upregulated in
many malignant cell types, by targeting the catalytically
active cysteines (Cys32 and Cys35; Mukherjee and Martin,
2008). In the case of ASKI1, its oxidative stress—induced
proapoptotic and proinflammatory functions play important
roles in the initiation or the development of several diseases
such as cardiopathy, neuropathy, genetic disorders, and can-
cer (Saadatzadeh et al., 2004; Kadowaki et al., 2005; Watanabe
et al., 2005; Iriyama et al., 2009). Thus, targeting specific
cysteine residues important in the regulation of ASK1, such
as Cys250, looks promising for the development of new
drugs or tools against these pathologies. Ultimately, because
ASK1 is a converging point of signaling induced by oxida-
tive stress in mammalian cells, efforts must be made to
improve the knowledge of its thiol-dependent regulation.
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