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Apoptosis signal-regulating kinase 1 (ASK1), a member of the mitogen-activated protein kinase kinase
kinase family, plays pivotal roles in reactive oxygen species (ROS)-induced cellular responses. In resting cells,
endogenous ASK1 constitutively forms a homo-oligomerized but still inactive high-molecular-mass complex
including thioredoxin (Trx), which we designated the ASK1 signalosome. Upon ROS stimulation, the ASK1
signalosome unbinds from Trx and forms a fully activated higher-molecular-mass complex, in part by recruit-
ment of tumor necrosis factor receptor-associated factor 2 (TRAF2) and TRAF6. However, the precise mech-
anisms by which Trx inhibits and TRAF2 and TRAF6 activate ASK1 have not been elucidated fully. Here we
demonstrate that the N-terminal homophilic interaction of ASK1 through the N-terminal coiled-coil domain
is required for ROS-dependent activation of ASK1. Trx inhibited this interaction of ASK1, which was, however,
enhanced by expression of TRAF2 or TRAF6 or by treatment of cells with H,0,. Furthermore, the H,0,-
induced interaction was reduced by double knockdown of TRAF2 and TRAF6. These findings demonstrate that
Trx, TRAF2, and TRAF6 regulate ASK1 activity by modulating N-terminal homophilic interaction of ASKI1.

Apoptosis signal-regulating kinase 1 (ASK1), a serine/threo-
nine protein kinase, is a member of the mitogen-activated
protein kinase kinase kinase (MAPKKK) family that activates
both the SEK1 (also termed MKK4)/MKK7—c-Jun NH,-termi-
nal kinase (JNK) and MKK3/MKK6-p38 MAPK signaling cas-
cades (6). ASKI is activated in cells subjected to various types
of stimuli, such as oxidative stress (17), tumor necrosis factor
alpha (TNF-a) (14), lipopolysaccharide (11), endoplasmic re-
ticulum (ER) stress (14), and calcium influx (19). Of the var-
ious stimuli tested, oxidative stress is one of the most potent
activators of ASK1, and analyses of ASK1-deficient mice have
revealed that ASK1 is required for the apoptosis induced by
oxidative stress, ER stress, and TNF-a (17, 20). Studies have
recently demonstrated that reactive oxygen species (ROS) play
a critical role in lipopolysaccharide, B-amyloid-, and angioten-
sin II-induced activations of ASKI, which appear to be in-
volved in inflammation, neurodegenerative disorders, and car-
diac hypertrophy, respectively (4, 7).

We previously identified thioredoxin (Trx) as a negative
regulator of the ASK1-JNK/p38 pathway through yeast two-
hybrid screening for ASKI1-binding proteins (2, 17). Trx, a
reduction/oxidation (redox) regulatory protein, inhibits the ki-
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nase activity of ASK1 by directly binding to the N-terminal
noncatalytic region of ASK1 (amino acids 1 to 655) (10, 17).
Upon treatment of cells with ROS such as hydrogen peroxide
(H,0,), the oxidized form of Trx (Trx-S,), which is induced by
ROS through a disulfide bridge between Cys32 and Cys35 in
the active center, is dissociated from ASK1, resulting in acti-
vation of ASK1 (17). In accordance with these findings, an
ASKI1 mutant lacking the N-terminal region (ASK1AN) has
been found to behave as a constitutively active form and to
induce various cellular activities, such as apoptosis and cell
differentiation (5, 17, 18). A recent study showed that Cys250
in the N-terminal region of ASK1 is required for inhibition of
ASKT1 activity by Trx (22). The N-terminal region of ASK1 is
thus important for Trx-mediated redox regulation of ASK1
kinase activity.

ASKI forms a silent homo-oligomer in nonstressed cells by
direct interaction through the C-terminal coiled-coil (CCC)
domain (21). We recently showed that endogenous ASK1 con-
stitutively forms a high-molecular-mass complex including Trx
(approximately 1,500 to 2,000 kDa), which we designated the
ASK1 signalosome (16). This signalosome is present as a
homo-oligomerized but still inactive form, indicating that
homo-oligomerization of ASK1 through the CCC domain is
required but not sufficient for ASK1 activation. Following dis-
sociation of Trx upon ROS stimulation, the ASK1 signalosome
forms an active higher-molecular-mass complex, in part by the
recruitment of TNF receptor-associated factor 2 (TRAF2) and
TRAF6 (16). Importantly, upon H,O, treatment, even
ASKI1ACCC, a deletion mutant of the CCC oligomerization
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domain, can still form homo-oligomers and undergo weak ac-
tivation (21). ASK1 thus appears, upon ROS stimulation, to
create a new but unidentified interface within a preexisting
oligomer, which is important for frans-autophosphorylation of
ASK1 and formation of an active ASK1 signalosome. How-
ever, the precise mechanisms by which ASK1 is activated after
its release from Trx remain to be determined.

In this study, we found that amino acids 46 to 277 of the
ASK1 N-terminal region are necessary and sufficient for the
association with Trx. We also found that both TRAF2 and
TRAF6 preferentially associate with amino acids 384 to 655 of
ASKI1. ASKI1 possesses not only a CCC domain but also an
N-terminal coiled-coil (NCC) domain. The NCC domain, be-
tween the Trx-binding domain and the TRAF-binding domain,
was required for N-terminal homophilic interaction, which
promotes ROS-dependent activation of ASK1. Trx interfered
with this homophilic interaction of ASK1, which was, however,
enhanced by overexpression of TRAF2 or TRAF®6 or by treat-
ment with H,O,. Furthermore, knockdown of TRAF2 and
TRAF6 resulted in reduced homophilic interaction of ASK1
through the N-terminal region. These findings indicate that
Trx inhibits ASK1 activity by disrupting N-terminal homophilic
interaction, whereas TRAF2 and TRAF6 promote this ho-
mophilic interaction and, thus, activation of ASK1.

MATERIALS AND METHODS

Cell culture and transfection. HEK293A cells were purchased from Invitrogen
and cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bo-
vine serum, 4.5 mg/ml glucose, and 100 units/ml penicillin G in a 5% CO,
atmosphere at 37°C. Transfection was performed using FuGENE6 (Roche Mo-
lecular Biochemicals) according to the manufacturer’s instructions.

Antibodies. Monoclonal antibodies to hemagglutinin (HA) (clones 3F10 and
12CAS5) were purchased from Roche Molecular Biochemicals. A monoclonal
antibody to Trx was purchased from Redox Bioscience Inc. Polyclonal antibodies
to Trx and TRAF2 were purchased from Santa Cruz Biotechnology, Inc. Phos-
pho-JNK (Thr-183/Tyr-185) antibody was purchased from Cell Signaling Tech-
nology. Anti-JNK and anti-ASK1 antibodies were purchased from Santa Cruz
Biotechnology, Inc. An affinity-purified rabbit polyclonal antibody raised against
phospho-ASK1 was described previously (21). An anti-Flag monoclonal antibody
(M2) and anti-Flag M2-agarose affinity gel were purchased from Sigma. A
polyclonal antibody to TRAF6 was purchased from MBL.

Plasmids. pcDNA3-HA-ASKIWT, pcDNA3-HA-ASKIAN, pcDNA3-HA-
ASKI1AC, pcDNA3-HA-ASKI1-NT, pcDNA3-HA-ASK1-CT, pcDNA3-Flag-
ASKIWT, pcDNA3-Flag-Trx, pRK-Flag-TRAF2, and pCR3-Flag-TRAF6 have
been described previously (12, 15, 17, 21). A Flag tag was inserted at the N
terminus of Trx-CS in pcDNA3, which has been described previously (17).
Flag-ASK1AN and Flag-ASKIAC were constructed in pcDNA3, using cDNAs
from their respective HA-tagged vectors. cDNAs encoding ASK1-NT277, ASK1-
NT384, ASKI1-NT(277-655), ASK1-NT(384-655), ASK1A47-120, ASK1A244-
277, ASK1A277, ASK1A384, and ASKIANCC were generated by PCR, using
mouse ASK1 cDNA as a template, and inserted into pcDNA3 with an HA or
Flag tag. cDNAs encoding N-terminal fragments of ASK1 (1-277, 1-244, and
46-277) and Trx (Trx and Trx-CS) were subcloned into pEG202 and pJG4-5,
respectively, for yeast two-hybrid analysis.

Yeast two-hybrid system. The reporter plasmid pJK103, encoding B-galacto-
sidase, and a prey plasmid encoding Trx or Trx-CS fused to the transcriptional
activation domain were cotransformed into Saccharomyces cerevisiae EGY188
with bait plasmids encoding the N-terminal (NT) fragments corresponding to
amino acids (aa) 1 to 277, 1 to 244, and 46 to 277 of ASKI1 fused to the
DNA-binding domain. Each transformant was patched onto a 5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside (X-Gal; Calbiochem)-containing galactose-pos-
itive and His™ Trp~ Ura~ plate (SG-HWU/X-Gal).

Immunoblotting analysis. Cells were lysed in lysis buffer A, containing 150
mM NaCl, 20 mM Tris-HCI, pH 7.5, 10 mM EDTA, 1% Triton X-100, 1%
deoxycholate, 1 mM phenylmethylsulfonyl fluoride, and 1.5% aprotinin, or lysis
buffer B, containing 150 mM NaCl, 50 mM Tris-HCI, pH 8.0, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethyl-
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sulfonyl fluoride, and 1.5% aprotinin. Cell extracts were clarified by centrifuga-
tion, and the supernatants were resolved by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes.
After being blocked with 5% skim milk in TBS-T (150 mM NaCl, 50 mM
Tris-HCI, pH 8.0, and 0.05% Tween 20) for 3 h, the membranes were probed
with antibodies. The antibody-antigen complexes were detected using an en-
hanced chemiluminescence system (Amersham Biosciences).

Coimmunoprecipitation assay. Cells were lysed in lysis buffer A. Cell extracts
were clarified by centrifugation, and the supernatants were immunoprecipitated
with anti-Flag M2 affinity gel or anti-HA, anti-Trx, or anti-immunoglobulin G1
(anti-IgG1) antibody, using protein G-Sepharose (Amersham Biosciences). The
beads were washed twice with a washing buffer containing 1% Triton X-100, 500
mM NacCl, 20 mM Tris-HCI, pH 7.5, 5 mM EGTA, and 2 mM dithiothreitol,
followed by two washes with a washing buffer containing 150 mM NaCl, 20 mM
Tris-HCI, pH 7.5, and 5 mM EGTA. The beads were subjected to SDS-PAGE
followed by immunoblotting analysis.

Measurement of caspase-3 activity. HEK293A cells were transiently trans-
fected with vector alone, Flag-ASK1WT, Flag-ASK1A277, or Flag-ASK1A384.
After 48 h, cells were washed with phosphate-buffered saline and lysed in lysis
buffer B. Caspase-3-like activity was measured with a CPP32/caspase-3 fluoro-
metric protease assay kit (MBL) following the manufacturer’s instructions, in
which a fluorogenic synthetic peptide, DEVD-7-amino-4-trifluoromethyl couma-
rine (AFC), was used as a substrate. The fluorescence of the released AFC was
measured at an excitation wavelength of 380 nm and an emission wavelength of
510 nm. To confirm the appropriate expression of transfected plasmids, the same
lysates in duplicate wells were combined and verified by immunoblot analysis.

RNA interference. Small interfering RNAs (siRNAs) for human TRAF2 and
TRAF6 were purchased from Invitrogen (Stealth Select RNAi RNAs
HSS110961 and HSS110969, respectively). A Stealth RNA interference negative
control (Invitrogen) was used as a control. HEK293A cells were transfected with
siRNAs by using Lipofectamine 2000 (Invitrogen). After 24 h, cells were trans-
fected with the indicated combinations of Flag-ASKIAC and HA-ASKIAC.
After another 24 h, cells were treated with 5.0 mM H,O, for 20 min. Cell lysates
were immunoprecipitated with anti-Flag antibody. Immunoprecipitates and
aliquots of each lysate were subjected to SDS-PAGE followed by immunoblot-
ting with the antibodies indicated in Fig. 6C.

RESULTS

Identification of the Trx-binding region of ASK1. To eluci-
date the mechanism of inhibition of ASK1 by Trx, we first
specified the Trx-binding region within the N terminus of
ASKI1 by using a yeast two-hybrid system. A peptide fragment
corresponding to aa 1 to 277 but not one corresponding to aa
1 to 244 of mouse ASK1 was associated with Trx, indicating
that the region of aa 244 to 277 is required for Trx binding (Fig.
1A and B). A fragment containing aa 46 to 277 also associated
with Trx, suggesting that the most N-terminal 45-aa region is
not required for Trx binding. Consistent with our previous
finding that a redox-inactive mutant, Trx-CS, does not bind to
ASK1 (17), Trx-CS associated with neither the fragment con-
taining aa 1 to 277 nor that containing aa 46 to 277. We next
examined Trx-ASK1 binding by coimmunoprecipitation anal-
ysis using mammalian cells. Cell lysates from HEK293A cells
transiently transfected with HA-tagged ASK1 (HA-ASKI1)
were subjected to immunoprecipitation with anti-Trx poly-
clonal antibody, and coimmunoprecipitated ASK1 was de-
tected by immunoblotting with anti-HA antibody (Fig. 1C).
Consistent with the binding region determined for yeast (aa 46
to 277), ASK1A277, which lacked the N-terminal 277 aa, did
not associate with Trx. ASK1A47-120 and ASK1A244-277,
which lacked the N- and C-terminal portions of the Trx-bind-
ing region of ASK1 (aa 46 to 277 in ASK1), respectively, also
failed to associate with Trx. We also examined the interaction
between the HA-tagged aa 46-to-277 region of ASK1 and
endogenous Trx in HEK293A cells. However, we failed to
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FIG. 1. Identification of Trx-binding region of ASKI. (A) Schematic representation of mouse ASKIWT and its deletion mutants, with amino acid
numbers indicated. The NCC and CCC domains are indicated. (B) Interaction of ASK1 with Trx in yeast. A reporter plasmid encoding B-galactosidase
and a prey plasmid encoding Trx or Trx-CS fused to the transcriptional activation domain were cotransformed into yeast strain EGY188 with bait
plasmids encoding N-terminal fragments corresponding to aa 1 to 277, 1 to 244, and 46 to 277 of ASK1 fused to the DNA-binding domain. Each
transformant was patched onto an indicator plate. Galactose-dependent blue spots indicate positive interactions. (C) Interaction of ASK1 with
endogenous Trx in HEK293A cells. HEK293A cells were transfected with HA-ASK1WT, HA-ASK1A47-120, HA-ASK1A244-277, and HA-ASK1A277.
Cell lysates were immunoprecipitated with anti-Trx or anti-IgG1 antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE
followed by immunoblotting with anti-HA and anti-Trx antibodies. (D) Dissociation of Trx from ASKI1 in response to H,O,. HEK293A cells were
transfected with HA-ASKIWT. After 24 h, cells were treated with the indicated concentrations of H,O, for 20 min. Cell lysates were immunoprecipitated
with anti-Trx or anti-IgG1 antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed by immunoblotting with the
indicated antibodies. P-ASK1 represents the activated form of ASKI. (E) Dissociation of Trx from ASK1-NT277 in response to H,O,. HEK293A cells
were transfected with HA-ASK1-NT277. After 24 h, cells were treated with the indicated concentrations of H,O, for 20 min. Cell lysates were
immunoprecipitated with anti-Trx or anti-IgG1 antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed by
immunoblotting with anti-HA and anti-Trx antibodies. IP, immunoprecipitation; IB, immunoblotting.

detect the interaction because of the nonspecific background jected to immunoprecipitation with anti-Flag antibody, and
(see Fig. S1A in the supplemental material). We then trans- coimmunoprecipitated endogenous Trx was detected by immu-
fected the Flag-tagged aa 46-to-277 region of ASKI1 (Flag- noblotting with anti-Trx antibody (see Fig. S1B in the supple-
ASK1-NT46-277) into HEK293A cells. Cell lysates were sub- mental material). This observation clearly demonstrates that
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endogenous Trx interacts with ASK1-NT46-277. Taken to-
gether, these results suggest that aa 46 to 277 of ASK1 are
necessary and sufficient for association with Trx.

We then examined the interaction of Trx with ASK1 and the
activation of ASK1 in response to H,O, in HEK293A cells
(Fig. 1D). As we demonstrated previously (17), treatment of
cells with increasing concentrations of H,O, dose-dependently
decreased the amount of wild-type ASK1 (ASKIWT) coimmu-
noprecipitated with Trx. Furthermore, dose-dependent activa-
tion of ASK1 by H,O, was observed in parallel (Fig. 1D, third
panel). We next examined whether the interaction of Trx with
the Trx-binding domain of ASK1 was sensitive to the ROS-
dependent dissociation of Trx from ASK1. HEK293A cells
were transiently transfected with an HA-tagged N-terminal
fragment corresponding to aa 1 to 277 (HA-ASKI1-NT277),
and the Trx-ASK1 complexes were immunoprecipitated with
anti-Trx antibody and detected with anti-HA antibody (Fig.
1E). Treatment of cells with increasing concentrations of H,O,
dose-dependently decreased the amount of ASK1-NT277 co-
immunoprecipitated with Trx. These findings suggested that
the most N-terminal 277 aa of ASKI1 are essential for the
redox-dependent association/dissociation of the Trx-ASK1
complex.

Identification of the TRAF-binding region of ASK1. TRAF2
and TRAF6 have been found to be required for ROS-induced
activation of ASK1 (16). To elucidate the mechanism of acti-
vation of ASK1 by TRAF2 and TRAF6, we next determined
the TRAF2- and TRAF6-binding regions within ASK1. When
various HA-tagged deletion mutants of ASK1 were cotrans-
fected with Flag-TRAF2 or Flag-TRAF6 into HEK293A cells,
both the N-terminal (ASK1AC and ASK1-NT) and C-terminal
(ASK1AN and ASK1-CT) domains, but not a catalytic domain
(ASK1-KD), of ASK1 were found to be associated with
TRAF2 (Fig. 2A and B). These findings are consistent with
those of a previous study, which showed that TRAF2 inter-
acted with both the ASK1 N-terminal (aa 1 to 460) and C-
terminal (aa 937 to 1375) noncatalytic regions (9). High levels
of ASKI-NT were associated with TRAF2, even though
ASKI1-NT was expressed only at low levels (Fig. 2B). This
implies a much stronger interaction between TRAF2 and
ASKI-NT than that with the other truncated ASK1 mutants,
suggesting that TRAF2 preferentially associates with ASK1 at
the N-terminal region. Similar to TRAF2, TRAF6 interacted
with both the N- and C-terminal regions of ASK1 (Fig. 2C).
Furthermore, TRAF6 also interacted strongly with ASK1 at
the N-terminal region. Note that in the upper panels of Fig. 2B
and C, HA-ASK1 in some lanes without TRAF2 or TRAF6
expression represents nonspecifically coprecipitated HA-ASK1
obtained with the beads. Nevertheless, TRAF-dependent in-
teractions with ASK1 at the N-terminal region were clearly
detected, suggesting that both TRAF2 and TRAF6 preferen-
tially interact with ASK1 at the N-terminal region.

We next examined the TRAF-binding region within the N
terminus of ASK1. Peptide fragments corresponding to aa 384
to 655 and aa 277 to 655 but not to aa 1 to 384 and aa 1 to 277
of mouse ASK1 associated with TRAF2, indicating that aa 384
to 655 are important for TRAF2 binding (Fig. 2D and E).
Similar results were obtained with TRAF6 (Fig. 2F). These
findings demonstrate that both TRAF2 and TRAF6 strongly
interact with the aa 384-t0-655 region of ASK1.
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Trx-binding-region truncated mutants of ASK1 strongly in-
teract with TRAF2 and TRAF6. In resting cells, Trx directly
binds to and inhibits the kinase activity of ASK1. In previous
studies, we found that ROS-dependent dissociation of Trx and
reciprocal recruitment of TRAF2 and TRAF6 to ASKI1 are
required for the activation of ASKI1 (16). In addition, it has
been shown that overexpression of Trx inhibits ASK1-TRAF2
interaction and that overexpression of TRAF2 inhibits Trx-
ASKI1 interaction (9). These previous findings suggest the pos-
sibility that the regions of Trx and TRAFs that bind ASK1
overlap in the primary structure of ASK1. However, coimmu-
noprecipitation analysis (Fig. 1 and 2) revealed that the regions
that bind ASK1 are close but not overlapping in the primary
structure of ASK1, suggesting that Trx and TRAFs bind com-
petitively to ASK1 when ASK1 forms its tertiary structure. We
then employed Trx-binding-region truncated mutants of
ASK1, namely, ASK1A277 (aa 278 to 1380) and ASK1A384 (aa
385 to 1380), to examine the interaction between ASK1 and
TRAFs in the absence of effects of Trx (Fig. 3A). When HA-
tagged ASK1 and its mutants were cotransfected with Flag-
TRAF?2 or Flag-TRAF6 in HEK293A cells, coimmunoprecipi-
tation analysis showed that both ASK1A277 and ASK1A384
associated with TRAF2 and TRAF6 much more strongly than
did the WT (Fig. 3B and C). ASK1A277 and ASK1A384 were
confirmed not to interact with endogenous Trx in HEK293A
cells (Fig. 3D). These results further support the previous
finding that the binding of Trx to ASK1 interferes with access
of TRAF2 to ASK1 (9).

The NCC domain is required for ROS-induced activation of
ASKI1. The finding that ASK1A277 and ASK1A384 did not
interact with Trx but strongly interacted with TRAF2 and
TRAF6 prompted us to examine their kinase activities. We
first examined the effect of Trx binding on basal activity of
ASK1 by immunoblotting analysis using phospho-ASK1 anti-
body. The basal activity of WT ASK1 (ASKIWT) but not that
of ASK1A277 was strongly inhibited by coexpression of Trx
(Fig. 4A), confirming that Trx suppresses ASK1 activity by
direct binding to the N terminus of ASK1. We next compared
the kinase activities of ASKIWT, ASK1A277, and ASK1A384
(Fig. 4B). ASK1A277, which contains the NCC domain but not
the Trx-binding domain, exhibited higher basal activity than
did ASKIWT and induced the activation of endogenous JNK
(Fig. 4B). In contrast, the kinase activity of ASK1A384, which
lacks not only the Trx-binding region but also the NCC do-
main, was lower than that of ASK1A277, whereas both of the
mutants interacted strongly with TRAF2 and TRAF6 (Fig.
4B). These findings suggested that binding of TRAF2 or
TRAF6 to ASK1 is not sufficient for activation and that the
NCC domain of ASK1 is also required for full activation of
ASKI1. In order to determine whether the NCC domain is
required for ASK1 activity, we generated an ASK1 mutant that
lacks the NCC domain, namely, ASKIANCC (Fig. 4C). When
HEK293A cells transfected with HA-ASKIWT or HA-
ASKI1ANCC were stimulated with H,O,, ASKIANCC exhib-
ited much lower activity than did ASKIWT (Fig. 4D). These
findings suggested that not only TRAF2 or TRAF6 binding to
ASK1 but also certain function of the NCC domain of ASK1 is
required for ROS-induced activation of ASKI.

ASKI1 has been shown to execute apoptosis mainly through
mitochondrion-dependent caspase-9 and -3 activation (5). To
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FIG. 3. Trx-binding-region truncated mutants of ASKI strongly interact with TRAF2 and TRAF6. (A) Schematic representation of mouse
ASKI1WT and its N-terminal deletion mutants, with amino acid numbers indicated. (B) ASK1A277 and ASK1A384 strongly interact with TRAF2.

HEK293A cells were cotransfected with Flag-TRAF2 and either ASKIWT,

ASK1A277, or ASK1A384. Cell lysates were immunoprecipitated with

anti-Flag antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed by immunoblotting with anti-HA and
anti-Flag antibodies. (C) ASK1A277 and ASK1A384 strongly interact with TRAF6. HEK293A cells were cotransfected with Flag-TRAF6 and
either ASKIWT, ASK1A277, or ASK1A384. Samples were analyzed as described for panel B. (D) Interaction of ASK1 mutants with endogenous
Trx in HEK293A cells. HEK293A cells were transfected with HA-ASKIWT, HA-ASK1A277, and HA-ASK1A384. Cell lysates were immunopre-

cipitated with anti-Trx or anti-IgG1 antibody. Immunoprecipitates and

aliquots of each lysate were subjected to SDS-PAGE followed by

immunoblotting with anti-HA and anti-Trx antibodies. IP, immunoprecipitation; IB, immunoblotting.

examine the biological activities of these mutants, we mea-
sured caspase-3-like activity in HEK293A cells expressing
ASKIWT and each mutant of ASK1 (Fig. 4E). Although the
level of expression of ASK1A277 was much lower than that of
ASKIWT, ASKI1A277 induced caspase-3-like activity more
strongly than did ASKIWT. On the other hand, ASK1A384
induced caspase-3-like activity to a moderate extent, in good
correlation with its relative kinase activity, as shown in Fig. 4B.
These findings suggest that the NCC domain is required for
full activation of ASK1, which contributes to effective trans-
mission of proapoptotic signals.

We have previously shown that ASK1AN (aa 656 to 1380),
which lacks the entire N-terminal region, acts as a constitu-
tively active mutant (17). We therefore compared the kinase
activity of ASK1AN with those of ASK1A277 and ASK1A384.
Unexpectedly, ASKI1AN exhibited almost the same activity as

ASK1A384, although ASK1AN does not possess a TRAF-bind-
ing region (aa 384 to 655) (Fig. 4F). ASK1AN and ASK1A384
may mimic an intermediately active form that is liberated from
inhibition by Trx but not fully activated due to lack of the NCC
domain.

Homophilic interaction of ASK1 through the NCC domain.
We previously demonstrated that the CCC domain is required
for homo-oligomerization of ASK1, which prompted us to
examine whether the NCC domain is also required for ho-
mophilic interaction of ASK1. We generated the ASK1 frag-
ments ASK1-NT384 and ASK1-NT277 (Fig. SA). When Flag-
tagged ASK1-NT384 (Flag-ASK1-NT384), which contains the
NCC domain in addition to the Trx-binding domain, was co-
transfected with HA-ASK1-NT384 into HEK293A cells, the
interaction of Flag-ASK1-NT384 with HA-ASK1-NT384 was
much stronger than that of Flag-ASK1-NT277 with HA-ASK1-
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FIG. 4. The NCC domain is required for ROS-induced activation of ASK1. (A) Expression of Trx inhibits ASK1 activity but does not inhibit
ASK1A277 activity. HEK293A cells were transfected with the indicated combinations of HA-ASK1WT, HA-ASK1A277, and Flag-Trx. Cell lysates
were subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. P-ASK1 represents the activated form of ASKI.
(B) ASK1A277 exhibits high basal activity. HEK293A cells were transfected with various amounts of HA-ASKIWT, HA-ASK1A277, and
HA-ASK1A384. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. P-ASK1 and P-JNK
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FIG. 5. Homophilic interaction of ASK1 through the NCC domain. (A) Schematic representation of mouse ASKIWT and its C-terminal
deletion mutants, with amino acid numbers indicated. (B) The NCC domain contributes to homophilic interaction of ASK1. HEK293A cells were
transfected with the indicated combinations of Flag- or HA-tagged ASK1-NT277 and ASK1-NT384. Cell lysates were immunoprecipitated with
anti-Flag antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed by immunoblotting with anti-HA and
anti-Flag antibodies. (C) Homophilic interaction of ASK1 through the N-terminal region is much weaker than that through the C-terminal region.
HEK293A cells were transfected with the indicated combinations of Flag- or HA-tagged ASK1WT, ASK1AC, and ASK1-NT384. Cell lysates were
immunoprecipitated with anti-Flag antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed by immu-
noblotting with anti-HA and anti-Flag antibodies. IP, immunoprecipitation; IB, immunoblotting; ns, nonspecific.

NT277 (Fig. 5B). These findings suggested that the NCC do-
main contributes to homophilic interaction of ASK1. The ex-
istence of such a contribution was supported by the finding that
homophilic interaction of ASK1AC, which lacks the C-terminal
region, including the CCC domain (Fig. 5SA), was also detected

(Fig. 5C, lane 6). Homophilic interaction of ASKIWT was
much stronger than that of ASKIAC or ASK1-NT384 (Fig.
5C), indicating that ASK1 proteins associate with each other
mainly through the C-terminal region, as previously reported
(21). Importantly, however, these findings also suggest that the

represent the activated forms of ASK1 and JNK, respectively. Relative activities for ASKIWT, ASK1A277, and ASK1A384 in lanes 4, 8, and 13,
respectively, are shown in the graph. Values are the means * standard errors (SE) for three independent experiments. (C) Schematic represen-
tation of mouse ASKIWT and its NCC domain-deleted mutant, with amino acid numbers indicated. (D) H,O,-induced activation of ASK1WT and
ASKIANCC. HEK293A cells were transfected with HA-ASKIWT or HA-ASKIANCC. Cell lysates were subjected to SDS-PAGE followed by
immunoblotting with the indicated antibodies. P-ASK1 represents the activated form of ASK1. Amounts of activated ASK1 (P-ASKIWT or
P-ASKIANCQC) relative to total protein (HA-ASKIWT or HA-ASK1ANCC) were calculated and are shown as x-fold increases by considering the
value for the cells treated without H,O, as 1.00. Values are the means = SE for three independent experiments. (E) ASK1 induces caspase-3-like
activity in HEK293A cells. HEK293A cells were transfected with HA-ASK1IWT, HA-ASK1A277, HA-ASK1A384, or pcDNA3. After 48 h, cells
were lysed and caspase-3-like activity in lysates was measured, using DEVD-AFC as a cleaved substrate. Activity is shown as the x-fold increase
relative to the value for the extract from pcDNA3-transfected cells. Values are the means = SE for three independent experiments (upper panel).
Cell lysates were subjected to SDS-PAGE followed by immunoblotting with anti-HA antibody (lower panel). (F) ASK1A277 exhibits the highest
activity among the N-terminal deletion mutants. HEK293A cells were transfected with various amounts of HA-ASK1A277, HA-ASK1A384, and
HA-ASKIAN. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. IB, immunoblotting; ns,
nonspecific.
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FIG. 6. Trx inhibits homophilic interaction of ASK1 through the N-terminal region. (A) Expression of Trx has no effect on homophilic
interaction of ASKIWT. HEK293A cells were transfected with the indicated combinations of Flag-ASK1WT, HA-ASKIWT, and Flag-Trx. Cell
lysates were immunoprecipitated with anti-HA antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed
by immunoblotting with the indicated antibodies. The amounts of activated ASK1 (P-ASK1) relative to total protein (ASK1) were calculated and
are shown as x-fold increases by considering the value for cells expressing HA-ASKIWT and Flag-ASKIWT but not Flag-Trx (lane 3) as 1.00.
(B) Expression of Trx inhibits homophilic interaction of ASK1AC. HEK293A cells were transfected with the indicated combinations of Flag-
ASKI1AC, HA-ASKI1AC, and Flag-Trx. Cell lysates were immunoprecipitated with anti-HA antibody. Immunoprecipitates and aliquots of each
lysate were subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. (C) TRAF2 and TRAF6 are required for
H,0,-induced homophilic interaction of ASK1IAC. HEK293A cells were transfected with the indicated siRNAs. After 24 h, cells were transfected
with the indicated combinations of Flag-ASKI1AC and HA-ASKI1AC. After another 24 h, cells were treated with 5.0 mM H,O, for 20 min. Cell
lysates were immunoprecipitated with anti-Flag antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed
by immunoblotting with the indicated antibodies. (D) Dissociation of Trx from ASK1AC in response to H,O,. HEK293A cells were transfected
with HA-ASKIAC. After 24 h, cells were treated with 1.0 mM H,O, for 20 min. Cell lysates were immunoprecipitated with anti-Trx or anti-IgG1
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NCC domain serves as an additional interface for the CCC
domain-mediated preformed ASK1 complex.

Trx inhibits homophilic interaction of ASK1 through the
N-terminal region. Since the NCC domain is adjacent to the
Trx-binding region, we tested whether Trx affects the ho-
mophilic interaction of ASKI1 through the NCC domain.
We first designed an experiment using full-length ASK1
(ASK1WT). HEK293A cells were transfected with Flag- and
HA-ASKIWT together, with or without Flag-Trx, and cell
lysates were subjected to coimmunoprecipitation analysis.
Immunoblotting using a phospho-ASK1 antibody that de-
tects the activated state of ASKI1 revealed that the basal
activity of exogenously expressed ASK1 (Flag- and HA-
ASK1) was inhibited by coexpression of Flag-Trx (Fig. 6A,
third panel). However, the association of Flag-ASK1 with
HA-ASKI1 was unaffected by coexpression of Flag-Trx (Fig.
6A, top panel). These findings suggested that the inhibitory
effect of Trx on ASK1 activity does not require disruption of
basal homo-oligomerization of ASKI1, a result consistent
with our recent finding that the homo-oligomer-based,
steady-state ASK1 complex includes Trx (16).

To evaluate the effect of Trx on the ROS-dependent weak
interaction through the NCC domain, we next designed a sim-
ilar experiment, as shown in Fig. 6A, but using ASKIAC in-
stead of full-length ASK1. We found that the association of
Flag-ASK1AC with HA-ASKI1AC was readily inhibited by co-
expression of Flag-Trx (Fig. 6B, top panel), suggesting that Trx
inhibits NCC domain- but not CCC domain-dependent ho-
mophilic interaction of ASK1. Endogenous Trx may interrupt
the homophilic interaction of exogenously expressed ASK1AC
to some extent. If this is the case, inactivation of endogenous
Trx should enhance the homophilic interaction of ASK1AC.
To test this hypothesis, we examined the effect of H,O, on the
homophilic interaction of ASKIAC. Cell lysates from H,O,-
treated and untreated HEK293A cells coexpressing Flag- and
HA-ASKI1AC were subjected to coimmunoprecipitation anal-
ysis. The association of Flag-ASKI1AC with HA-ASKIAC was
augmented by treatment with H,O, (Fig. 6C, control lanes),
although this augmentation was undetectable in the case of
ASKIWT (21). Furthermore, endogenous Trx dissociated
from ASKIAC upon treatment with H,O, (Fig. 6D). These
findings suggested that the NCC domain-mediated homophilic
interaction of ASK1, which is suppressed by association with
Trx under nonstress conditions, is induced by ROS-dependent
dissociation of Trx from ASKI.

Since the TRAF-binding region is adjacent to the NCC
domain as well as the Trx-binding region, we next examined
whether TRAF2 and TRAFG6 affect the homophilic interaction
of ASKI1AC. In contrast to Trx, we found that association of
Flag-ASK1AC with HA-ASKIAC was promoted by coexpres-
sion of Flag-TRAF2 or Flag-TRAF6 (Fig. 6E and F, top
panels), suggesting that TRAF2 and TRAF6 activate ASK1

RECIPROCAL REGULATION OF ASK1 BY Trx AND TRAFs 8161

by promoting N-terminal homophilic interaction of ASKI.
Furthermore, the H,O,-induced homophilic interaction of
ASKI1AC was inhibited by double knockdown of TRAF2 and
TRAF6 (Fig. 6C, right half), suggesting that TRAF2 and
TRAF6 are required for ROS-induced homophilic interaction
of ASK1 through the NCC domain.

DISCUSSION

In the present study, we extended our previous findings on
the redox-sensitive ASK1 signalosome, focusing in particular
upon the ASK1-Trx and ASK1-TRAF systems by examining in
detail the molecular mechanisms by which Trx inhibits and
TRAF2 and TRAF6 promote ASKI1 activity. The principal
findings of this study can be summarized as follows: (i) the
N-terminal region (aa 46 to 277) of ASK1 is the Trx-binding
region and is necessary and sufficient for association with Trx;
(i) both TRAF2 and TRAFG6 preferentially interact with
the N-terminal region (aa 384 to 655) of ASK1; (iii) ASK1
mutants lacking the Trx-binding region, i.e., ASK1A277 and
ASK1A384, strongly interact with TRAF2 and TRAF6; (iv) the
ASK1A277 mutant, which lacks the Trx-binding region, is a
constitutively active form and strongly induces the activation of
JNK and caspase-3, while ASK1A384, which lacks not only the
Trx-binding region but also the NCC domain (aa 297 to 324),
has reduced activity compared with ASK1A277; (v) homophilic
interaction of the N terminus of ASK1 is mediated by the NCC
domain of ASKI1, adjacent to the Trx-binding region and the
TRAF-binding region; (vi) the NCC domain is required for
ROS-induced activation of ASK1; and (vii) Trx inhibits NCC-
dependent homophilic interaction of ASK1, which is promoted
by overexpression of TRAFs or oxidative stress. Based on
these observations, we present a schematic model of the mech-
anisms of regulation of ASK1 activation by Trx and TRAFs
(Fig. 7). In nonstressed cells, the reduced form of Trx binds to
the Trx-binding region of ASK1 and inhibits NCC domain- but
not CCC domain-mediated homophilic interaction, possibly
through mechanisms involving steric hindrance. Upon ROS
stimulation, Trx is readily oxidized and ASK1 thus unbinds
from oxidized Trx, enabling ASK1 to interact with TRAF2 and
TRAF6. ASK1 is thus activated by trans-autophosphorylation,
which is dependent on TRAF-mediated homophilic interac-
tion through the N-terminal region of ASKI.

We found that the ASK1A277 mutant, which lacks the Trx-
binding region, is a constitutively and fully activated form that
strongly induces cell death. We have previously shown that the
N-terminal region of ASK1 is important for Trx-mediated reg-
ulation of ASK1 kinase activity and that ASKIAN (aa 656 to
1380), which lacks the entire N-terminal region, acts as an
active mutant (17). In fact, the kinase activity of ASK1AN is
stronger than that of ASKIWT (data not shown) but weaker
than that of ASK1A277 (Fig. 4F). ASK1AN lacks not only the

antibody. Immunoprecipitates and aliquots of each lysate were subjected to SDS-PAGE followed by immunoblotting with anti-HA and anti-Trx
antibodies. (E) Expression of TRAF2 promotes homophilic interaction of ASKIAC. HEK293A cells were transfected with the indicated
combinations of Flag-ASK1AC, HA-ASKIAC, and Flag-TRAF2. Samples were analyzed as described for panel B. (F) Expression of TRAF6
promotes homophilic interaction of ASK1AC. HEK293A cells were transfected with the indicated combinations of Flag-ASK1AC, HA-ASKIAC,
and Flag-TRAF6. Samples were analyzed as described for panel B. IP, immunoprecipitation; IB, immunoblotting.
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FIG. 7. Predicted model of mechanisms of regulation of Trx-mediated ASKI activation. In resting cells, Trx binds to the Trx-binding domain
of ASK1, inhibiting N-terminal homophilic interaction. Upon ROS stimulation, oxidized Trx dissociates from ASKI, with reciprocal recruitment
of TRAF2 and TRAF6 to ASK1, promoting N-terminal homophilic interaction. This interaction contributes to effective autophosphorylation and

activation of ASKI.

Trx-binding region but also the NCC domain and the TRAF-
binding region. It may thus be a partially active form that is
liberated from inhibition by Trx but not fully activated due to
a lack of recruitment of TRAF2 and TRAF6, whereas
ASK1A277 mimics a fully activated form of ASK1. Unexpect-
edly, however, ASK1A277 exhibited slight activation in re-
sponse to ROS, although the increases of activated ASK1A277
were lower than those of activated ASKIWT (see Fig. S2 in the
supplemental material). It is conceivable that endogenous
ASK1 that formed a complex with ASK1A277 was activated by
ROS and thereby also activated ASK1A277. On the other
hand, these results may also suggest that there are unidentified
ROS-dependent modifications of ASK1, TRAF2, or TRAF6.

We found that the Trx-binding region is adjacent to the
NCC domain, which is required for homophilic interaction and
ROS-induced activation of ASK1. The presence of an inhibi-
tory domain adjacent to the activation domain may favor rapid
and precise regulation. It has been reported that many other
negative regulators of ASKI directly bind to or modify the
N-terminal region of ASK1. Raf-1 interacts with the N-termi-
nal region of ASKI1 and inhibits ASK1 activity in a fashion
independent of Raf-1 kinase activity (1). Akt directly phosphor-
ylates Ser83 in the human ASK1 N-terminal region and down-
regulates ASK1 activity (8). The type 1 insulin-like growth
factor receptor suppresses ASKI1 activity by phosphorylation of
multiple Tyr residues in the N-terminal region of ASK1 (3).
The N-terminal region of ASK1 is a common target site for
these negative regulators of ASK1 as well as for Trx. These
molecules might thus inhibit ASK1 activity through interfer-
ence with NCC domain homophilic interaction.

We have recently shown that endogenous ASKI1 constitu-
tively forms the so-called ASK1 signalosome as a homo-
oligomerized but still inactive high-molecular-mass complex
including Trx (16), indicating that homo-oligomerization of
ASK1 through the CCC domain is required but not sufficient
for ASK1 activation. Consistent with this, the present study
clearly showed that not only CCC domain-mediated homo-
oligomerization but also ROS-induced NCC domain interac-

tion is required for full activation of ASK1. Furthermore, upon
ROS stimulation, the ASK1 signalosome unbinds from oxi-
dized Trx and forms a fully activated higher-molecular-mass
complex, in part by recruitment of TRAF2 and TRAF6 (16).
However, the precise mechanisms by which TRAF2 and
TRAF6 function as activators of ASK1 have remained poorly
understood (9, 15). In this study, we also identified the TRAF-
binding region adjacent to the NCC domain, which may effec-
tively promote the N-terminal homophilic interaction of
ASK1, resulting in full activation of ASK1. Given our previous
observation that a TRAF2 mutant lacking a ring finger domain
can no longer activate ASK1 (15), it is conceivable that the ring
finger domains of TRAF2 and TRAF6 are required to accel-
erate N-terminal homophilic interaction of ASK1 and are thus
necessary for activation of ASKI. Interestingly, the ring finger
domain is required for the E3 ubiquitin ligase activity of
TRAF2 and TRAF6. ROS-dependent ubiquitination of
TRAF2 and TRAF6 themselves or of ASK1 might thus be
involved in ROS-induced mechanisms of activation of ASKI1.

Exposure of aerobic organisms to oxidative stress is contin-
uous and unavoidable. ROS generation and redox imbalance
are closely linked to a wide range of diseases and conditions,
such as inflammation, ischemia-reperfusion injury, cancer,
neurodegenerative disorders, and aging. It has been reported
that ROS-mediated ASK1 activation is involved in a variety of
disorders, such as inflammation, neurodegeneration, and car-
diac hypertrophy and remodeling (13). Further studies on the
mechanisms of regulation of ASK1 and the development of
ASKI1-targeting drugs may contribute to the treatment of var-
ious diseases caused by oxidative stress.
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