
Biophysical and Structural Characterization of the
Thioredoxin-binding Domain of Protein Kinase ASK1
and Its Interaction with Reduced Thioredoxin*

Received for publication, May 22, 2014, and in revised form, July 15, 2014 Published, JBC Papers in Press, July 17, 2014, DOI 10.1074/jbc.M114.583807

Dalibor Kosek‡§1, Salome Kylarova‡§1, Katarina Psenakova‡§, Lenka Rezabkova‡, Petr Herman¶, Jaroslav Vecer¶,
Veronika Obsilova§, and Tomas Obsil‡§2

From the ‡Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles University in Prague, 12843 Prague,
the §Institute of Physiology, Academy of Sciences of the Czech Republic, 14220 Prague, and the ¶Institute of Physics, Faculty of
Mathematics and Physics, Charles University in Prague, 12116 Prague, Czech Republic

Background: Thioredoxin is a physiological inhibitor of ASK1.
Results: The catalytic motif of thioredoxin is essential for its binding to ASK1 and the interaction does not involve intermolec-
ular disulfide bonds.
Conclusion: Thioredoxin-binding domain of ASK1 is a rigid domain that interacts with reduced thioredoxin through a large
binding interface.
Significance: Structural basis of the interaction between ASK1 and reduced thioredoxin.

Apoptosis signal-regulating kinase 1 (ASK1), a mitogen-acti-
vated protein kinase kinase kinase, plays a key role in the patho-
genesis of multiple diseases. Its activity is regulated by thiore-
doxin (TRX1) but the precise mechanism of this regulation is
unclear due to the lack of structural data. Here, we performed
biophysical and structural characterization of the TRX1-bind-
ing domain of ASK1 (ASK1-TBD) and its complex with reduced
TRX1. ASK1-TBD is a monomeric and rigid domain that forms
a stable complex with reduced TRX1 with 1:1 molar stoichiom-
etry. The binding interaction does not involve the formation of
intermolecular disulfide bonds. Residues from the catalytic
WCGPC motif of TRX1 are essential for complex stability with
Trp31 being directly involved in the binding interaction as sug-
gested by time-resolved fluorescence. Small-angle x-ray scatter-
ing data reveal a compact and slightly asymmetric shape of
ASK1-TBD and suggest reduced TRX1 interacts with this
domain through the large binding interface without inducing
any dramatic conformational change.

Apoptosis signal-regulating kinase 1 (ASK1)3 (MAP3K5), a
member of the mitogen-activated protein kinase kinase kinase
family, activates c-Jun N-terminal kinase and p38 MAP kinase
signaling pathways in response to various stress stimuli, includ-
ing oxidative stress, endoplasmic reticulum stress, and calcium
ion influx (1–3). ASK1 plays a key role in the pathogenesis of

multiple diseases including cancer, neurodegeneration, and
cardiovascular diseases and is considered a promising thera-
peutic target (reviewed by Ref. 4). Human ASK1 consists of
1,374 amino acids with the serine/threonine kinase domain
located in the middle of the molecule flanked by two coiled-coil
(CC) motifs, which are important for homo-oligomerization of
ASK1 (5, 6). ASK1 under non-stress conditions forms a homo-
oligomer by direct interaction through the C-terminal CC
domain and interacts with several other proteins including thi-
oredoxin-1 (TRX1) and the 14-3-3 protein, thus forming a high
molecular mass complex called ASK1 signalosome (1, 7, 8).
Both TRX1 and the 14-3-3 protein are physiological inhibitors
of ASK1. In response to oxidative stress they dissociate from
ASK1, this allows the homo-oligomerization and recruitment
of tumor necrosis factor receptor-associated factors 2 and 6 to
the N-terminal region of ASK1 and accelerates the autophos-
phorylation of Thr838 within the activation loop resulting in
ASK1 activation (1, 9, 10).

Thioredoxins (TRXs) are small dithiol oxidoreductases ubiq-
uitously present in species ranging from archaea to mammals.
TRXs perform various biological functions including the
reduction of protein disulfide bonds in the reducing cellular
compartments, the supply of reducing equivalents to redox
enzymes, and the regulation of several transcription factors and
proteins through either a direct reduction of their cysteine
groups or different mechanisms (reviewed by Ref. 11). TRXs are
involved in the regulation of NF-�B (12), the Escherichia coli T7
polymerase complex (13), or Jab-1 (14). The TRX molecule
consists of a five-stranded �-pleated sheet that forms a hydro-
phobic core surrounded by four �-helices. The highly con-
served redox catalytic motif 31WCGPC35 links the second
�-strand to the second �-helix and the two cysteine residues
within this sequence (Cys32 and Cys35 in human TRX1) are
responsible for TRX-dependent redox activity (15).

TRX1 interacts with the ASK1 region located between resi-
dues 46 and 277 and this interaction is thought to inhibit the
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activation of ASK1 through blocking its homo-oligomerization
via an adjacent N-terminal CC motif (1, 9). The Cys250 residue,
located within this region of ASK1, is crucial for the oxidative
stress-dependent signaling downstream of ASK1 and likely
involved in TRX1 binding (16, 17). However, the precise mech-
anism of TRX1 binding to ASK1, as well as its dissociation, is
still unclear due to the lack of structural data on the TRX-
binding domain of ASK1 (ASK1-TBD). Several studies sug-
gested that under oxidative stress conditions TRX1 is oxidized
on Cys32 and Cys35 within the redox catalytic motif and the
formation of an intramolecular disulfide bond between these
two cysteine residues causes the dissociation of TRX1 from
ASK1 through an unknown mechanism, thus allowing the acti-
vation of ASK1 (1, 9, 18). It is, however, unclear whether the
interaction between TRX1 and ASK1 is based on the non-co-
valent interactions only or if it also involves the formation of
intermolecular disulfide bond(s). The latter possibility was sug-
gested by Nadeau et al. (17, 19) who proposed another mecha-
nism for ASK1 activation. The authors suggest the oxidative
stress induces the formation of intermolecular disulfide bonds
between ASK1 molecules and this oxidation is required for the
activation of ASK1 kinase function. In their model, the interac-
tion between TRX1 and ASK1 involves a formation of intermo-
lecular disulfide bond(s) and the TRX1-dependent inhibition of
ASK1 is mediated by its thiol reductase activity because only the
oxidized and disulfide bond-containing oligomeric form of
ASK1 enables activation.

To better understand the interaction between TRX1 and ASK1,
we prepared and performed detailed biophysical and structural
characterization of the isolated ASK1-TBD (sequence 88 –302)
and its complex with reduced TRX1. The results show that
ASK1-TBD is a monomeric and rigid domain that forms a sta-
ble complex with reduced TRX1 with 1:1 molar stoichiometry.
The binding interaction does not involve the formation of
intermolecular disulfide bonds. Residues Cys32 and Cys35 as
well as Trp31 from the catalytic WCGPC motif of TRX1 are
essential for complex stability with Trp31 being directly
involved in binding interaction as suggested by time-resolved
tryptophan fluorescence. SAXS data revealed a compact and
slightly asymmetric shape of ASK1-TBD and suggest reduced
TRX1 interacts with this domain through the large binding
interface without inducing any dramatic conformational
change. Molecular modeling indicated the TRX1 binding site is
located close to the N-terminal end of a �50 residue long �-he-
lix, which forms the C terminus of ASK1-TBD. Our results also
show the ASK1 residue Cys250 is likely located either at or in
close vicinity of TRX1-binding surface.

EXPERIMENTAL PROCEDURES

Expression and Purification of TRX-binding Domain of
ASK1—DNA encoding four different N-terminal fragments of
human ASK1 (residues 46 –302, 88 –302, 46 –322, and 88 –322)
were ligated into pST39 (20) using the XbaI and BamHI sites
and pRSFDuet-1 (Novagen) using BamHI and PstI sites. Mod-
ified pRSFDuet-1 containing the sequence of the His6-tagged
GB1 domain of protein G inserted into the first multiple clon-
ing site was a gift of Evzen Boura (Institute of Organic Chemis-
try and Biochemistry AS CR, Prague, Czech Republic). ASK1-

(88 –302) (in pST39) was expressed as a C-terminal His6 tag
fusion protein by leakage expression at 30 °C for 20 h and puri-
fied from E. coli BL21 (DE3) cells using chelating Sepharose
Fast Flow (GE Healthcare Life Sciences) according to standard
protocols. Eluted ASK1-TBD was dialyzed against buffer con-
taining 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, 5
mM DTT, 10% (w/v) glycerol and purified using size-exclusion
chromatography on a HiLoad 26/60 Superdex 75 column (GE
Healthcare Life Sciences). All mutants were generated by using
the QuikChange site-directed mutagenesis kit (Stratagene) and
mutations were confirmed by sequencing.

Expression and Purification of TRX1—The expression con-
struct for human TRX1 (C73S mutant) was a gift of Katja
Becker (Justus-Liebig-Universität, Giessen, Germany). TRX1
was expressed as an N-terminal His6 tag fusion protein by iso-
propyl 1-thio-�-D-galactopyranoside induction for 20 h at
30 °C and purified from E. coli BL21 (DE3) cells using chelating
Sepharose Fast Flow (GE Healthcare Life Sciences) according to
standard protocols. Eluted TRX1 was dialyzed against buffer
containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM

EDTA, 5 mM DTT, 10% (w/v) glycerol and purified using size-
exclusion chromatography on Superdex 75 10/300 GL column
(GE Healthcare Life Sciences). All mutants were generated by
using the QuikChange site-directed mutagenesis kit (Strat-
agene), and mutations were confirmed by sequencing.

Preparation of Oxidized TRX1—TRX1 (140 �M in buffer con-
taining 20 mM Tris-HCl (pH 7.5) and 200 mM NaCl) was incu-
bated with 100-fold molar excess of H2O2 in a total volume of
500 �l for 15 min at 37 °C (21). Oxidation reaction was stopped
by adding 2 units of catalase (Sigma).

Time-resolved Fluorescence Measurements—Fluorescence
intensity and anisotropy decays were measured on a time-cor-
related single photon counting apparatus, as described previ-
ously (22). Tryptophan emission was excited at 298 nm by a
tripled output of the Ti:Sapphire laser. Tryptophan fluores-
cence was isolated at 355 nm by a combination of monochro-
mator and a stack of UG1 and BG40 glass filters (Thorlabs)
placed in front of the input slit. Fluorescence decays were typ-
ically accumulated in 1024 channels with a time resolution of 50
ps/channel until 105 counts in the decay maximum were
reached. Samples were placed in a thermostatic holder, and all
experiments were performed at 23 °C in a buffer containing 20
mM Tris-HCl (pH 7.5), 200 mM NaCl, and 5 mM DTT. The
TRX1 concentration was 10 �M; the ASK1-TBD concentration
was 30 �M (or 10 �M in experiments with Trp-containing
mutants of ASK1-TBD). Fluorescence decays were assumed to
be multiexponential according to the formula,

I�t� � �
i

� i � exp��t/�i� (Eq. 1)

where �i and �i are the fluorescence lifetime components and
the corresponding amplitudes, respectively. Emission decays
I(t) were analyzed by a maximum entropy method (23). The
program yields a set of amplitudes, �i, representing the lifetime
distribution. Typically, we have chosen 100 lifetimes equidis-
tantly spaced in a logarithmic scale, ranging from 20 ps to 20 ns.
The mean emission lifetime was calculated as,
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fi�i � �
i

��i�i
2�/�

i

��i�i� (Eq. 2)

where fi are the fractional intensities of corresponding lifetime
components. Fluorescence anisotropy r(t) was obtained by a
simultaneous reconvolution of parallel I�(t) and perpendicular
I�(t) polarized components. The anisotropies r(t) were ana-
lyzed for a series of exponentials by a model-independent max-
imum entropy method without setting assumptions about the
shape of the correlation time distributions (23),

r�t� � �
i

� i � exp��t/�i� (Eq. 3)

where amplitudes �i represent the distribution of the correla-
tion times �i. They are related to the initial anisotropy r0 by the
following formula.

�
i

� i � r0 (Eq. 4)

Typically we used 100 correlation times equidistantly spaced in
the logarithmic scale from 100 ps to 200 ns.

Analytical Ultracentrifugation (AUC)—Sedimentation velocity
(SV) experiments were performed using a ProteomLabTM XL-I
analytical ultracentrifuge (Beckman Coulter). Samples were
dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5),
200 mM NaCl, and 2 mM 2-mercaptoethanol before analysis.
Experiments with oxidized TRX1 were performed in buffer
containing 20 mM Tris-HCl (pH 7.5), and 200 mM NaCl. The
buffer density, viscosity, and partial specific volume of all pro-
teins were estimated using the program SEDNTERP. SV exper-
iments of ASK1-TBD and TRX1 were conducted at various
loading concentrations and molar ratios in charcoal-filled Epon
centerpieces with 12-mm optical path length, 20 °C, and 48,000
rpm rotor speed (An-50 Ti rotor, Beckman Coulter). All sedi-
mentation profiles were recorded with interference optics. The
diffusion-deconvoluted sedimentation coefficient distributions
c(s) were calculated from raw interference data using the soft-
ware package SEDFIT. For experiments with mixtures of TRX1
and ASK1-TBD at various molar ratios, this procedure was fol-
lowed by the integration of calculated distributions to deter-
mine the overall weight-averaged s-values (sw). Constructed sw
isotherms were fitted with A � BºAB model as implemented
in the software package SEDPHAT with known sw values of
individual components as prior knowledge. Resulting parame-
ters were verified and loading concentrations were corrected
using global Lamm equation modeling also implemented in
SEDPHAT software (24, 25).

Small Angle X-ray Scattering—SAXS data were collected on
the European Molecular Biology Laboratory (EMBL) P12
beamline on the storage ring PETRA III (Deutsches Elektronen
Synchrotron (DESY), Hamburg, Germany). The ASK1-TBD,
TRX1, and ASK1-TBD�TRX1 complex were measured in con-
centration ranges of 1.2– 4.6, 1.4 –12, and 1.5–11.9 mg ml�1,
respectively. The data were averaged after normalization to the
intensity of the transmitted beam, and the scattering of buffer
was subtracted using PRIMUS (26). The forward scattering I(0)
and the radius of gyration Rg were evaluated using the Guinier

approximation (27). These parameters were also computed
from the entire scattering pattern using the program GNOM
(28), which provides the distance distribution functions P(r)
and the maximum particle dimensions Dmax. The solute appar-
ent molecular mass (MMexp) was estimated by comparison of
the forward scattering with that from reference solutions of
bovine serum albumin (molecular mass 66 kDa). Ab initio molec-
ular envelopes were computed by the program DAMMIN (29),
which represents the protein by an assembly of densely packed
beads. Multiple iterations of DAMMIN were averaged using the
program DAMAVER (30). The averaged envelopes were then
used as final SAXS structures.

Circular Dichroism Measurements—The far-UV CD spectra
were measured in a quartz cuvette with an optical path length of
1 mm (Starna, USA) using a J-810 spectropolarimeter (Jasco,
Japan). The conditions of the measurements were as follows: a
spectral region of 200 –260 nm, a scanning speed of 10 nm
min�1, a response time of 8 s, a resolution of 1 nm, a bandwidth
of 1 nm, and a sensitivity of 100 mdeg. The final spectrum was
obtained as an average of 5 accumulations. The spectra were
corrected for a baseline by subtracting the spectra of the corre-
sponding polypeptide-free solution. The CD measurements
were conducted at 22 °C in buffer containing 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl, and 2 mM 2-mercaptoethanol. The
ASK1-TBD and TRX1 concentrations were 8 �M. After base-
line correction, the final spectra were expressed as a mean res-
idue ellipticities QMRW (deg cm2 dmol�1 res�1) and calculated
using the equation,

�Q�MRW	
	obs MW

c l NR 10
(Eq. 5)

where 	obs is the observed ellipticity in mdeg, c is the protein
concentration in mg ml�1, l is the path length in cm, Mw is the
protein molecular weight, and NR is the number of amino acids
in the protein (31). The near-UV CD spectra were measured in
a quartz cuvette with an optical path length of 1 cm (Starna,
USA) in a spectral region of 250 –320 nm. The final spectrum
was obtained as an average of 15 accumulations. The ASK1-
TBD and TRX1 concentrations were 26 �M.

Protein Structure Modeling—Because ASK1 sequence 88–302
does not show any homology to known structures, its structural
models were created by ab initio modeling using I-TASSER (32),
Phyre2 (33), and Robetta (34) servers. The agreement between the
calculated scattering curves of theoretical models and the experi-
mental SAXS data were evaluated using CRYSOL (35).

RESULTS

Preparation of ASK1-TBD and Its Complex with TRX1—It
has previously been shown ASK1-TBD is located between res-
idues 46 and 277 within the N-terminal part of ASK1 (1, 9). We
expressed several constructs of human ASK1 consisting of res-
idues 46 –302, 88 –302, 46 –322, and 88 –322 with either the
C-terminal His6 tag or the N-terminal His6-GB1 tag and tested
their solubility and stability. Only the construct consisting of
the C terminally His-tagged ASK1 sequence 88 –302 exhibited
sufficient expression yield, solubility, and stability, and thus was
used for further studies. To avoid TRX1 homo-dimerization
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due to the intermolecular disulfide bond formation by the non-
active site Cys73 residue under high protein concentrations, we
decided to use the mutant C73S of human TRX1 (denoted in
this work as TRX1), rather than the wild-type protein, through-
out this work. This mutation has no effect on the activity or the
structure of human TRX1 (36, 37).

Biophysical Characterization of the Interaction between ASK1-
TBD and Reduced TRX1—The AUC was used for the biophys-
ical characterization of prepared ASK1-TBD and its interaction

with TRX1 under reducing conditions. The normalized contin-
uous sedimentation coefficient distributions c(s) from the SV
AUC experiments revealed the reduced TRX1 and ASK1-TBD
form a complex with a weight-averaged sedimentation coeffi-
cient (corrected to 20.0 °C and the density of water), sw(20,w), of
3.0 S, whereas TRX1 and ASK1-TBD alone show single peaks
with sw(20,w) values of 1.6 and 2.4 S, respectively (Fig. 1). The
observed values of sw(20,w) for TRX1 and ASK1-TBD corre-
spond to molecular masses of �12 and �25 kDa, respectively,
suggesting both proteins are monomers in solution (theoretical
molecular mass of TRX1 and ASK1-TBD are 12.99 and 25.57
kDa, respectively). In addition, the observed value of sw(20,w) of
3.0 S for the ASK1-TBD�TRX1 complex corresponds to molec-
ular mass of �33 kDa, suggesting the 1:1 molar stoichiometry of
the complex (theoretical molecular mass 	 38.6 kDa). To
obtain the apparent equilibrium dissociation constant (KD) of
the ASK1-TBD�TRX1 complex, a range of concentrations and
different molar ratios of ASK1-TBD and reduced TRX1 were
examined using SV AUC (Fig. 2A). Analysis of the isotherm of
weight-averaged s values (sw isotherm) as a function of TRX1
concentration revealed the best-fit KD of 0.3 
 0.1 �M using a
1:1 Langmuir binding model. This confirms the ASK1-TBD
and TRX1 form a complex with a 1:1 molar stoichiometry.
Because all SV AUC experiments were performed in the pres-
ence of the reducing agent 2-mercaptoethanol and obtained SV
AUC data can be adequately fitted using the reversible Lang-
muir-type kinetic model (A � B º AB), it is reasonable to
assume the interaction between ASK1-TBD and TRX1 under

FIGURE 1. Sedimentation velocity ultracentrifugation. The normalized
continuous sedimentation coefficient distributions, c(s), for ASK1-TBD alone
(black), TRX1 alone (red), and ASK1-TBD and TRX1 mixed in the molar ratio 1:1
(blue) are shown. All experiments were performed under reducing
conditions.

FIGURE 2. Sedimentation velocity ultracentrifugation. A, isotherm of weight-averaged sedimentation coefficients sw (sw isotherm) obtained from SV
experiments of mixtures of ASK1-TBD WT (5 �M) and reduced TRX1 (3–50 �M). B, the sw isotherm obtained from SV experiments of mixtures of ASK1-TBD WT
(5 �M) and oxidized TRX1 (3–50 �M). TRX1 was oxidized by incubation with a 100-fold molar excess of H2O2 for 15 min at 37 °C (21). C, the sw isotherm obtained
from SV experiments of mixtures of ASK1-TBD WT (20 �M) and reduced TRX1 CS mutant (5–100 �M). D, the sw isotherm obtained from SV experiments of
mixtures of ASK1-TBD W31F mutant (20 �M) and reduced TRX1 (15–290 �M). The insets show the sedimentation coefficient distributions c(s) of mixtures of
ASK1-TBD and TRX1 at various concentrations and molar ratios underlying the sw data points.
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reducing conditions does not involve the formation of intermo-
lecular disulfide bonds. No significant amount of the mixed
disulfide ASK1-TBD�TRX1 complex was observed even upon
the 36-h long incubation of an equimolar mixture of ASK1-
TBD and TRX1 in the absence of the reducing agents (Fig. 3),
further corroborating that intermolecular disulfide bonds are
not involved in complex formation.

Oxidized TRX1 Binds ASK1-TBD with Significantly Lower
Binding Affinity Compared with Reduced TRX1—Several stud-
ies have shown the oxidation of TRX1 disrupts its binding to
ASK1 (1, 9, 18). Therefore, we next examined the interaction
between oxidized TRX1 and ASK1-TBD using SV AUC. Oxi-
dized TRX1 was prepared by incubation with 100-fold molar
excess of H2O2 for 15 min at 37 °C. Such oxidation was previ-
ously shown to produce well defined TRX1 containing two-
disulfide bridges (Cys32-Cys35, Cys62-Cys69) (21). The sw iso-
therm was determined over a range of loading concentrations
of oxidized TRX1 and ASK1-TBD (Fig. 2B). The analysis of

obtained data revealed oxidized TRX1 exhibits a significantly
lower binding affinity for ASK1-TBD compared with reduced
TRX1 with the best-fit KD of 6 
 2 �M using a 1:1 Langmuir
binding model, confirming the oxidation of TRX1 disrupts its
interaction with ASK1.

Structural Integrity of the Catalytic WCGPC Motif of TRX1 Is
Essential for the Binding to ASK1-TBD—The redox-inactive
mutant TRX1-CS where both Cys residues (Cys32 and Cys35)
from the catalytic 31WCGPC35 motif were replaced by Ser does
not bind to ASK1 (1, 9, 18). To test whether this is also true for
the interaction with the isolated ASK1-TBD, SV AUC experi-
ments were conducted and the sw isotherm was determined
over a range of loading concentrations of TRX1-CS and ASK1-
TBD (Fig. 2C). These data revealed negligible binding affinity
(KD was estimated to be of �900 
 200 �M) for the TRX1-CS
mutant, in agreement with previous reports. In addition, the
catalytic 31WCGPC35 motif of human TRX1 contains a con-
served Trp31, which is located in close proximity to the catalytic
Cys residues and undergoes a conformational change upon oxi-
dation of Cys32 and Cys35 or their mutation to Ser (37, 38). Both
oxidized TRX1 and the TRX1-CS mutant exhibit significantly
reduced binding to ASK1 (1, 9, 18), suggesting possible involve-
ment of Trp31 in this interaction. To check the importance of
this residue, TRX1 mutant W31F was prepared and its binding
to ASK1-TBD was investigated using SV AUC (Fig. 2D).
Indeed, the obtained SV data revealed significantly lower bind-
ing affinity of the W31F mutant to ASK1-TBD (KD of 30 
 5
�M), confirming the importance of this residue for ASK1-
TBD�TRX1 complex stability.

Trp31 of TRX1 Is Directly Involved in the Interaction with
ASK1-TBD—Because Trp31 is the only tryptophan residue in
human TRX1 and ASK1-TBD does not contain any tryptophan
residue, the time-resolved tryptophan fluorescence intensity
and anisotropy decay measurements were used to further study
the involvement of Trp31 in TRX1 binding to ASK1-TBD. Both
time-resolved fluorescence intensity and anisotropy decays
were analyzed using a singular-value decomposition maximum
entropy method as previously described (23). Complex forma-
tion significantly increased the mean excited state lifetime
(�mean) of Trp31 from 1.62 to 3.34 ns (Table 1). This could reflect
the ASK1-induced conformational change in TRX1, which
affects interaction of Trp31 with its surroundings. The observed
increase in �mean could also reflect a direct interaction of ASK1-
TBD with this residue, reducing its contacts with the polar envi-
ronment or altering quenching interactions in its vicinity.

Measurements of the emission anisotropies revealed signifi-
cantly different mobility of TRX1 Trp31 in the presence and

FIGURE 3. Non-reduced (A) and reduced (B) 15% SDS-PAGE of purified
ASK1-TBD, TRX1, and their mixture (with 1:1 molar ratio) after the incu-
bation in a buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 1
mM EDTA (and no reducing agents) for 0, 12, and 36 h at 4 °C.

TABLE 1
Summary of time-resolved fluorescence measurements of Trp31 of TRX1

Sample �mean
a,b �1

c,d �1
c,e �2

c,d �2
c,e �3

c,d �3
c,e �long

c,d �long
c,e

ns ns ns ns ns
TRX1 alone 1.62 0.018 �0.1 0.069 1.7 0.133 10
TRX1�ASK1-TBD WT 3.34 0.079 3.3 0.141 30
TRX1�ASK1-TBD C250S 4.52 0.026 �0.1 0.024 1.3 0.034 3.8 0.136 38

a The mean fluorescence lifetime (�mean) was calculated using Equation 2.
b S.D. 	 0.05 ns.
c The fluorescence anisotropies r(t) were analyzed for series of exponentials (Equation 3), where the amplitudes �i represent the distribution of the correlation times �i. Ini-

tial anisotropy of Trp31 for all samples is r0 	 0.22 
 0.01. Amplitudes �1 were calculated as �1 	 r0 � (�2� �3 � �long) for each sample.
d S.D. 	 0.005.
e S.D. 	 15%.
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absence of ASK1-TBD as documented by the raw data pre-
sented in Fig. 4A. Visual inspection of early depolarization
phases in Fig. 4A clearly reveals fluorescence of Trp31 depolar-
izes significantly faster in the absence than in the presence of
ASK1-TBD. The depolarization rate can be directly related to
the rotational freedom of the Trp31 residue. The slower depo-
larization means slower and/or more restricted local and seg-
mental motion of the fluorophore (39). From this point of view,
the binding of ASK1-TBD reduces segmental flexibility of the
catalytic motif where Trp31 is located. This observation corre-
lates with the decrease in �mean (Table 1), which could indicate
the motional restriction of the catalytic motif results in lower
accessibility of Trp31 to polar environment and/or suppressed
quenching interactions in its vicinity. Rigorous data analysis is
in full agreement with the visual observation. TRX1 alone
revealed two classes of short correlation times, one very short
unresolved (�1 � 100 ps) and the second, �2, close to 1.7 ns
(Table 1, Fig. 4B). In addition, the third correlation time �long 	
10 ns was also present in the data. The recovered �long can be
assigned to the overall rotational motion of TRX1, and its value
is close to what would be expected for a globular protein with a
molecular mass about 13 kDa (39). Complex formation resulted
in a disappearance of the fastest decay component with the
correlation time �1 belonging to the fastest Trp31 motion. At

the same time, the correlation time corresponding to the seg-
mental motion increased from 1.7 to 3.3 ns (�23 �3, Table 1
and Fig. 4B). Complex formation also slightly decreased the
sum of amplitudes of the fast anisotropy decay components
�short (�short 	 �1 � �2 � �3) indicating angular restriction of
the motion. Altogether, these changes can be interpreted as a
significantly reduced segmental flexibility of the catalytic motif,
where Trp31 is located, upon the TRX1 binding to ASK1-TBD.
In addition, the observed increase in the longest correlation
time �long from 10 to 30 ns likely reflects the higher molecular
mass of the complex compared with TRX1 alone and its value
corresponds with the expected molecular mass of the complex
(38.6 kDa). These results suggest Trp31 from the catalytic motif
of TRX1 could be directly involved in its interaction with
ASK1-TBD.

ASK1-TBD Is a Rigid Domain That Does Not Change Its
Structure Upon the Binding of TRX1—To investigate the struc-
tural flexibility of ASK1-TBD, the time-resolved tryptophan
fluorescence intensity and anisotropy decay measurements of
single tryptophan residues inserted at four different positions
within the ASK1-TBD (Trp132, Trp175, Trp242, and Trp272)
were performed. The sequence of ASK1-TBD does not contain
any tryptophan residue; phenylalanines located at these posi-
tions were replaced by tryptophans. Results of these measure-

FIGURE 4. Time-resolved TRX1 Trp31 fluorescence anisotropy decay measurements. A, TRX1 Trp31 fluorescence anisotropy decays constructed from the
raw polarized decay data for TRX1 in the absence (E) and presence (F) of ASK1-TBD. The weighted residuals of both fits (gray, TRX1 alone; black, TRX1 �
ASK1-TBD) are shown in the lower panels. The fit quality is also demonstrated by the autocorrelation functions shown in the inset (gray, TRX1 alone; black,
TRX1 � ASK1-TBD). B, rotational correlation time distributions of Trp31 (TRX1) in the absence and presence of ASK1-TBD. The unresolved component with very
short correlation time (�1 � 100 ps) observed in the fluorescence anisotropy decay of TRX1 alone is not shown. C, solution structure of reduced human TRX1
(38). Residues Trp31, Cys32, and Cys35 are shown as sticks.
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ments are listed in Table 2. It can be noticed that all four
mutants showed relatively long �mean ranging from 4.22 to 5.35
ns, indicating that all four Trp residues are likely buried and
inaccessible to the polar environment (40). The analysis of
fluorescence anisotropy decays revealed bimodal correlation
time distributions (Table 2) with small amplitudes of the fast
rotational and segmental motion of the fluorophore (�1), sug-
gesting regions around all four Trp residues, especially Trp
inserted at position 242, are rigid. These data suggest that
ASK1-TBD is a compact and rigid domain.

Next, CD spectroscopy was used to check whether the bind-
ing of TRX1 affects the overall structure of ASK1-TBD. The
deconvolution of CD spectra using the K2D method (41) indi-
cated that ASK1-TBD contains �35% of �, �20% of �, and
�45% of random structure. This estimation is in agreement
with the theoretical prediction using PSIPRED (35% �, 15% �,
and 50% random structure) (42). The far-UV CD spectrum of
the ASK1-TBD�TRX1 complex (with 1:1 molar stoichiometry)
showed no significant difference when compared with the sum
of the individual CD spectra of ASK1-TBD and TRX1 (Fig. 5A),
suggesting no significant changes in overall secondary structure
upon complex formation. The comparison of near-UV CD
spectra that give us the information about the tertiary structure

reveal significant differences only in the region from 275 to 295
nm (Fig. 5B). Because the CD signal in this region arises from
the environments of Tyr and Trp residues (43), it is likely that
the observed differences mainly reflect the structural change
in the vicinity of TRX1 Trp31 upon complex formation as has
also been suggested by time-resolved tryptophan fluorescence
experiments (Table 1 and Fig. 4).

Low-resolution Structure of ASK1-TBD and Its Complex with
TRX1 Obtained from SAXS Measurements—SAXS was used to
obtain the visual insight into the structure of ASK1-TBD and its
complex with TRX1. The experimental SAXS curves from the
ASK1-TBD�TRX1 complex and ASK1-TBD alone are shown in
Fig. 6A. The absence of aggregation in both samples was con-
firmed by the inspection of the SAXS data and the linearity of
the Guinier region (inset in Fig. 6A). The apparent molecular
masses of ASK1-TBD and the ASK1-TBD�TRX1 complex were
estimated by comparison of the forward scattering intensity
I(0) with that from reference solutions of bovine serum albumin
(Table 3). The estimated mass of 37 kDa for the ASK1-
TBD�TRX1 complex corresponds well to a 1:1 stoichiometry
(theoretical molecular mass 	 38.6 kDa) in agreement with the
results from SV AUC. Values of the Rg calculated both from the
slope of the Guinier plot and from the distance distribution
(P(r)) function suggest the complex is more asymmetric com-
pared with ASK1-TBD alone (Table 3). This was further con-
firmed by the P(r) function, which revealed maximum dimen-
sions (Dmax) of ASK1-TBD alone and the ASK1-TBD�TRX1
complex to be 82 and 99 Å, respectively (Fig. 6B). These Dmax
values corroborate a more extended and asymmetric shape of
the complex compared with ASK1-TBD alone.

To obtain the information about the shape of these mole-
cules, the ab initio envelopes were calculated from the scatter-
ing data using the program DAMMIN (Fig. 6, C and D). The
reconstructed envelopes consist of an average of at least 10
individual reconstructions and the individual envelopes agreed
well with each other, as determined using normalized spatial
discrepancy. Normalized spatial discrepancy is a measure of the
degree each of the selected envelopes differs from one another.

FIGURE 5. Circular dichroism measurements. A, the comparison of the far-UV CD spectrum of the ASK41-TBD�TRX1 complex (solid line) with the sum of the
individual far-UV CD spectra of ASK1-TBD and TRX1 (dotted line). B, the comparison of the near-UV CD spectrum of the ASK1-TBD�TRX1 complex (solid line) with
the sum of the individual near-UV CD spectra of ASK1-TBD and TRX1 (dotted line). Proteins were mixed with the 1:1 molar stoichiometry. The mean residue
ellipticity (MRE) is plotted as a function of the wavelength.

TABLE 2
Summary of time-resolved fluorescence measurements of single tryp-
tophan (W) mutants of ASK1-TBD

ASK1-TBD
Trp mutant �mean

a,b �1
c,d �1

c,e �2
c,d �2

c,e

ns ns ns
W132 4.62 0.033 2.7 0.190 18
W175 5.35 0.038 2.0 0.180 18
W242 4.94 0.020 5.0 0.192 18
W272 4.22 0.032 2.5 0.162 16

0.013 Aggr. (�50)
a The mean fluorescence lifetime (�mean) was calculated using Equation 2.
b S.D. 	 0.05 ns.
c The fluorescence anisotropies r(t) were analyzed for series of exponentials (Equa-

tion 3), where the amplitudes �i represent the distribution of the correlation
times �i.

d S.D. 	 0.005.
e S.D. 	 15%.
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Values �1 are considered to indicate no systematic differences.
Normalized spatial discrepancy values of 0.58 and 0.49 were
obtained for envelopes of ASK1-TBD and the ASK1-TBD�TRX1
complex, respectively. The envelope for ASK1-TBD alone (Fig.
6C) shows this domain adopts a compact and slightly asymmet-
ric conformation with one side being narrower than the other.
The envelope of the complex (Fig. 6D) is similar and shows a
more extended thicker part of the molecule, suggesting that
TRX1 interacts with this thicker end of the ASK1-TBD mole-
cule. The size (�20 
 �35 
 �30 Å) and the shape of this
additional area (shown in red in Fig. 6D) correspond well with
the size and the shape of the TRX1 molecule. The comparison
of both envelopes also suggests the interaction between TRX1
and ASK1-TBD is mediated through the large binding inter-
face, rather than one or few contacts. In good agreement with
results of CD measurements, the high similarity of obtained
envelopes also indicates that TRX1 binding does not induce any
dramatic structural change within ASK1-TBD, although we
cannot rule out the possibility of a local conformational change
that is beyond the resolution of this method.

Structural Modeling of the ASK1-TBD�TRX1 Complex—To
further refine the structural details of ASK1-TBD and its com-
plex with TRX1, a structural model of ASK1-TBD was gener-
ated. Because the sequence 88 –302 of ASK1 lacks homology to
any known structures, its models were created by ab initio
modeling using I-TASSER, Phyre2, and Robetta servers (32–
34). However, only one of the models calculated by the Robetta
server showed reasonable agreement not only with the SAXS-
based envelope (Figs. 7, A and B, the back-calculated scattering
curve based on this model fits the SAXS data with 
2 values of
0.91) but also with the secondary structure prediction and the
results of time-resolved fluorescence measurements that sug-
gested all Trp residues that replaced Phe residues at four differ-
ent positions within ASK1-TBD are likely buried and located in
relatively rigid areas (Table 2). The superposition of this model
with the SAXS-based envelope is shown in Fig. 7A. The model
indicates that the C-terminal part of ASK1-TBD contains a �50
residue long �-helix that protrudes from the more spherical
N-terminal part with the 3-layer �/� sandwich architecture.
The comparison of SAXS-based envelopes suggests TRX1
interacts with the N-terminal bulkier part of ASK1-TBD. Fig.
7C shows a superposition of the SAXS envelope of the ASK1-
TBD�TRX1 complex with its model, which was created by
inserting a crystal structure of TRX1 (37) into the empty part of
the complex envelope. The shape and size of the SAXS-based
envelope allowed for the TRX1 molecule to be oriented by its
catalytic WCGPC motif (Fig. 7C, shown in yellow) toward to
ASK1-TBD consistent with the tryptophan fluorescence data,
which suggested the involvement of Trp31 in binding to ASK1-

FIGURE 6. Structural characterization of ASK1-TBD and its complex with reduced TRX1 by SAXS. A, scattering intensity as a function of the scattering
vector s (s 	 4� sin(	)/�, where 2	 is the scattering angle and � is the wavelength). Inset shows Gunier plots of ASK1-TBD and the ASK1-TBD�TRX1 complex at
concentrations 2.3 and 6 mg/ml, respectively. B, distance distribution function P(r). C, averaged and filtered DAMMIN shape envelope (spheres around the
dummy residues) of ASK1-TBD. D, averaged and filtered DAMMIN shape envelope of the ASK1-TBD�TRX1 complex. The main difference between the envelope
of the complex and those of ASK1-TBD alone is shown in red.

TABLE 3
Structural parameters determined from SAXS data

Sample Rg
a Rg

b Mw,I(0)
c Dmax

d

Å kDa Å
ASK1-TBD 23.7 
 0.3 24.2 
 0.2 �25 82
ASK1-TBD�TRX1 28.9 
 0.2 29.3 
 0.1 �37 99

a Determined by Guinier approximation.
b Determined from P(r) function.
c Estimated by comparison of the forward scattering intensity I(0) with that from

reference solutions of bovine serum albumin.
d Determined by indirect Fourier transformation from SAXS data.
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TBD. The accuracy of this model was also assessed by calculat-
ing and comparing its theoretical SAXS scattering profile with
the experimental scattering curve and the calculated scattering
curve fitted the SAXS data well with 
2 values of 1.10 (Fig. 7D).

ASK1 Residue Cys250 Is Located in the Vicinity of TRX1-bind-
ing Surface—The ab initio model of ASK1-TBD indicated that
the TRX1-binding site is located in the vicinity of the Cys250

residue located at the N-terminal end of the long �-helix, which
forms the C terminus of modeled ASK1-TBD (Fig. 7C). The
mutation of this residue inhibits the interaction between ASK1
and TRX1 (16, 17). To check whether the same holds true for
the isolated ASK1-TBD, mutant C250S was prepared and its
interaction with TRX1 was characterized using both SV AUC
and time-resolved fluorescence measurements. Analysis of the
sw isotherm as a function of reduced TRX1 concentration
revealed that ASK1-TBD C250S exhibits a significantly lower
binding affinity compared with WT with the best-fit KD of 50 

10 �M using 1:1 Langmuir binding model (Fig. 8A).

To further investigate the effect of the C250S mutation on
the interaction between ASK1 and TRX1, time-resolved fluo-
rescence measurements of Trp31 of TRX1 were performed.
Measurements of the emission anisotropies revealed different
hydrodynamic properties of TRX1 Trp31 when interacting with
the ASK1-TBD C250S mutant compared with WT (Table 1 and
Fig. 8B). Data analysis revealed four classes of correlation times,
one unresolved and very short (�1 � 100 ps), two longer corre-

sponding to segmental motions (�2 and �3 close to 1.3 and 3.8
ns, respectively), and the fourth correlation time �long 	 38 ns
reflects the overall rotational motion of the complex (Table 1,
Fig. 8B). The simultaneous presence of correlation times
observed either for TRX1 alone (�1 and �2) or TRX1 bound to
ASK1-TBD (�3) suggests an incomplete complex formation
when only a portion of TRX1 is bound to ASK1-TBD C250S.
This conclusion is fully consistent with results of SV AUC
measurements showing that TRX1 interacts with ASK1-TBD
C250S with weaker affinity compared with ASK1-TBD WT.
Moreover, a significantly longer mean excited state lifetime of
Trp31 was observed in this case. In particular, �mean 	 4.52 ns
for the ASK1-TBD C250S�TRX1 complex compared with 3.34
ns for the ASK1-TBD WT�TRX1 complex. This suggests that
Trp31 of TRX1 interacts with ASK1-TBD C250S by the altered
way, likely as a result of either different conformations of ASK1-
TBD or different interactions at the binding interface. Taken
together, both SV AUC and time-resolved fluorescence mea-
surements revealed the ASK1 Cys250 residue is likely located
either at or in close vicinity of TRX1-binding site and is crucial
for the interaction between ASK1 and TRX1.

DISCUSSION

In the present study, our main aim was to provide a structural
insight into the interaction between ASK1 and reduced TRX1.
TRX1, a ubiquitous oxidoreductase, was identified as a physiolog-

FIGURE 7. Superposition of SAXS envelopes with the ab initio models of ASK1-TBD and the ASK1-TBD�TRX1 complex. A, superposition of the SAXS
envelope with the theoretical model of ASK1-TBD (sequence 88 –302) obtained by ab initio modeling using Robetta (34). The N-terminal CC motif of ASK1 is
shown in dark red. Phe residues that were mutated to Trp are shown in green. Cys250 is shown in red. B, comparison of the calculated scattering curve of the
theoretical model of ASK1-TBD (red line) with the experimental scattering data (black line). C, superposition of the SAXS envelope with the model of the
ASK1-TBD�TRX1 complex that was created using the theoretical model of ASK1-TBD and the crystal structure of human TRX1 (37). The catalytic 31WCGPC35

motif of TRX1 is shown in yellow. D, comparison of the calculated scattering curve of the theoretical model of the ASK1-TBD�TRX1 complex (red line) with the
experimental scattering data (black line).
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ical inhibitor of ASK1, which interacts with the N-terminal region
of ASK1 preventing homophilic oligomerization through the
N-terminal CC domain of ASK1. Only the reduced form of
TRX, but not the oxidized form where both Cys residues from
the redox catalytic 31WCGPC35 motif form an intramolecular
disulfide bond, interacts with ASK1 (1, 9, 10, 18). However, the
precise mechanisms of TRX1 binding to ASK1 as well as its
dissociation are still unclear as no structural data are available
on ASK1-TBD and its interaction with TRX1.

Screening of several constructs containing ASK1 sequences
between residues 46 and 302 showed that only the C terminally
His-tagged sequence 88 –302 enables the preparation of a sol-
uble and stable protein that binds reduced TRX1 with 1:1 molar
stoichiometry and KD of �300 nM (Fig. 2A). On the other hand,
oxidized TRX1 showed significantly lower binding affinity with
KD of 6 
 2 �M (Fig. 2B), confirming the oxidation of TRX1
hinders its interaction with ASK1. However, the mechanism

behind the lower binding affinity of oxidized TRX1 is still
unclear. It has been suggested the oxidation of TRX1 generates
an intramolecular disulfide bond between Cys32 and Cys35

within the redox catalytic motif and this, in turn, causes the
dissociation of TRX1 from ASK1 (1, 9, 18). This hypothesis is
supported by the fact the redox inactive TRX1-CS mutant, in
which both Cys32 and Cys35 from the catalytic motif are
replaced by Ser, does not bind to ASK1 (1, 9, 18). SV AUC
experiments revealed that the TRX1-CS mutant exhibits negli-
gible binding affinity for ASK1-TBD (with KD of �1 mM, Fig.
2C), confirming previous observations and suggesting these
active site Cys residues play an important role in TRX1 binding
to ASK1. In addition, our data also suggest that the interaction
between ASK1-TBD and reduced TRX1 does not involve the
formation of intermolecular disulfide bridges as SV AUC
experiments were performed under reducing conditions and all
obtained SV AUC data can be adequately fitted using the
reversible Langmuir-type kinetic model.

Under strong oxidative conditions or at high protein concen-
trations human TRX1 forms homodimers covalently linked
through the non-active site cysteine 73 (37). Because the TRX1
C73S mutant was used throughout this work to avoid formation
of these homodimers, it is necessary to keep in mind data pre-
sented in this work cannot assess the potential role of this res-
idue in the interaction between TRX1 and ASK1.

The catalytic motif of human TRX1 also contains a con-
served tryptophan residue Trp31, which undergoes a subtle
conformational change upon both TRX1 oxidation, when Cys32

and Cys35 are disulfide linked, and the replacement of Cys32 and
Cys35 by Ser (the TRX1-CS mutant) (37, 38). Crystallographic
analysis revealed that Trp31 is partially disordered in reduced
form, but ordered in TRX1-CS and oxidized TRX1. This resem-
blance of TRX1-CS and oxidized TRX1 also likely contributes
to the ability of the TRX1-CS mutant to act as a competitive
inhibitor of thioredoxin reductase (44). Because both TRX1-CS
and oxidized TRX1 were shown to be unable to bind to ASK1 (1,
9, 10, 18), it is entirely possible the similarity in the conforma-
tional behavior of Trp31 might contribute to their inability to
bind to ASK1. Consistent with this hypothesis, results of our
experiments strongly suggest that Trp31 is directly involved in
TRX1 binding to ASK1-TBD. First, the W31F mutation signif-
icantly reduced TRX1 binding affinity for ASK1-TBD (Fig. 2D).
Next, the time-resolved tryptophan fluorescence measure-
ments showed the TRX1 binding to ASK1-TBD both increases
�mean and suppresses the segmental dynamics of Trp31. In the
free TRX1, Trp31 exhibits relatively short �mean and a fast emis-
sion depolarization, suggesting this residue is exposed to the
solvent and highly mobile, in a good agreement with its surface-
exposed location (Fig. 4C) as well as partially disordered nature
observed in structural studies (37). The longer �mean and a
slower and/or more restricted local and segmental motion of
Trp31 in the presence of ASK1-TBD suggest the motional
restriction of the catalytic motif and a lower accessibility of
Trp31 to polar environment and/or suppressed quenching inter-
actions in its vicinity upon complex formation (39, 40). Because
Trp31 is located on the surface of the TRX1 molecule (Fig. 4C), it is
reasonable to interpret observed changes as a direct involvement
of this residue in TRX1 binding to ASK1-TBD.

FIGURE 8. ASK1 residue Cys250 is important for the interaction between
ASK1-TBD and TRX1. A, sedimentation velocity ultracentrifugation. The sw
isotherm obtained from SV AUC experiments of mixtures of ASK1-TBD C250S
(20 �M) and TRX1 (5–100 �M). The inset shows the sedimentation coefficient
distributions c(s) of mixtures of ASK1-TBD C250S and TRX1 at various concen-
trations and molar ratios underlying the sw data points. B, rotational correla-
tion time distribution of Trp31 (TRX1) in the absence and presence of ASK1-
TBD C250S. The unresolved component with very short correlation time
(�1 � 100 ps) observed in the fluorescence anisotropy decay of TRX1 alone is
not shown.

Low-resolution Structure of the ASK1�TRX1 Complex

24472 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 35 • AUGUST 29, 2014



The SAXS experiments revealed ASK1-TBD is monomeric
in solution and adopts a compact and slightly asymmetric shape
with one side being narrower than the other (Fig. 6C). The
shape of the ASK1-TBD�TRX1 complex is similar but more
extended within its thicker part (Fig. 6D). The comparison of
obtained envelopes suggests that TRX1 interacts with the
thicker end of the ASK1-TBD molecule through the large bind-
ing interface without inducing any dramatic structural change,
although a local conformational change, which is beyond the
resolution of this method, cannot be ruled out. Ab initio molec-
ular modeling, although speculative as the 88 –302 sequence of
ASK1 lacks homology to any known structures, provided a
structural model that shows reasonable agreement with the
SAXS-based envelope, the secondary structure prediction, and
the results of time-resolved tryptophan fluorescence measure-
ments (Fig. 7, Table 2). This structural model suggests TRX1
interacts with the bulkier part of ASK1-TBD close to the N
terminus of the long �-helix that protrudes from the more
spherical part of ASK1-TBD and forms its C-terminal end. This
long �-helix contains approximately one-half of the N-terminal
CC motif of ASK1, based on the prediction using the COILS
program (45), located between residues �285 and 320 (shown
in red in Fig. 7). It has been suggested the TRX1 binding to the
N-terminal part of ASK1 blocks its homophilic interaction
through this N-terminal CC motif that is required for ASK1
autophosphorylation and activation (9). Our structural model
is consistent with this hypothesis as TRX1 binding close to the
N-terminal end of this long �-helix might affect its conforma-
tion and its coiled-coil interactions. In addition, both SV AUC
and the time-resolved fluorescence measurements suggested
that ASK1 residue Cys250, which has been shown to be impor-
tant for both TRX1 binding and the oxidative stress-dependent
signaling downstream of ASK1 (16, 17), is located either at or in
close vicinity of the TRX1-binding site (Fig. 8, Table 1) consis-
tent with our structural model (Fig. 7).

Taken together, biophysical and structural characterization
of the isolated TRX1-binding region of ASK1 revealed that this
part of ASK1 is a monomeric and rigid domain that forms a
stable equimolar complex with reduced TRX1. Residues from
the catalytic 31WCGPC35 motif of TRX1 are essential for TRX1
binding to ASK1-TBD and the interaction does not involve the
formation of intermolecular disulfide bonds. Time-resolved
tryptophan fluorescence suggested a direct involvement of
Trp31 in the TRX1 binding to ASK1. SAXS data revealed a com-
pact and slightly asymmetric shape of ASK1-TBD and sug-
gested TRX1 interacts with this domain through the large bind-
ing interface without inducing any dramatic conformational
change. Molecular modeling indicated the TRX1-binding site is
located close to the N-terminal end of a �50-residue long �-he-
lix that forms the C terminus of ASK1-TBD. In addition, our
results also show that ASK1 residue Cys250 is likely located
either at or in close vicinity to the TRX1-binding surface.
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