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Abstract
The role of H2O2 as a second messenger in signal transduction pathways is well established. We show here that the NADPH
oxidase-dependent production of Oz2

2 and H2O2 or respiratory burst in alveolar macrophages (AM) (NR8383 cells) is
required for ADP-stimulated c-Jun phosphorylation and the activation of JNK1/2, MKK4 (but not MKK7) and apoptosis
signal-regulating kinase-1 (ASK1). ASK1 binds only to the reduced form of thioredoxin (Trx). ADP induced the dissociation
of ASK1/Trx complex and thus resulted in ASK1 activation, as assessed by phosphorylation at Thr845, which was enhanced
after treatment with aurothioglucose (ATG), an inhibitor of Trx reductase. While dissociation of the complex implies Trx
oxidation, protein electrophoretic mobility shift assay detected oxidation of Trx only after bolus H2O2 but not after ADP
stimulation. These results demonstrate that the ADP-stimulated respiratory burst activated the ASK1–MKK4–JNK1/c-Jun
signaling pathway in AM and suggest that transient and localized oxidation of Trx by the NADPH oxidase-mediated
generation of H2O2 may play a critical role in ASK1 activation and the inflammatory response.
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Introduction

Alveolar macrophages (AM) are the resident phago-

cytes of the lungs and the primary line of defense

against inhaled particles and microorganisms. AM

play a key role in orchestrating the inflammatory and

immune responses through secretion of a variety of

cytokines. In addition, AM express a multicomponent

NADPH oxidase (NOX2), which could be activated

by phagocytosis of pathogens and particles, or by

soluble agents such as cytokines and adenine

nucleotides [1]. NOX2 activation results in the

production of Oz2
2 and H2O2 (from spontaneous Oz2

2

dismutation), a process referred to as the respiratory

burst. In recent years, NOX2 has been shown to be the

prototype of a large family of NOX homologues that

are expressed in many non-phagocytic cells and be

responsible for ROS production in these cells [2]. It is

now well documented that H2O2 can act as a second

messenger in many cells, modulating the activity of

several signaling molecules and pathways such as

the mitogen-activated protein kinase (MAPK) path-

ways, and the transcription factors AP-1 and NF-kB
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[3–16]. We previously showed that H2O2 generated

by stimulation of the AM respiratory burst with

various agents was required for the activation of

ERK1/2 [8], NF-kB [6] and AP-1 DNA binding [7],

indicating that activation of the NADPH oxidase is

upstream of these pathways in rat AM and that H2O2

may represent a point of convergence by which several

stimuli can modulate downstream signaling pathways.

AP-1 proteins are homodimers or heterodimers

composed of proteins that belong to the Jun, Fos, Jun

dimerization partners (JDP 1 and 2), and ATF

subfamilies [17]. Upon activation by various stresses,

AP-1 dimers bind to DNA recognition elements

known as TPA response elements (TRE) to regulate

the transcription of many genes. AP-1 activity is

regulated through changes in gene transcription and

protein stability, interactions with other proteins and

post-translational modifications, in particular the

phosphorylation of c-Jun by c-Jun-NH2 terminal

kinase (JNK). JNK isoforms are activated through

sequential phosphorylation of kinase modules where

one of several serine–threonine MAP3Ks activates the

dual-specificity kinases MAP2K, MKK4 and/or

MKK7, which in turn phosphorylate JNK in their

activation motif (TPY) [18,19].

The MAP3K, apoptosis signal-regulating kinase-1

(ASK1), directly phosphorylates MKK4/7 and

MKK3/6, thereby activating the JNK and p38

MAPK pathways, respectively [20,21]. ASK1 is

activated by proinflammatory and stress signals such

as TNF-a, Fas, ER stress and H2O2, and plays a

pivotal role in apoptosis, as demonstrated in ASK1

null mice [22], but it is also implicated in cell survival

and differentiation [20,23]. ASK1 activity is tightly

controlled by several mechanisms including oligomeri-

zation, phosphorylation and protein–protein inter-

actions. It has been reported that ASK1 could

associate with TRAF2 [24,25], 14-3-3 [26], GSTMu

[27,28], HSP72 [29], Daxx [24,30], the serine–

threonine phosphatase PP5 [22], thioredoxin (Trx)

[24] and glutaredoxin (Grx) [31]. Both Trx and Grx

contain redox-active cysteine residues in the CXXC

Trx-fold of their catalytic center [32]. In resting cells,

the association between the N-terminus of ASK1 and

reduced Trx inhibits ASK1 activity [24,33]. The

association of Grx with the C-terminus of ASK1 also

inhibits ASK1 activity [31]. It has been suggested that

Trx may be directly oxidized by H2O2 (or via catalysis

by a peroxiredoxin (Prx)) while Grx, which is critical

for reversible protein S-glutathionylation, may first

interact with GSSG to form a mixed disulfide

intermediate, and subsequently an intramolecular

disulfide bridge [34]. The oxidized form of Trx or

Grx dissociates from ASK1, which then undergoes

changes in conformation and homo-oligomerization.

Prior release of Trx appears critical for the binding of

ASK1 to other proteins such as TRAF2 and Daxx that

promotes ASK1 oligomerization and increases its

kinase activity [24,30]. Phosphorylation is also a

critical regulatory mechanism for ASK1 activation.

Oligomerized ASK1 autophosphorylates at Thr845

in the kinase domain activation loop and results in

increased kinase activity [35]. ASK1 can also be

phosphorylated at other serine residuals such as

Ser967, Ser83 or Ser1034, which may differentially

affect ASK1 protein interactions and kinase activity

[36–39].

In this study, we investigated the signaling pathways

leading to AP-1 activation upon stimulation of the rat

AM respiratory burst with ADP, an inflammatory

mediator. We demonstrate that H2O2 generated by the

ADP-stimulated respiratory burst causes Trx oxi-

dation and rapid dissociation from ASK1, and the

phosphorylation of ASK1 at Thr845. Our data show

that respiratory burst increased AP-1 activity through

the ASK1–Trx/MKK4/JNK pathway under physio-

logical stimulation where cells generate low level

of H2O2.

Results

Stimulation of the NADPH oxidase by ADP activates the

ASK1/MKK4/JNK1/2 signaling pathway in a redox-

dependent manner

ADP is an important inflammatory mediator and a

known activator of the NADPH oxidase in AM [40],

and the respiratory burst of rat AM (NR8383 cells) is

maximally stimulated by 400mM ADP [41]. We

previously showed that the increase in AP-1 DNA

binding stimulated by ADP was inhibited by catalase,

suggesting its dependence on the H2O2 produced by

the respiratory burst [7]. Here, we extend these

observations by delineating the ADP-stimulated

signaling pathway upstream of AP-1. As seen in

Figure 1, ADP (400mM) increased the phosphoryla-

tion of JNK1/2 (Figure 1A), c-Jun (Figure 1B) and

MKK4 (Figure 1C). In contrast, ADP did not activate

MKK7, another MAP2K for JNK, while TNF-a,

used as a control, induced a 1.5-fold increase in

MKK7 phosphorylation (Figure 1D).

Several MAP3K upstream of MKK4/7 have been

identified, among which ASK1 was the most

frequently studied. To test whether ADP activates

ASK1, lysates from ADP-stimulated cells were

immunoprecipitated with ASK1 antibody and the

immunoprecipitates were analyzed by immunoblot-

ting with antibodies to ASK1 phosphorylated at

Thr845, which correlates with activation [35]. ASK1

phosphorylation at Thr845 increased as early as 1 min

after ADP treatment and remained elevated by 15 min

(Figure 1E). Pre-incubation of cells with catalase

(100 U/ml), which inhibited the ADP-stimulated

increase in AP-1 DNA binding activity [7], reduced

the ADP-induced phosphorylation of JNK1/2, MKK4

and ASK1 to baseline levels (Figure 1). These data
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demonstrate that H2O2 generated by the ADP-

stimulated respiratory burst is upstream of the

activation of the ASK1/MKK4/JNK1/2 signaling

pathway.

Thioredoxin dissociation from ASK1 is involved in ASK1

activation by ADP-stimulated respiratory burst

Previous studies have suggested that disruption of the

complex formed by ASK1 with reduced Trx in resting

cells precedes ASK1 activation and phosphorylation

[42]. Whether ASK1 is activated through this

mechanism by respiratory burst, however, remains

unclear. Thus, we tested the Trx/ASK1 association

with/without ADP stimulation. ASK1 was immuno-

precipitated and the association of ASK1 with Trx was

assessed by immunoblotting with a Trx antibody. At

unstimulated condition, Trx is associated with ASK1

(Figure 2A); and stimulation with ADP reduced the

amount of Trx associated with ASK1 (Figure 2A).

The ADP-mediated dissociation of Trx from ASK1

was observed after 1 min and was followed by

re-association. Pre-incubation with catalase prevented

ADP-mediated Trx dissociation from ASK1

(Figure 2B), suggesting that Trx oxidation may be

involved in the Trx–ASK1 dissociation process.

Although the redox-regulated association of ASK1

with Grx has been reported in cells transfected with

Grx and ASK1 constructs [31], we could not detect

any Grx in the ASK1 immunoprecipitates prior to

Figure 1. ADP activates ASK1/MKK4/JNK1/2 in an H2O2-

dependent manner. NR8383 cells were pre-incubated ^ catalase

(100 U/ml) for 15 min before stimulation with 400mM ADP for the

indicated times. Whole cell lysates (A–D) or ASK1

immunoprecipitates (E) were analyzed by Western blotting. ADP

induced the increase in phosphorylation of JNK1/2 (A), c-Jun (B),

MKK4 (C) and ASK1 (E) that was abrogated by exogenous

catalase. ADP did not stimulate the phosphorylation of MKK7 (D)

but TNF-a did, as previously reported. Shown are representative

blots and bar graphs (B–E) represent the mean and standard

deviation of photon counts obtained as described in Methods;

n ¼ 3, *p , 0.05, **p , 0.01.

Figure 2. ADP stimulation of the respiratory burst induces the

dissociation of Trx from ASK1. NR8383 cells were stimulated with

400mM ADP and ASK1 was immunoprecipitated. Catalase

(100 U/ml) was added 15 min before stimulation. (A) ADP

induces Trx dissociation from ASK1. (B). Catalase eliminated

ADP-induced dissociation of Trx from ASK1. Experiments were

repeated at least three times and the blots shown are representative

of the results obtained. The bar graph (B) represents the mean and

standard deviation of photon counts as described in Methods;

n ¼ 4, *p , 0.05.

Redox-dependent activation of endogenous ASK1 867
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stimulation in AM, despite that Grx is detected in the

whole cell lysates (data not shown). These data

suggest that the H2O2-mediated oxidation of Trx and

dissociation of the Trx/ASK1 complex are involved in

ASK1 activation by ADP.

A link between the activity of thioredoxin reductase

(TrxR), the selenocysteine enzyme that restores

reduced Trx, and the redox state of Trx has been

established. In yeast, TrxR deletion results in greatly

decreased levels of reduced Trx [43]. Treatment with

gold compounds such as aurothioglucose (ATG),

which inhibit TrxR [44] would be expected to increase

the levels of oxidized Trx, reduce ASK1 association

with Trx, and increase ASK1 phosphorylation.

Indeed, hardly any Trx was found associated with

ASK1 in ATG-treated cells (Figure 3A). Consistent

with this, ATG-treated cells exhibited an increase in

the phosphorylation of ASK1 in control cells (time 0)

and at all time points after ADP treatment (Figure 3B).

These data further support the hypothesis that

oxidation of Trx is involved in the activation of

ASK1/MKK4/JNK1/2 pathway by the ADP-stimu-

lated respiratory burst.

The oxidation state of proteins can be analyzed in

vivo by determining the thiol adducts with protein

mobility shift (PEMSA) assay [43]. Using this

method, we determined the redox state of total

cellular Trx in AM exposed to ADP. H2O2 exposure

and fully alkylated rat Trx was used as controls

(Figure 4, lane 1). Bolus addition of H2O2 resulted in

the rapid and transient oxidation of Trx, as indicated

by slower migrating bands (Figure 4; compare lane 2

with lanes 3 and 4). In contrast, after ADP

stimulation, Trx appeared to remain primarily in the

reduced state at all time points (lanes 5 and 6) and

conditions (lanes 7–10), despite the fact that ADP

induced the dissociation of Trx from ASK1 in a

catalase-inhibitable manner. Because only a small

portion of total cellular Trx associates with ASK1, this

may reflect an inability to detect localized Trx

oxidation by PEMSA.

Discussion

ROS, particularly H2O2, are now considered bona fide

participants in the signaling pathways of many cells

[3–16] and a consensus has emerged that signaling

proteins with critical thiols are targets for H2O2,

especially if the cysteine is in the thiolate form [10,45].

Previous studies of respiratory burst in phagocytes

have mainly concentrated on the participation of ROS

in bacterial killing and tissue injury; nevertheless,

ROS were shown to be involved in signaling some 10

years ago [6,46,47]. We previously demonstrated that

production of H2O2 by the respiratory burst triggered

by ADP and other inflammatory mediators was

necessary for the stimulated increase in AP-1 DNA

binding activity in rat AM [7], and in this paper we try

to identify the upstream signaling events of AP-1

activation during respiratory burst in AM.

The redox sensitivity of AP-1 activation is mediated

by conserved cysteine residues in the DNA binding

domain of the Fos and Jun proteins that must be

reduced for DNA binding activity. Oxidation of these

Figure 3. Trx dissociation from ASK1 is enhanced by ATG.

NR8383 were pretreated with 20mM ATG for 15 min before

stimulation with ADP and ASK1 was immunoprecipitated. ASK1

phosphorylation and Trx association were determined by Western

blotting of the immunoprecipitates. ATG enhances ADP-mediated

Trx dissociation (A) and ASK1 phosphorylation (B). The

experiments were repeated three times and the blots shown are

representative of the results obtained. Bar graphs represent the mean

and standard deviation of photon counts obtained as described in

Methods; n ¼ 3, *p , 0.05, **p , 0.01.

Figure 4. PEMSA determination of Trx redox state. NR8383 cells

were exposed to 100mM H2O2 (3–4) or 400mM ADP (5–10) for 1

or 5 min and harvested for Trx redox determination as described in

Methods. Where indicated, cells were pre-incubated for 15 min with

100 U/ml catalase (7–8) or 2mM DPI (9–10). Lane 1 represents the

rat Trx alkylation ladder control. Arrows indicate the fraction of Trx

in fully reduced (Trx(SH)2) or dithiol (Trx(SS)) state. PEMSA was

repeated three times and the blots shown are representative of the

results obtained.

H. Liu et al.868
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cysteines is reversed by the multifunctional protein

redox factor-1 [[1]], which contains a redox active

cysteine residue [48–50]. AP-1 redox sensitivity can

also be the result of JNK activation by oxidants.

Multiple mechanisms have been invoked for JNK

activation by H2O2. It was proposed that JNK remains

inactive in quiescent cells through its complex with

GSTPi, which can be oxidized by H2O2, resulting in its

oligomerization and dissociation from JNK that is

then activated [51]. Lack of GSTPi in null mice

resulted in increased JNK constitutive activity,

confirming its role [52]. Another study proposed

that H2O2 activated JNK via recruitment to tumor

necrosis factor receptor 1, although the mechanism of

JNK activation and the target for H2O2 oxidation

remain unclear [53]. Recently, a novel mechanism was

demonstrated in yeast where the H2O2-mediated

formation of a disulfide complex between Tpx1,

a 2-Cys Prx and Sty1, the JNK/p38MAPK homolog,

through an evolutionary conserved cysteine in Sty1

resulted in JNK activation [54]. Nevertheless, the best

characterized mechanism for JNK activation by H2O2

involves ASK1 and Trx [24,34]. The importance of

ASK1 in this pathway was demonstrated by the

significant decrease in H2O2-mediated JNK activation

observed in cells derived from ASK1 2 /2 mice [55].

Here, we show that H2O2 generated by the ADP-

stimulated respiratory burst induces JNK activation

via MKK4 and ASK1–Trx (Figure 1), a pathway that

is most likely responsible for the increase in AP-1

DNA binding activity previously observed [7].

Both MKK4 and MKK7 can activate JNK at the

TPY activation motif, although MKK4 preferentially

phosphorylates the Tyr residue while MKK7 targets

the Thr [56,57]. Both kinases contribute to JNK

activation by UV irradiation and anisomycin while

only MKK7 is essential for JNK activation by TNF-a,

which does not activate MKK4 [58]. Few studies

reporting JNK activation by H2O2 investigated the

activation of the dual-specificity kinases, except for

one study in U937 cells showing that bolus addition of

1 mM H2O2 activated both MKK4 and MKK7 [59].

The fact that only MKK4 was activated by the

respiratory burst in our studies (Figure 1C) may be

due to differences between immature human mono-

cytic cells and rat AM or to differential activation

pathways by lower levels of H2O2.

ASK1 activation is known to be regulated by

protein–protein interactions and by phosphorylation.

It is well accepted that the binding of ASK1 to reduced

Trx inhibits its kinase activity in resting cells. This was

confirmed in experiments where down regulation of

Trx-1 or Trx-2 with antisense oligonucleotides

resulted in increased activation of endogenous ASK1

[24], although Trx-2 interaction with ASK1 is not

required for JNK activation [60]. Others have

suggested that Trx binding to ASK1 may inhibit its

kinase activity in a redox-independent manner by

increasing ASK1 ubiquitination and degradation [61].

Nevertheless, Trx oxidation has been shown to be an

essential step, pre-requisite to ASK1 release from the

complex and activation by H2O2 [35]. Association of

reduced Grx with ASK1 has also been shown to

inhibit constitutive kinase activity of ASK1. As for

Trx, oxidation of Grx precedes ASK1 activation,

although these data have only been obtained so far

with both Grx and ASK1 overexpression [31]. We did

not detect any associated Grx in the ASK1 immuno-

precipitates from quiescent AM, despite the signifi-

cant expression of Grx in the cells (data not shown).

One can speculate that this association may not occur

with endogenous proteins or that the Grx/ASK1

complexes are too few to be easily detected.

Alternatively, this association may be cell type-

specific. This issue will await further confirmatory

studies.

Most studies investigating the mechanism of ASK1

activation by oxidants have used ASK1-overexpres-

sion system and bolus addition of high doses of H2O2.

Only one study reported the activation of endogenous

ASK1 by H2O2 using pulmonary artery endothelial

cells and 250mM H2O2 [62]. In rat AM, ADP

induced the rapid dissociation of Trx from ASK1,

which was inhibited by catalase, as was the phos-

phorylation of MKK4 and c-Jun. In addition, ADP

treatment induced the rapid phosphorylation of ASK1

on Thr845, which has been associated with activation

[35], and catalase inhibited the increase in ASK1

phosphorylation. Another residue, S967, is highly

phosphorylated in quiescent cells, and bound to 14-3-

3, which inhibits ASK1 kinase activity [36–38].

A recent study demonstrated that H2O2 activated

ASK1 through dephosphorylation of S967 by an

okadaic acid-sensitive phosphatase, inducing dis-

sociation of 14-3-3 [63]. While the authors did not

determine whether Trx was released from ASK1

under their experimental conditions using transfected

cells, they argued that their results were consistent

with a model in which Trx oxidation by H2O2 and its

release from ASK1 preceded the dephosphorylation

of S967.

In this study we observed that phosphorylation at

Thr845 of ASK1 upon ADP treatment was transient

(Figure 1E); i.e. maximum ASK1 phosphorylation

occurred at 5 min of ADP treatment and was

diminished after 15 min. The transient nature of

ASK1 activation by ADP may be related to several

factors. Besides the rapid re-association of ASK-1 with

reduced Trx (Figure 2A), protein phosphatase 5

(PP5) may also play a role in this process. PP5 is a

Ser/Thr protein phosphatase that can bind to ASK1

and downregulate its activity by dephosphorylating

p-ASK1 [67–70]. Zhou et al. [69] reported that

hypoxia, induces the expression of PP5 and the

activation of the ASK1/MKK-4/JNK signaling

cascade, which was turned-off by binding of PP5 to

Redox-dependent activation of endogenous ASK1 869
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ASK1. This supports the previous report by Morita

et al. [67] where PP5 was found to act as a

physiological inhibitor of the ASK1/JNK/p38 path-

way, inhibiting the sustained activation of ASK1 by

H2O2. Based on these published observations, PP5

may play a role in the transient activation of ASK1 by

ADP in addition to the dissociation and re-association

of Trx, although its constitutive expression has not

been documented in NR8383 cells.

Treatment with ATG (Figure 3), a TrxR inhibitor

that would increase the levels of oxidized Trx [64,65],

reduced the association of Trx with ASK1 and

enhanced ASK1 phosphorylation, consistent with

the contention that dissociation from ASK1 involves

Trx oxidation and precedes phosphorylation. Never-

theless, when the redox status of Trx was examined by

PEMSA (Figure 4), transient Trx oxidation was only

detected with bolus addition of H2O2 (lanes 3 and 4),

at a dose that is approximately 1000 times greater

(100mM H2O2 , 100 nmoles in the 1 ml incubation

volume) than the amount generated by the ADP-

stimulated respiratory burst (data not shown).

As signaling involves local gradients of second

messengers ranging from very high at the point of

production to zero at the point of destruction, bolus

addition may need to be high to achieve sufficient

concentration locally. Other studies using addition of

cAMP to permeabilized cells also require much higher

concentrations to achieve signaling than are produced

in the total cell volume through stimulated production

[66]. Thus, the local concentration of H2O2 between

the NADPH oxidase and the ASK1–Trx complex

may be as high as 100mM, although globally the

increase would be a small fraction of that. In fact,

catalase inhibited the ADP-stimulated Trx release

from ASK1, which only binds reduced Trx, indicating

that the low levels of H2O2 produced by the

respiratory burst result in Trx oxidation. It is very

unlikely that the inability to detect oxidized Trx in

ADP-treated cells by PEMSA is due to a difference in

the mechanism by which ADP or bolus H2O2 caused

Trx dissociation. Instead, only the small portion of Trx

that was associated with ASK1 and in close vicinity to

the NADPH oxidase where sufficiently high H2O2 is

being generated may have undergone oxidation that

PEMSA could not detect.

As summarized in Figure 5, ADP binding to its G

protein-coupled receptor induces the assembly of the

NADPH oxidase and production of superoxide that is

dismutated to H2O2. While the redox active cysteine

of Trx is potentially susceptible to oxidation by H2O2,

the non-enzymatic reaction might be too slow to play a

significant role in signaling. Trx participates in protein

disulfide/dithiol exchange and is the reducing cofactor

in the elimination of H2O2 by enzymes first called

thiol-specific antioxidant, then thioredoxin peroxi-

dases, and now referred to as Prx [71]. It has been

suggested that Prx effectively control the levels of

Figure 5. Proposed model for activation of the JNK pathway by ADP. ADP, acting via its G-protein coupled receptor, stimulates the

assembly of the NADPH oxidase (NOX2) at the plasma membrane, resulting in extracellular generation of superoxide that dismutates to

hydrogen peroxide. H2O2 freely diffuses into cells but can be eliminated by addition of extracellular catalase. Inactive ASK1 (iASK1) is bound

to reduced thioredoxin (Trx-(SH)(S2)), which is released from ASK1 upon its oxidation to a disulfide (Trx(S)2) by H2O2, a reaction likely

catalyzed by a Prx. Free ASK1 undergoes activation (aASK1) via several mechanisms including phosphorylation of Thr845, resulting in

activation of the JNK module and phosphorylation of c-Jun. Reduction of oxidized Trx by NADPH and TrxR is followed by Trx re-association

with ASK1, which can be delayed upon inhibition of TrxR by gold compounds such as ATG.

H. Liu et al.870
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H2O2 in cells and may affect redox signaling through

its transient inhibition so that the H2O2 concentration

can reach signaling levels [71,72]; however, it is

possible that Prx in catalyzing the oxidation of Trx by

H2O2 activates ASK1. Regardless, H2O2, either

through a Prx-catalyzed reaction or directly, induces

the oxidation of Trx and activation of the

ASK1/MKK4/JNK pathway. This pathway is most

likely responsible for the increased in AP-1 DNA

binding activity stimulated by the low doses of H2O2

produced by the respiratory burst we previously

demonstrated in rat AM [73]. AP-1 activation in AM

has been shown to be necessary for the induction of

lung inflammation in an in vivo model [74]. Thus,

activation of this pathway by the respiratory burst may

participate in the induction of gene expression for

proinflammatory mediators, in conjunction with the

NF-kB pathway.

Material and methods

Reagents and materials

Unless otherwise noted, chemicals were from Sigma

(St. Louis, MO, USA) and at least of analytical grade.

The Trx antibody was previously described [75]. The

antibodies to ASK1, p-JNK, p-c-Jun and actin were

from Santa Cruz Biotechnology (Santa Cruz, CA,

USA), pThr845–ASK1 from Cell Signaling Technology

(Beverly, MA, USA), p-MKK4 from Upstate Biotech.

Inc. (Lake Placid, NY, USA), Grx antibody from

Labfrontier (E-mail: bio-orders@labfrontier.com) and

protein A-Sepharose from Amersham Biosciences

(Piscataway, NJ, USA).

Cell culture

The NR8383 rat AM cell line [76] was a generous gift

from Dr G. H. Zhang, University of Texas Health

Science Center at San Antonio. Cells were cultured in

F-12K medium (Life Technologies, Grand Island,

NY, USA), supplemented with 15% heat-inactivated

fetal bovine serum (Omega Sci., CA, USA), 100 U/ml

penicillin and 100mg/ml streptomycin in 5% CO2

at 378C.

ASK1 immunoprecipitation

After treatment for various times, cells were lyse d

with buffer containing 50 mM HEPES (pH 7.4),

150 mM NaCl, 1% Triton X100, 0.5% NP40, 50 mM

beta-glycerophosphate, 1 mM sodium orthovanadate,

10 mM sodium pyrophosphate, 1 mM EGTA, 1 mM

PMSF, 10% glycerol, 1 mM DTT, 100 mM sodium

fluoride, 10 ng/ml leupeptin and aprotinin. Clarified

lysates were immunoprecipitated with anti-ASK1 at

48C overnight and then incubated for 1 h with protein

A-Sepharose (Amersham Biosciences, Piscataway,

NJ, USA). After washing with lysis buffer and

re-suspension in 2X Laemmli sample buffer, the

immunoprecipitates were analyzed by SDS-PAGE

and Western blotting.

Western blotting

Whole cell lysates were prepared after stimulation by

extracting proteins with M-PER buffer (Pierce,

Rockford, IL, USA). Immunoprecipitates or 30mg

protein from cell lysates were separated by SDS-

PAGE (4–20%; InVitrogen, Carlsbad, MA, USA)

and electrotransferred to polyvinylidene difluoride

(PVDF) membranes (Millipore, Bedford, MA, USA).

Membranes were blocked at room temperature in 5%

nonfat dry milk (NFDM) for 1 h, incubated overnight

at 48C with the appropriate primary antibody in 5%

NFDM in Tris buffer saline (TBS) and subsequently

for 2 h at room temperature with a peroxidase-labeled

anti-species antibody. Protein bands were detected

using a chemiluminescent system (ECL Plus, Amer-

sham Biosciences), imaged and quantified by photon

counting using the charged-coupled device (CCD)

camera of a Kodak Image Station 2000R (Kodak,

Rochester, NY, USA) and Kodak 1D 3.6 Image

Analysis Software. Photon counting was used for

graphing and statistical analysis.

Thioredoxin redox state determination

The redox state of Trx was determined by PEMSA

[43]. Briefly, cells were stimulated under several

conditions and incubated for 15 min at 378C in 400ml

alkylation buffer (8 M urea, 100 mM Tris (pH 8.2)

and 1 mM EDTA) containing 30 mM iodoacetate

(IAA). Samples were then frozen/thawed, precipi-

tated, washed with cold acetone, and incubated for

30 min at 378C in 400ml alkylation buffer containing

3.5 mM DTT. Samples received iodoacetamide

(IAM) to 10 mM and were incubated for 30 min at

378C. An alkylation ladder, showing the seven charge

isomers of rat Trx, was prepared by harvesting cells in

alkylation buffer containing 3.5 mM DTTand treating

the reduced lysate with IAA and IAM mixtures.

Protein concentration was determined by the Brad-

ford method [77] and equal amounts of protein (10 or

20mg) were analyzed by urea-PAGE, and transferred

to Hybond membrane (Amersham). After blocking

overnight in 5% NFDM in TBS-T (15 mM Tris (pH

7.6), 140 mM NaCl and 0.1% Tween), membranes

were incubated with rabbit anti-mouse Trx antisera,

washed and incubated with HRP-conjugated goat-

anti-rabbit IgG (Jackson Immunol, West Grove, PA,

USA). Protein bands were visualized with ECL

reagents. An alkylation ladder was prepared that

showed the seven possible charge isomers of rat

Trx, which has six cysteine residuals. Fully reduced
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Trx migrates more rapidly to the anode than fully

oxidized Trx.

Statistical analysis

SigmaStat software was used for statistical analysis

and statistical significance was accepted when

p , 0.05. Comparison of variants between experi-

mental groups was performed with one way ANOVA

followed by Tukey’s test.
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