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Cell survival and death-inducing signals are tightly associated
with each other, and the decision as to whether a cell survives or
dies is determined by controlling the relationship between these
signals. However, themechanism underlying the reciprocal reg-
ulation of such signals remains unclear. In this study, we reveal a
functional association between PDK1 (3-phosphoinositide-de-
pendent protein kinase 1), a critical mediator of cell survival,
and ASK1 (apoptosis signal-regulating kinase 1), an apoptotic
stress-activated MAPKKK. The physical association between
PDK1 and ASK1 is mediated through the pleckstrin homology
domain of PDK1and theC-terminal regulatory domain ofASK1
and is decreased by ASK1-activating stimuli, such as H2O2,
tumor necrosis factor �, thapsigargin, and ionomycin, as well as
insulin, a PDK1 stimulator. Wild-type PDK1, but not kinase-
dead PDK1, negatively regulates ASK1 activity by phosphory-
lating Ser967, a binding site for 14-3-3 protein, on ASK1. PDK1
functionally suppresses ASK1-mediated AP-1 transactivation
and H2O2-mediated apoptosis in a kinase-dependent manner.
On the other hand, ASK1 has been shown to inhibit PDK1 func-
tions, including PDK1-mediated regulation of apoptosis and
cell growth, by phosphorylating PDK1 at Ser394 and Ser398, indi-
cating that these putative phosphorylation sites are involved in
the negative regulation of PDK1 activity. These results provide
evidence that PDK1 and ASK1 directly interact and phosphor-
ylate each other and act as negative regulators of their respective
kinases in resting cells.

Evidence is accumulating that the cellular decision between
either cell survival or death is determined by the integration of
multiple survival and death signals. Akt, also known as protein
kinase B (PKB),3 plays a key role in cell survival signaling and

has been shown to phosphorylate a number of its proapoptotic
substrates directly, including GSK-3 (glycogen synthase kinase
3), Bad (Bcl-2-associated death promoter), caspase-9, and fork-
head transcription factor, through protein-protein interactions
(1–6). It is also involved in suppressing cellular proapoptotic
signaling. Akt directly phosphorylates ASK1 (apoptosis signal-
regulating kinase 1) at Ser83 and inhibits its function (7). Raf-1,
a Ser/Thr kinase involved in normal cell growth, is also thought
to inhibit ASK1-induced apoptosis via direct interaction,
although the precise phosphorylation site on ASK1 has not
been identified (8). These findings suggest that the inhibition of
proapoptotic signaling pathways by proteins involved in sur-
vival signaling mechanisms may be part of the cellular machin-
ery that maintains cell survival and vice versa.

ASK1 is a member of a MAPKKK family and functions as an
upstream kinase engaged in c-Jun NH2-terminal kinase (JNK)/
p38 signaling via the phosphorylation and activation of MAP-
KKs, such asMKK3, -4, -6, and -7 (9–11). A number of cellular
proteins that interact withASK1 have been identified, and their
roles in the regulation of ASK1 function have been investigated
(11–16). Among these proteins, it was discovered that tumor
necrosis factor receptor-associated factor, Daxx, JSAP1 (JNK/
stress-activated protein kinase-associated protein 1)/JIP3
(JNK-interacting protein 3), and MPK38 (murine protein ser-
ine/threonine kinase 38) stimulated ASK1 function through
direct interaction, whereas thioredoxin, glutaredoxin, 14-3-3,
Hsp72 (heat shock protein 72), Raf-1, Akt/PKB, and PP5 (pro-
tein serine/threonine phosphatase 5) all contributed to the
inhibition of ASK1 function. However, the mechanisms by
which ASK1 phosphorylation prevents cells from undergoing
cell death and induces cell survival remain unclear, despite the
involvement of Akt/PKB, apoptosis signal-regulating kinase 2
(ASK2), and MPK38 in the regulation of ASK1 function
through direct phosphorylation (7, 17, 18). Thus, it is possible
that a search for the unidentified kinases responsible for ASK1
phosphorylation will contribute toward a better understanding
of the mechanism of AKS1 regulation in response to various
cellular stresses.
PDK1 was first identified as an enzyme responsible for the

phosphatidylinositol 3,4,5-trisphosphate-dependent phosphor-
ylation of the activation loop of Akt/PKB, a downstream target
of phosphatidylinositol 3-kinase (PI3K) (19). PDK1 is amember
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of the AGC (protein kinase A, G, and C) subfamily of protein
kinases and is a master kinase involved in controlling a diverse
set of kinases that have been implicated inmany cellular signal-
ing processes, including cell survival, proliferation, and differ-
entiation (20–23). A post-translational modification, such as
phosphorylation, is one of the major mechanisms regulating
protein function, although the mechanism of how PDK1 phos-
phorylation regulates its activity remains controversial and is
less well understood. It has been shown that PDK1, like other
members of the AGC family of protein kinases, is capable of
self-activation by phosphorylating Ser241 within its own activa-
tion loop (24). Recent studies have provided evidence that the
tyrosine phosphorylation of PDK1 also plays an important role
in stimulating PDK1 activity (25–27). These observations sug-
gest that PDK1 phosphorylation is involved in the regulation of
PDK1 activity, although the inhibition of PDK1 function,medi-
ated by phosphorylation, has not yet been reported.
In this study, we show that PDK1 directly phosphorylates

ASK1 on Ser967 through physical interaction and inactivates
ASK1. This interaction contributes to the suppression of JNK-
mediated AP-1 (activator protein 1) transactivation and ASK1-
induced apoptosis. On the other hand, ASK1 suppresses PDK1
functions in a kinase-dependent manner by phosphorylating
PDK1 at Ser394 and Ser398, suggesting a novel mechanism for
the regulation of PDK1 activity.

MATERIALS AND METHODS

Cell Culture and Transient Transfection—HEK293, HeLa,
293T, and HaCaT cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
(Invitrogen) in a 5%CO2 atmosphere at 37 °C as described (28).
Each plasmid DNA indicated under “Results” was transfected
into HEK293, 293T, or HaCaT cells with WelFect-ExTM Plus
(WelGENE, Daegu, Korea) according to the manufacturer’s
instructions. The transfection efficiency as assessed by green
fluorescent protein (GFP) was about 30–40%.
Plasmids, Cell Line Construction, and PDK1 Mutants—

Wild-type (WT) and kinase-dead (K709R) ASK1, ASK1(N),
ASK1(K), ASK1(C), ASK1(K709R) mutants (S83A, T838A,
S967A, and S1034A), MKK6(K82A), p38, ATF2, c-fos, and the
AP-1-Lux reporter have all been described previously (17).WT
and kinase-dead (KD) PDK1, PDK1(PH), and PDK1(CA) have
also been described previously (28). HEK293 cells (PDK1
shRNA) stably expressing PDK1-specific shRNAwere screened
in the presence of 1.5 �g/ml puromycin until all control paren-
tal HEK293 cells died. HEK293 cells (inducible PDK1 shRNA)
transfected with pSingle-tTS-shRNA harboring PDK1-specific
shRNA were screened in the presence of 500 �g/ml G418. Sta-
ble clones were isolated and treated with 1 �g/ml doxycycline
(Sigma), a tetracycline analogue, for 72 h, and endogenous
PDK1 knockdown was determined by immunoblot analysis
using an anti-PDK1 antibody. HEK293 cells (PDK1(OE)) stably
expressing PDK1 were screened in the presence of 600 �g/ml
G418. The generation of ASK1�/� and ASK1�/� mouse
embryonic fibroblasts (MEFs) were reported previously (29).
PDK1 mutants were generated by PCR mutagenesis, as
described previously (17), on PDK1-C (amino acids 249–556)

or wild-type PDK1 using the primers described in the supple-
mental material.
Antibodies and Reagents—The anti-FLAG (M2) and anti-�-

actin antibodies were obtained from Sigma. The antibodies
against hemagglutinin (HA), ASK1, MKK3, and ATF2 were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). The phosphoantibodies against MKK3/6(Ser189/207),
p38(Thr180/Tyr182), ATF2(Thr71), PDK1(Ser241) and
ASK1(Thr845), PKA C(Thr197), PKC�(Thr505), and the
anti-p38 antibody were from Cell Signaling Technology
(Danvers, MA). The anti-PDK1, anti-phospho-Akt(Thr308),
anti-phospho-Bad(Ser136), and anti-GST antibodies were
described previously (30). Akt inhibitors VIII and SH-5, PKA
inhibitor H-89, and PKC inhibitor staurosporine were
obtained from Calbiochem.
Protein Interactions, Immunoprecipitation, and Immunoblot

Analysis—Assays were performed as described previously
(28, 30).
In Vitro Kinase Assay—Cells transfected with the appropri-

ate plasmids were collected and lysed with buffer (20 mM

Hepes, pH 7.9, 10 mM EDTA, 0.1 M KCl, and 0.3 M NaCl). The
immunoprecipitates or GST precipitates, purified on glutathi-
one-Sepharose beads, were assayed for the indicated protein
kinase activities in reaction mixtures containing each kinase
buffer (17) and 5�g of recombinantGST-tagged substrates (for
ASK1, MKK6(K82A); for MKK3/MKK6, p38; for p38, ATF2;
for PDK1, serum/glucocorticoid-regulated kinase; and for JNK,
c-Jun) in a volume of 30 �l, followed by SDS-PAGE and auto-
radiography. Protein concentration was determined by the
Bradford assay.
Reporter Assay—Cells transfected with the plasmids indi-

cated plus the AP-1-Luc reporter were lysed, and luciferase
activity was detected by the luciferase assay kit (Promega)
according to the manufacturer’s instructions (17). The plasmid
expressing �-galactosidase was cotransfected as an internal
control, and the total DNA employed in each transfection was
kept constant by supplementing with empty vector DNAs.
Experiments were repeated independently at least three times.
Small Interfering RNA (siRNA) Experiments—The siRNA

experiments were performed using the PDK1 siRNAs de-
scribed in the supplemental material (28, 30). ASK1 siRNAwas
described previously (31).
Apoptosis Assay—HEK293 cells were transfected with the

expression vectors indicated in the presence or absence of
H2O2. 293T cells undergoing apoptosis, after treatment with
TNF-� (20 ng/ml) and cycloheximide (10 �g/ml), were quanti-
tated by the GFP expression system as well as by staining with
the terminal deoxynucleotide transferase-mediated dUTP nick
end labeling (TUNEL) system, according to the manufacturer’s
instructions (Roche Molecular Biochemicals). Apoptosis anal-
ysis using the GFP system was performed as described previ-
ously (32).
Cell Cycle Analysis—Assays were performed as described

previously (30). Briefly, HaCaT cells (2 � 105/60-mm dish),
transfectedwith the indicated combinations of plasmid vectors,
were washed with ice-cold phosphate-buffered saline and then
synchronized in G0/G1 by 2 mM hydroxyurea treatment for
20 h. The number of cells in each stage of the cell cycle was
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analyzed after 10% serum treatment for 24 h. The trypsinized
cells were washed twice with ice-cold phosphate-buffered
saline and incubated at 37 °C for 30 min with a solution (1 mM

Tris-HCl, pH 7.5) containing 50 �g/ml propidium iodide
and 1 mg/ml RNase A. The cells present in each phase of the
cell cycle were analyzed by flow cytometry performed on a
FACSCalibur-S system (BD Biosciences).
Statistical Analysis—Data shown represent themeans� S.E.

of at least three independent experiments; p � 0.05 relative to
control, significance calculated by Student’s t test.

RESULTS

PDK1 and ASK1 Interact Directly with Each Other in Vivo
and in Vitro—Given that Akt, a downstream target of PDK1,
phosphorylates Ser83 of ASK1 and inhibits signaling down-
stream of ASK1 through direct interaction and that ASK1 has
been previously identified as a PDK1-interacting protein in the
yeast two-hybrid system (7) (data not shown), we speculated
that PDK1, an upstream kinase of Akt/PKB, might regulate the
function of ASK1 through phosphorylation. To determine
whether ASK1 can act as a physiological substrate for PDK1 in
cells, we first performed cotransfection experiments using
GST-PDK1 and FLAG-ASK1 expression vectors. The interac-
tion between PDK1 andASK1was detected by immunoblotting
with an anti-FLAG antibody (Fig. 1A). However, this interac-
tion was not dependent on the kinase activity of either enzyme

(data not shown). An endogenous interaction between PDK1
and ASK1 was confirmed in both HEK293 and HeLa cells by
coimmunoprecipitation experiments (Fig. 1B). To demonstrate
further the direct interaction between PDK1 andASK1, we also
performed non-denaturing PAGE analysis using purified,
recombinant ASK1 with PDK1 proteins. Autophosphorylated
recombinant PDK1 was incubated with an unlabeled, recombi-
nant kinase-dead form (K709R) of ASK1 or with GST as a non-
specific control. The mobility of 32P-labeled PDK1 in the pres-
ence of ASK1(K709R) was clearly different from that of GST
alone or in the absence of AKS1(K709R), which provided evi-
dence of a physical association between PDK1 and ASK1 in
vitro (Fig. 1C). These results demonstrated that a physical asso-
ciation between PDK1 and ASK1 can occur both in vivo and in
vitro and suggested that either ASK1 or PDK1 can act as a sub-
strate for the other protein.
PDK1-ASK1 Binding Is Mediated through Their C-terminal

Domains and Is Modulated by ASK1 and PDK1 Signals—In an
attempt to identify potential binding sites of PDK1, HEK293
cells were cotransfected with wild-type ASK1 or with one of its
three deletion mutants (ASK1(N), ASK1(K), and ASK1(C))
together with PDK1. The C-terminal domain (amino acids
941–1375) of ASK1was found to be responsible for PDK1bind-
ing, whereas the N-terminal (amino acids 1–648) and kinase
(amino acids 649–940) domains were unable to bind with

FIGURE 1. PDK1 forms a complex with ASK1 in vivo and in vitro. A, HEK293 cells were transiently transfected with the indicated combinations of expression
vectors encoding GST-PDK1 and FLAG-ASK1. GST fusion proteins were purified with glutathione-Sepharose beads (GST Purification). Complex formation
between PDK1 and ASK1 was determined by immunoblot analysis with an anti-FLAG antibody. B, proteins immunoprecipitated from HEK293 and HeLa cell
lysates, with either rabbit preimmune serum (Preimm.) or anti-PDK1 antibody (�-PDK1), were immunoblotted with an anti-ASK1 antibody to determine the
association between endogenous PDK1 and ASK1. C, for the in vitro association between PDK1 and ASK1, autophosphorylated recombinant PDK1 (2–3 �g) was
incubated with unlabeled recombinant GST or GST-ASK1(K709R) (5 �g each) at room temperature for 1 h and analyzed on an 8% native polyacrylamide gel. WB,
Western blot; IP, immunoprecipitation.
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FIGURE 2. ASK1 and PDK1 stimuli destabilize the PDK1-ASK1 association mediated via their C-terminal domains. A, schematic representations of ASK1
and PDK1 divided into smaller HA- and FLAG-tagged fusion proteins, respectively. The numbers indicate amino acid residues corresponding to the domain
boundaries. HEK293 cells were transiently transfected with the indicated combinations of expression vectors. Complex formation between PDK1 and ASK1 was
determined by immunoblot analysis with an anti-HA antibody using GST precipitates (GST Purification) or FLAG immunoprecipitates (�-FLAG). B, HEK293 cell
lysates were treated with or without the following stimuli: H2O2 (2 mM, 30 min), TNF-� (500 ng/ml, 30 min), thapsigargin (Tg; 20 �M, 30 min), or ionomycin (IONO;
1 �M, 24 h). C, HEK293 cells were incubated for 30 min with or without wortmannin (100 nM) and then treated with insulin (100 nM) for 20 min. The cell lysates
were then immunoprecipitated with either rabbit preimmune serum (Preimm.) or anti-PDK1 antibody (�-PDK1), followed by immunoblotting with an anti-
ASK1 antibody to determine the association between endogenous PDK1 and ASK1. WB, Western blot; IP, immunoprecipitation.
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PDK1 (Fig. 2A, left). This result suggested that the C-terminal
domain ofASK1 is involved in PDK1binding. The next stepwas
to determine which region of PDK1 was required for ASK1
binding. Two PDK1 deletion constructs, FLAG-PDK1(PH),
comprising the C-terminal pleckstrin homology (PH) domain
(amino acids 411–556), and FLAG-PDK1(CA), harboring the
catalytic domain (amino acids 67–359), as well as wild-type
FLAG-PDK1 were cotransfected with HA-ASK1, and the
ability of the constructs to form a complex with ASK1 was
determined by in vivo binding assays. The binding of ASK1
was readily detected in the FLAG immunoprecipitate from
HEK293 cells expressing wild-type FLAG-PDK1 and FLAG-
PDK1(PH), whereas the binding of ASK1 was not detectable
in the presence of FLAG-PDK1(CA) (Fig. 2A, right). This
finding indicates that the C-terminal PH domain of PDK1
functions as an essential site for ASK1 binding in vivo. We
next assessed whether ASK1 stimuli, including H2O2,
TNF-�, endoplasmic reticulum stress (thapsigargin), and
calcium overload (ionomycin), had an effect on PDK1-ASK1
complex formation in HEK293 cells. The presence of ASK1
in PDK1 immunoprecipitates was determined by immuno-
blotting with an anti-ASK1 antibody. The association be-
tween endogenous PDK1 and ASK1 was significantly
decreased in the presence of H2O2, TNF-�, thapsigargin, or
ionomycin when compared with the untreated control (Fig.
2B). Similarly, exposure of HEK293 cells to insulin resulted
in a significant decrease in the PDK1-ASK1 complex forma-
tion, but this suppressive effect was alleviated by wortman-
nin, a PI3K/PDK1 inhibitor (Fig. 2C). This result suggested
that PDK1 is linked to ASK1 signaling and vice versa.
PDK1 Inhibits ASK1 Kinase Activity by Phosphorylating

Ser967 of ASK1—Because ASK1-interacting proteins can affect
the function of ASK1 (11–16), we investigated the effect of
PDK1 on ASK1 kinase activity using in vitro kinase assays in
HEK293 cells. ASK1 kinase activity was decreased markedly
whenASK1was coexpressed with wild-type PDK1 but not with
kinase-dead PDK1 (Fig. 3A, left). This result suggested that
PDK1 inhibitsASK1kinase activity in a kinase-dependentman-
ner. In order to confirm the role of PDK1 in the regulation of
ASK1 kinase activity, purified recombinant wild-type ASK1
was assayed in vitro for its kinase activity in the presence of
increasing amounts of recombinant PDK1 protein. ASK1
kinase activity was substantially decreased in a dose-dependent
manner (Fig. 3A, right). However, this inhibitory effect of
recombinant PDK1 was not detectable in the presence of
recombinant ASK1(K), which was defective in PDK1 binding
(see Fig. 2A). We next examined whether PDK1 affects the

phosphorylation of ASK1 and inhibits ASK1 activity. Extracts
from HEK293 cells, expressing GST-tagged wild-type PDK1,
were purified with glutathione-Sepharose beads and incubated
with [�-32P]ATP to allow the phosphorylation of recombinant
non-phosphorylated forms of the ASK1 protein, ASK1(K709R)
and ASK1(T838A). Coexpression of the recombinant ASK1
proteinswith PDK1 induced a considerable level of ASK1 phos-
phorylation, suggesting that PDK1 phosphorylates ASK1 (sup-
plemental Fig. 1). We then performed in vitro kinase assays in
the presence of Akt, PKA, or PKC inhibitors to address the
question of whether PDK1 directly phosphorylates ASK1. The
PDK1-mediated phosphorylation of ASK1 was not affected by
treatment of Akt, PKA, or PKC inhibitors when compared with
the untreated control, indicating the direct involvement of
PDK1 in the ASK1 phosphorylation (Fig. 3B and supplemental
Fig. 2). Based on these results, our next step was to search for
potential phosphorylation sites on ASK1. We investigated
whether the four phosphorylation sites (Ser83, Thr838, Ser967,
and Ser1034) on ASK1, which are known to be involved in the
regulation of ASK1 activity (33), play a role in PDK1-mediated
phosphorylation. To this end, we used an in vitro kinase assay
and found that the mutation of serine 967 in ASK1(K709R) to
alanine (ASK1(S967A)) completely abolished PDK1-mediated
phosphorylation when compared with the positive control
ASK1(K709R) and with the other substitution mutants (S83A,
T838A, and S1034A) (Fig. 3C). This result indicated that Ser967
inASK1, previously known as a 14-3-3 protein binding site (16),
might represent a potential phosphorylation site for PDK1.
PDK1 Inhibits H2O2-induced ASK1-JNK/p38 Signaling—To

assess whether PDK1, an interacting partner of ASK1, could
influence signaling downstream of ASK1, we assayed the acti-
vation of ASK1 and its downstream targets MKK3/6 and p38.
HEK293 cells were transfected with combinations of
HA-ASK1, HA-MKK3, HA-MKK6, HA-p38, empty Myc vec-
tor, andMyc-tagged PDK1 (WTandKD), and then treatedwith
H2O2. ASK1, MKK3, MKK6, and p38 kinase activities were
then evaluated in HA immunoprecipitates by in vitro kinase
assays. The results showed that wild-type PDK1 significantly
inhibited the kinase activities of ASK1,MKK3,MKK6, and p38,
whereas these inhibitory effects were not detectable in cells
expressing kinase-dead PDK1 (Fig. 4A). This result provides
evidence that, in addition to the binding of PDK1 to ASK1, the
kinase activity of PDK1 is required for the regulation of ASK1-
mediated signaling. To confirm further this effect, parental
HEK293 cells or HEK293 cells (PDK1(OE)) stably overexpress-
ing PDK1 were either untreated or treated with H2O2. Anti-
ASK1, anti-MKK3, and anti-p38 antibodies were then used for

FIGURE 3. PDK1 inhibits ASK1 kinase activity. A, requirement of PDK1 kinase activity for PDK1-mediated regulation of ASK1 kinase activity. HEK293 cells were
transiently transfected with HA-ASK1 in the presence or absence of Myc-tagged PDK1 (WT and KD). Cell lysates were then subjected to immunoprecipitation
with an anti-HA antibody, and the resulting immunoprecipitates were subjected to an in vitro kinase assay using GST-tagged MKK6(K82A) as the substrate to
determine ASK1 kinase activity (left). Approximately 5 �g of recombinant GST-tagged wild-type ASK1 (re.ASK1) or ASK1(K) (re.ASK1(K)) proteins were incubated
at room temperature for 1 h with the amount of recombinant GST-tagged PDK1 (re.PDK1) indicated in 30 �l of 20 mM Tris-HCl buffer (pH 7.5), and ASK1 kinase
activity was determined by an in vitro kinase assay using GST-tagged MKK6(K82A) as a substrate (right). The circled letters P indicate phosphorylation. B, PDK1
phosphorylates ASK1. HEK293 cells transiently expressing GST-tagged PDK1 (WT and KD) were treated (�) or untreated (�) with specific Akt inhibitors (VIII, 20
�M; SH-5, 10 �M) for 30 min. GST-PDK1 (WT and KD), precipitated using glutathione-Sepharose beads, was assayed for its kinase activity in the presence of
kinase buffer containing �3– 4 �g of recombinant GST-tagged ASK1(K709R) substrate. C, identification of PDK1 phosphorylation sites on ASK1. The recom-
binant GST-tagged PDK1 (re.PDK1) was analyzed for its kinase activity by an in vitro kinase assay using recombinant GST-tagged ASK1(K709R) and one of its
substitution mutants, ASK1(S83A), ASK1(T838A), ASK1(S967A), or ASK1(S1034A), as substrates. GST alone was used as a nonspecific control. WB, Western blot;
IP, immunoprecipitation.
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immunoprecipitation, and endogenous ASK1, MKK3, and p38
kinase activities were assessed by in vitro kinase assays and
immunoblottings. As expected, H2O2 stimulated the kinase
activities of ASK1, MKK3, and p38 in parental HEK293 cells

sufficiently, but such effects were significantly decreased in
PDK1(OE) cells (Fig. 4B). Consistent with this result, the
knockdown of endogenous PDK1 using HEK293 cells (PDK1
shRNA) stably expressing PDK1-specific shRNA showed an

FIGURE 4. PDK1 inhibits ASK1 downstream signaling. Transiently transfected HEK293 cells expressing an empty vector (Vector), PDK1(WT), or PDK1(KD) (A);
parental HEK293 cells (B and C); and HEK293 cells (PDK1(OE)) stably overexpressing PDK1 or HEK293 cells (PDK1 shRNA) stably expressing PDK1-specific shRNA
(B and C) were incubated with or without 2 mM H2O2 for 30 min. The activities of ASK1, MKK3, MKK6, or p38 were determined by in vitro kinase assays or
immunoblot analyses using the immunoprecipitates indicated or total cell lysates treated (�) or untreated (�) with a specific Akt inhibitor VIII (Akt VIII). The
overexpression or knockdown level of endogenous PDK1 was determined by anti-PDK1 immunoblotting (see supplemental Fig. 3). The relative level of kinase
activity was quantitated by densitometric analyses, and the -fold increase relative to untreated samples in control cells containing an empty vector alone or
parental HEK293 cells was calculated. The circled letters P indicate phosphorylation. WB, Western blot; IP, immunoprecipitation.
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opposite trend in the modulation of ASK1, MKK3, and p38
kinase activities (Fig. 4C). Similar results were also observed in
the immunoblot analyses using anti-phospho-specific antibod-
ies for ASK1 Thr845, MKK3/6, p38, and ATF2, regardless of the
presence of a specific Akt inhibitor VIII (Fig. 4, B and C, lower
right). These findings pointed to the inhibition of ASK1-medi-
ated signaling to p38 kinase upon PDK1 binding.
PDK1 Inhibits ASK1Activity byModulatingComplex Forma-

tion between ASK1 and 14-3-3 Protein or Its Substrate MKK3—
It has been shown previously that 14-3-3 protein interacts with
ASK1 and suppresses the ASK1 proapoptotic function (16). As
illustrated in Fig. 4, which shows the effect of PDK1 on ASK1
activity, PDK1 inhibited ASK1-mediated signaling. We there-
fore investigatedwhether PDK1 couldmodulate 14-3-3 protein
binding to ASK1 in HEK293 cells. Compared with control cells
expressing ASK1 and 14-3-3 protein in the absence of PDK1,
the expression of wild-type PDK1 significantly increased com-
plex formation between ASK1 and 14-3-3 protein in a dose-de-
pendent manner. In contrast, kinase-dead PDK1 had no effect
on complex formation (Fig. 5A, left). As expected, an opposite
result was also obtained from the immunoblot analysis of the
association between endogenous ASK1 and 14-3-3 protein in

the presence of PDK1-specific siRNA (Fig. 5A, right). These
results suggested that PDK1 inhibits ASK1 activity by stabiliz-
ing the ASK1–14-3-3 protein complex. Consistent with this
observation, we also noted a similar effect of PDK1 on the asso-
ciation between ASK1 and thioredoxin, another negative regu-
lator of ASK1 (12) (data not shown). We next evaluated the
influence of PDK1 on ASK1-MKK3 complex formation, be-
cause ASK1-interacting proteins, such as HSP72 and MPK38,
have been previously reported to regulate ASK1 activity by
modulating the association between ASK1 and its substrate
MKK3 (14, 17). In contrast to the results illustrated in Fig. 5A, a
significant decrease in the association between ASK1 and
MKK3 was detectable in cells expressing wild-type PDK1 but
not in cells expressing kinase-dead PDK1 (Fig. 5B, left). The
knockdown of endogenous PDK1 consistently showed an
opposite trend in modulating the association between ASK1
and MKK3 (Fig. 5B, right).
PDK1-mediated Inhibition of ASK1 Activity Involves Differ-

ent Phosphorylation Events on ASK1—ASK1 is known to be
phosphorylated at Ser83, Thr845, and Ser967 and is regulated in
both a positive (at Thr845) and a negative (at Ser83 and Ser967)
manner (33). Fromour studies, PDK1 appears to phosphorylate

FIGURE 4 —continued
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ASK1 at Ser967 through physical interaction (see Fig. 3C). To
determine whether the suppressive effect of PDK1 on ASK1-
p38/JNK signaling is dependent on the phosphorylation level of
ASK1 at these sites, we examined ASK1 phosphorylation in

HEK293 cells expressing wild-type or kinase-dead PDK1, in the
presence of ASK1, using immunoblot analysis with phospho-
specific antibodies against Ser(P)83, Thr(P)845, and Ser(P)967 on
ASK1. Expression of wild-type PDK1 considerably alleviated

FIGURE 5. PDK1-mediated inhibition of ASK1 activity is dependent on the modulation of the association between ASK1 and its regulators, 14-3-3 and
MKK3, and ASK1 phosphorylation. A and B, modulation of the endogenous association of ASK1 with 14-3-3 protein and MKK3. HEK293 cells were transfected
with the indicated combinations of FLAG-14-3-3, FLAG-ASK1, HA-MKK3, HA-ASK1, Myc-tagged PDK1 (WT and KD), GST-PDK1, and PDK1-specific siRNA. Cell
lysates were then subjected to immunoprecipitation with the antibodies indicated, and the resulting immunoprecipitates were analyzed by immunoblot
analysis using the appropriate antibodies to determine the association of 14-3-3 protein (A) and MKK3 (B) with ASK1. The knockdown effect of endogenous
PDK1 on the association between endogenous ASK1 and 14-3-3 protein or MKK3 was determined by immunoblot analysis with the antibodies indicated using
HEK293 cells transiently transfected with PDK1-specific siRNA 1 (A and B, right panels). C, HEK293 cells were transiently transfected with the following
expression vectors: empty vector (Vector), PDK1 (WT and KD), or PDK1 siRNAs (#1 and #2, each 200 nM) in the presence of ASK1. The cells were then treated with
or without 2 mM H2O2 for 30 min. ASK1 phosphorylation was determined by immunoblot analysis using anti-phospho-ASK1(Ser83), anti-phospho-ASK1(Thr845),
and anti-phospho-ASK1(Ser967) antibodies. D, parental HEK293 cells or HEK293 cells (PDK1 shRNA) stably expressing PDK1-specific shRNA were incubated for
30 min in the presence or absence of a specific Akt inhibitor VIII (20 �M). Cell lysates were examined for ASK1 phosphorylation (Ser83, Thr838, and Ser967) by
immunoblot analysis using the antibodies indicated. The knockdown level of endogenous PDK1 was determined by anti-PDK1 immunoblotting (fourth panel).
The relative level of phosphorylation was quantitated by densitometric analyses, and the -fold increase relative to untreated control cells expressing an empty
vector alone in the presence of ASK1 or parental cells was calculated. The circled letters P indicate phosphorylation. WB, Western blot; IP, immunoprecipitation.
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H2O2-induced reduction of ASK1 phosphorylation at Ser83 and
Ser967, whereas expression of kinase-dead PDK1 had no effect
on ASK1 phosphorylation at Ser83 and Ser967 (Fig. 5C, left, top

and third panels). In contrast, H2O2-induced stimulation of
ASK1 phosphorylation at Thr845 (Thr838 in human ASK1) was
significantly decreased by the expression of wild-type PDK1

FIGURE 5—continued
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FIGURE 6. PDK1 suppresses JNK-mediated transcription and H2O2-induced apoptosis. A, 293T cells were transiently transfected with the indicated combinations
of expression vectors encoding c-fos (0.6 �g), PDK1 (WT and KD) (0.2 and 0.6 �g), wild-type and mutant (S967A) ASK1 (each 0.6 �g), and PDK1-specific siRNA 1 (50 and
200 nM) together with AP-1 luciferase plasmid (0.2 �g) and an expression plasmid (0.2 �g) for �-galactosidase as an internal control. Luciferase activity was measured
48 h after transfection and normalized to �-galactosidase activity. B, inhibition of JNK activity by PDK1. HEK293 cells were transfected with HA-ASK1 and GST-JNK in the
presence or absence of increasing amounts of PDK1 (WT and KD) or PDK1-specific siRNA 1. Cell lysates were prepared and analyzed for JNK activity by an in vitro kinase
assay using c-Jun as a substrate. JNK activity was also determined in PDK1 knockdown cells (PDK1 shRNA) transfected with HA-ASK1 and GST-JNK in the presence or
absence of H2O2 (right). C and D, HEK293 cells transiently expressing the indicated combinations of PDK1 (WT and KD) (1 and 3 �g), wild-type ASK1 (1 and 3 �g), and
PDK1- and ASK1-specific siRNAs (100 and 200 nM) were incubated with or without H2O2 (1 mM) for 9 h in the presence or absence of a specific Akt inhibitor VIII (20 �M).
Apoptotic cell death was determined using the GFP expression system (GFP) or terminal deoxynucleotide transferase-mediated dUTP nick end labeling (TUNEL), as
described under “Materials and Methods.” E, HEK293 cells harboring stably integrated pSingle-tTS-shRNA empty vector (Vector) or pSingle-tTS-shRNA vector contain-
ing PDK1-specific shRNA (PDK1 shRNA (inducible)) were cultured in the presence or absence of 1 �g/ml doxycycline (Dox) for 72 h to determine the activities of ASK1,
MKK3, MKK6, or p38. Inducible silencing of endogenous PDK1 expression by doxycycline was assessed by immunoblotting using an anti-PDK1 antibody. �-Actin was
used as a loading control. The circled letters P indicate phosphorylation. WB, Western blot; RLU, relative luciferase units.
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comparedwith the control expressing an empty vector (Fig. 5C,
left, second panel). However, such a change was not observed in
cells expressing kinase-dead PDK1. Consistent with these
results, the knockdown of endogenous PDK1, using either
transfection of PDK1-specific siRNAs (Fig. 5C, right) or
HEK293 cells (PDK1 shRNA) stably expressing PDK1-specific

shRNA (Fig. 5D), resulted in a
marked decrease in the phosphory-
lation levels of Ser83 and Ser967.
PDK1 knockdown also caused an
increase in the phosphorylation
level of Thr838 when compared with
parental cells or with the control
expressing an empty vector. These
findings indicated that PDK1-medi-
ated inhibition of ASK1 function
involves the modulation of the
phosphorylation level of ASK1 at
Ser83 and Thr838 in addition to its
direct effect on the phosphorylation
of Ser967.
PDK1 Suppresses ASK1-induced

AP-1 Transcriptional Activity in a
Kinase-dependent Manner—To de-
termine the role of PDK1 in ASK1
function, we performed reporter
assays to examine the effect of PDK1
on ASK1-induced activation of the
AP-1 luciferase reporter gene. As
shown in Fig. 6A, coexpression of
wild-type PDK1with ASK1 induced
a marked decrease in AP-1-depen-
dent luciferase activity in a dose-de-
pendent manner (top, compare lane
6 with lanes 7 and 8). Consistent
with this result, ASK1-induced
AP-1 transcriptional activity was
significantly increased in PDK1
knockdown cells compared with
control cells expressing ASK1 alone
(Fig. 6A, top, compare lane 6 with
lanes 9 and 10). In order to investi-
gate whether the kinase activity of
PDK1 can influence the modulation
of ASK1-mediated transactivation,
we also analyzed the effect of
kinase-dead PDK1 on ASK1-in-
duced AP-1 transcriptional activity.
No effect on ASK1-induced AP-1
transcriptional activitywas detected
in the presence of kinase-dead
PDK1 (Fig. 6A, top, compare lane 6
with lanes 11 and 12), indicating
that PDK1 kinase activity is essen-
tial for regulating ASK1-induced
AP-1 transcriptional activity. To
analyze further the cardinal role of
PDK1 kinase activity in ASK1 func-

tion, we compared the effect of PDK1onASK1-mediated trans-
activation in the presence of wild-type ASK1 with its effect in
the presence of ASK1 mutant S967A. Results showed that
PDK1 had little effect on ASK1(S967A)-mediated transactiva-
tion (Fig. 6A, bottom, compare lane 7 with lanes 8 and 9). This
result indicated an important role of ASK1 phosphorylation at

FIGURE 6 —continued
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FIGURE 7. ASK1 phosphorylates PDK1. A, for the in vitro kinase assay, �5 �g of recombinant PDK1(KD) proteins were mixed with 20 �M ATP, 0.3 �Ci of
[�-32P]ATP, and 20 mM MgCl2 in 30 �l of kinase buffer and incubated with the HA immunoprecipitates for HA-ASK1 at 30 °C for 30 min with frequent gentle
mixing. B, identification of ASK1 phosphorylation sites on PDK1. The recombinant ASK1 protein was analyzed for its kinase activity by an in vitro kinase assay
using recombinant PDK1-N, PDK1-C, substitution mutants (S258A/S262A, S394A/S398A, or T518A/T522A) of PDK1-C, and the positive control MKK6(K82A) as
substrates. C, effect of ASK1 on PI3K/PDK1-mediated signaling. HEK293 cells, transfected with the expression vectors indicated, were lysed, and the GST
precipitates were then analyzed for PDK1 activity by an in vitro kinase assay using serum/glucocorticoid-regulated kinase as a substrate and by immunoblot
analysis with an anti-phospho-PDK1(Ser241) antibody (left). The Akt and Bad immunoprecipitates were also analyzed for Akt and Bad activation by immuno-
blotting with anti-phospho-Akt(Thr308) and anti-phospho-Bad(Ser136) antibodies (middle and right). The circled letters P indicate phosphorylation. re., recom-
binant. WB, Western blot.
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Ser967 in the PDK1-mediated suppression of ASK1 function.
Next, we examined the effect of PDK1 on ASK1-induced JNK
activation using HEK293 cells expressing GST-JNK and HA-
ASK1 in the presence or absence of wild-type and kinase-dead
PDK1. ASK1-induced JNK activation was noticeably decreased
by wild-type PDK1 in a dose-dependent manner, whereas
kinase-dead PDK1 had no effect (Fig. 6B, left). Consistently,
ASK1-induced JNK activation was greatly elevated by knock-
down of endogenous PDK1 (Fig. 6B, middle and right). These
data suggested that PDK1 might act as a negative regulator of
ASK1-JNK/p38 signaling.
PDK1 Suppresses H2O2-induced Apoptosis by Inhibiting

Caspase-3 Activity—To characterize the roles of PDK1 in
ASK1-JNK/p38 signaling further, we investigated the effect of
PDK1 on H2O2-induced apoptosis using the GFP system and
TUNEL staining (17). As expected, wild-type PDK1 resulted in
a significant decrease of H2O2-induced apoptosis in a dose-de-
pendent manner, whereas the expression of kinase-dead PDK1
had no effect, regardless of the presence of a specific Akt inhib-
itor VIII (Fig. 6C). These observations indicated that PDK1
kinase activity is also required for the regulation of H2O2-in-
duced apoptosis. We then examined the effects of endogenous
PDK1 knockdown on H2O2-induced apoptosis. Consistent
with the result described above, transfection of HEK293 cells
with siRNA duplexes targeting PDK1 resulted in a significant
increase in H2O2-induced apoptosis, proportional to the
amount of siRNA used in the transfection (Fig. 6D, compare
lane 6 with lanes 13 and 14). To confirm physiologically the
negative role of PDK1 inASK1-JNK/p38 signaling, we also gen-
erated a stable system (inducible PDK1 shRNA) for the tetracy-
cline-inducible expression of PDK1 shRNA in HEK293 cells.
We used this system in conjunction with immunoblot analysis
using anti-phospho-specific antibodies for ASK1 Thr845,
MKK3/6, p38, and ATF2 to investigate the endogenous kinase
activities of ASK1, MKK3/6, and p38. PDK1 knockdown cells
showed a higher level of phosphorylation of ASK1 Thr838,
MKK3/6, p38, and ATF2 in the presence of doxycycline, a tet-
racycline analogue, compared with either parental HEK293
cells (HEK293) or with HEK293 cells (Vector) stably expressing
the empty vector alone (Fig. 6E). This result clearly implied that

PDK1 physically associates with ASK1 and negatively regulates
ASK1-mediated signaling. We also investigated whether
PDK1-mediated suppression of H2O2-induced apoptosis
affects caspase-3 activation, thereby facilitating the proteolytic
cleavage of PARP, an in vivo substrate of capase-3, because
caspase signaling was involved in ASK1-mediated apoptosis
(34, 35). Expression of wild-type PDK1 significantly inhibited
H2O2-induced capase-3 activity and PARP cleavage in a dose-
dependentmanner, whereas there was no effect in the presence
of kinase-dead PDK1 (supplemental Fig. 4). These results sug-
gested that caspase-3 inactivation is involved in PDK1-medi-
ated suppression of H2O2-induced apoptosis.
ASK1 Inhibits PDK1 Function by Phosphorylating PDK1 at

Ser394 and Ser398—Using the same approach, we examined
whether PDK1 could act as a substrate for ASK1. ASK1 was
immunoprecipitated from HEK293 cells transfected with HA-
ASK1, and its kinase activity was determined by an in vitro
kinase assay using recombinant nonphosphorylated PDK1 as a
substrate. The immunoprecipitated ASK1 was able to phos-
phorylate the recombinant PDK1, suggesting that PDK1 can
function as an ASK1 substrate in HEK293 cells (Fig. 7A). An
identical result was also obtained using recombinantASK1pro-
tein instead of the immunoprecipitatedASK1 (data not shown).
To identify potential phosphorylation sites in PDK1, we first
generated two recombinant PDK1 deletion constructs,
PDK1-N (amino acids 1–248) and PDK1-C (amino acids 249–
556) and assessed their phosphorylation status using an in vitro
kinase assay. ASK1 induced the phosphorylation of PDK1-C
but not PDK1-N (Fig. 7B, left). This result indicates that the
C-terminal region of PDK1 is required for ASK1-mediated
phosphorylation. To define the ASK1 phosphorylation sites of
PDK-Cmore precisely, we searched for consensus ASK1 phos-
phorylation sites ((S/T)XXX(S/T)) and performed in vitro
kinase assays using three amino acid substitution mutants,
S258A/S262A, S394A/S398A, and T518A/T522A, of PDK1-C.
The S394A/S398A mutant completely abolished ASK1-medi-
ated phosphorylation, whereas ASK1-mediated phosphoryla-
tion was detected in the presence of the other two substitution
mutants, S258A/S262A and T518A/T522A, indicating that
Ser394 and Ser398 of PDK1 are potential phosphorylation sites
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for ASK1 (Fig. 7B, right). The next step was to investigate
whether ASK1-mediated PDK1 phosphorylation can affect
PDK1 activity as well as that of its downstream targets, such as
PKB/Akt and Bad (36). We thus performed cotransfection
experiments with plasmid vectors expressing GST-PDK1, HA-
tagged ASK1 (WT and K709R), and a positive control FLAG-
STRAP (28) to assess the kinase activity of PDK1 and the phos-
phorylation levels of Akt and Bad. As shown in Fig. 7C, ASK1
significantly decreased PDK1 kinase activity, Akt phosphoryla-
tion, and Bad phosphorylation in a kinase-dependent manner.
These results suggested that Ser394 and Ser398 of PDK1, poten-

tial phosphorylation sites for ASK1,
might play an important role in the
negative regulation of PDK1
activity.
ASK1 Alleviates PDK1-mediated

SuppressionofApoptosis inaKinase-
dependent Manner—To investigate
whether ASK1 can regulate the
PDK1-mediated suppression of
apoptosis, we analyzed the effect of
ASK1 on PDK1-mediated suppres-
sion of TNF-�-induced apoptosis
using the GFP system and TUNEL
staining. In the presence of TNF-�,
the expression of PDK1 resulted in a
significant decrease in apoptotic cell
death compared with control cells
expressing an empty vector. How-
ever, wild-type ASK1, but not
kinase-dead ASK1, alleviated this
suppression in a dose-dependent
manner (Fig. 8A, top, compare lane
4 with lanes 5 and 6). This result
implied that ASK1 contributes to
the modulation of the PDK1-medi-
ated survival-signaling pathway
through phosphorylation of PDK1.
To verify the negative role of ASK1
in PI3K/PDK1 signaling, we also
examined the ability of ASK1
to modulate serum-induced cell
growth, one of the most important
biological functions of PI3K/PDK1
signaling, in HaCaT cells using flow
cytometry (30). As shown in Fig. 8B
(top), coexpression of wild-type
ASK1 with PDK1 significantly
decreased the percentage of cells in
S phase in a dose-dependent man-
ner compared with control cells
expressing PDK1 alone (63% versus
44%), whereas kinase-dead ASK1
had no effect in the presence of
PDK1. These findings indicated that
ASK1 also plays an important role in
the regulation of PDK1-mediated
stimulation of cell growth, probably

through direct interaction and phosphorylation of PDK1 at
Ser394 and Ser398. To investigate this hypothesis, we compared
the effect of ASK1 on PDK1-mediated cell survival signaling
in the presence ofwild-type PDK1with its effect in the presence
of the PDK1 mutant S394A/S398A, because the S394A/S398A
mutant was found to be defective inASK1-mediated phosphor-
ylation (see Fig. 7B). Results showed that ASK1 coexpression
had little or no effect on PDK1(S394A/S398A)-mediated sup-
pression of apoptosis or stimulation of cell growth when com-
pared with the control expressing PDK1(S394A/S398A) alone
(Fig. 8, A and B, lower panels). In addition, almost identical

FIGURE 8. ASK1 negatively regulates PDK1-dependent apoptosis and cell growth. A, effect of ASK1 on
PDK1-mediated apoptosis. 293T cells were transiently transfected with the expression vectors indicated. After
24 h, cells were treated with TNF-� (20 ng/ml) and cycloheximide (10 �g/ml) for 14 h to induce apoptosis.
Apoptotic cell death was determined by the GFP system and TUNEL staining. B, effect of ASK1 on PDK1-
mediated cell cycle progression. HaCaT cells (2 � 105/dish), transfected with the indicated combinations of
plasmid vectors, were synchronized in G0/G1 by hydroxyurea treatment (30). Cells were collected after 10%
serum treatment for 24 h and evaluated for determination of cell numbers in G0/G1, S, and G2/M phases by flow
cytometry analysis. PDK1(S394A/S398A), the wild-type PDK1 mutant S394A/S398A. C, ASK1-intact MEFs or
ASK1-deficient MEFs were incubated for 30 min with or without 100 nM wortmannin and then treated with 100
nM insulin for 20 min. The cell lysates were subjected to immunoblot analysis with the antibodies indicated.
�-Actin was used as a loading control. D, a model for the regulation of PDK1-ASK1 complex formation in
response to signals that act on PDK1 or ASK1. The dotted and solid lines represent ASK1 and PDK1 signals,
respectively. Details of this model are given under “Discussion.” WB, Western blot.
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results were obtained when the comparison was made in a sin-
gle experiment (supplemental Fig. 5). To confirm further the
negative role ofASK1 in the regulation of PDK1 activity, we also
compared the effect of ASK1 on PDK1 activation in ASK1-
intact mouse embryonic fibroblasts (MEFs) with that in ASK1-
deficientMEFs. PDK1 activity in the ASK1-deficientMEFs was
much higher than in the ASK1-intact MEFs (Fig. 8C), again
supporting the involvement of ASK1 as a negative regulator in
PI3K/PDK1-mediated signaling.

DISCUSSION

Our results from this study have provided evidence that
PDK1, a pivotal kinase controlling cell survival signaling, inhib-
its ASK1 and its downstream signaling pathways through direct
interaction and phosphorylation. PDK1 inactivates ASK1 by
phosphorylatingASK1 at Ser967, previously identified as a bind-
ing site for 14-3-3 protein (16). Given that 14-3-3 protein inhib-
its ASK1 function through binding to phosphorylated Ser967,
PDK1may be a key regulator for the 14-3-3-mediated suppres-
sion of ASK1 activity. On the other hand, our data showed that
ASK1 phosphorylates PDK1 at Ser394 and Ser398, sites similar to
the consensus sequences identified for ASK1 substrates, lead-

ing to the inhibition of PDK1 activ-
ity. This observation suggests that
the phosphorylation of PDK1 at
Ser394 and Ser398 is apparently in-
volved in the negative regulation of
PDK1 function.
In addition to protein-protein

interactions by a number of ASK1-
interacting proteins, it has also been
found that reversible phosphoryla-
tion at specific sites, including Ser83,
Thr845, Ser967, and Ser1034 of ASK1,
can regulate ASK1 activity (33).
Phosphorylation of Thr845 (corre-
sponding toThr838 in humanASK1)
has been correlated with the activa-
tionofASK1,whereasthephosphor-
ylation levels of Ser83, Ser967, and
Ser1034 were proportional to the
inhibition of ASK1 activity. There-
fore, it is possible that other intra-
cellular survival or death signaling
events, in which kinases/phospha-
tases act as essential mediators, are
linked to the regulation of ASK1
function. For instance, Akt/PKB, a
downstream kinase in the PI3K/
PDK1 signaling pathway, binds to
and phosphorylates Ser83 of ASK1,
resulting in the inhibition of the
ASK1 proapoptotic function (7). In
addition, MPK38 and ASK2 phos-
phorylate the autophosphorylation
site (Thr845) of ASK1, known to be
critical for ASK1 activation, and
stimulate ASK1-mediated apopto-

sis (17, 18). However, the kinases responsible for the phosphor-
ylation of ASK1 at Ser967 and Ser1034 have not yet been identi-
fied. In this study, we investigated whether the four
phosphorylation sites (Ser83, Thr845, Ser967, and Ser1034) on
ASK1 are involved in PDK1-mediated phosphorylation. Our
data demonstrated that, in the presence of PDK1,ASK1 is phos-
phorylated at Ser967 for 14-3-3 protein binding but not at Ser83,
Thr838, and Ser1034 (Fig. 3, B andC). The knockdown and over-
expression of endogenous PDK1 coincidentally decreases and
increases the in vivo phosphorylation levels of Ser967, respec-
tively (Fig. 5D) (data not shown). This result suggested that
PDK1 is a putative Ser967 kinase, responsible for Ser967 phos-
phorylation for 14-3-3 binding in cells. It is equally possible that
the Ser967 phosphorylation of ASK1 is mediated through the
other protein kinases associated with PDK1 because PDK1 has
been shown to interact with a variety of cellular protein kinases
(20–23). However, our data showed that PDK1 directly phos-
phorylates ASK1 at Ser967 (Figs. 3–6 and supplemental Fig. 2),
making this possibility unlikely.
Although an important role of PDK1 in cell survival signaling

has beenwell characterized, the regulatorymechanismcontrol-
ling PDK1 activity remains controversial. To date, there is no
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evidence that any particular protein kinase regulates the kinase
activity of PDK1. In these studies, we have examined whether
PDK1 functions as an ASK1 substrate because PDK1 and ASK1
interact with each other in vivo and in vitro (Fig. 1). ASK1 was
able to phosphorylate PDK1 at Ser394 and Ser398 as determined
by an in vitro kinase assay, leading to the suppression of PDK1
and its downstream targets (Figs. 7 and 8). This finding suggests
that PDK1may be a direct target forASK1 andprovides the first
evidence that PDK1 activity can be regulated by a specific intra-

cellular kinase known to be involved
in cell death signaling. Indeed,
ASK1-mediated phosphorylation of
PDK1 at Ser394 and Ser398 sup-
presses PDK1 functions, such as
apoptosis and cell growth, as illus-
trated in Fig. 8. However, the
PDK1(S394A/S398A) mutant in
itself exhibited a slightly enhanced
activity of both PDK1-mediated
suppression of apoptosis andPDK1-
induced cell growth compared with
the control wild-type PDK1 (Fig. 8,
A and B, and supplemental Fig. 5),
implying that the PDK1 phosphory-
lation at Ser394 and Ser398 is not
enough for the inhibition of PDK1
function. Thus, it is tempting to
speculate that, in addition to ASK1,
other PDK1-associated kinases may
be involved in the negative regula-
tion of PDK1 function. Based on
this, an investigation of the effect of
MPK38, a serine/threonine kinase
(37), on PDK1 function is now
under way because MPK38 differ-
entially phosphorylates, compared
with ASK1, and inactivates PDK1
(data not shown). Moreover, the
endogenous association between
PDK1 and ASK1 was significantly
decreased by ASK1 stimuli, includ-
ing H2O2, TNF-�, thapsigargin, and
ionomycin, as well as insulin treat-
ment for PDK1 activation (Fig. 2, B
and C). These results suggested that
the physical association between
endogenous PDK1 and ASK1,
maintained during the resting state
of the cell, contributes to the preser-
vation of PDK1 and ASK1 in an
inactive state until the cell is acti-
vated by PDK1 or ASK1 signals. We
therefore propose the following
model (Fig. 8D) as a potential mech-
anism for PDK1 or ASK1 activation
in response to signals that induce
the dissociation of a PDK1-ASK1
complex. In ourmodel, the complex

is inactive in resting cells but is induced to dissociate in
response to stimuli, such as insulin or H2O2. This dissociation
leads to the stimulation of the respective signaling pathways via
modulation of the binding between PDK1 (or ASK1) and its
positive or negative regulators, including STRAP, thioredoxin,
MKK3, and 14-3-3 protein (supplemental Fig. 6).
In summary, we have demonstrated that PDK1 is a putative

kinase for the phosphorylation of ASK1 at Ser967, which is
required for 14-3-3 protein binding. Our studies have defined a
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novel mechanism wherein ASK1 directly interacts and phos-
phorylates Ser394 and Ser398 of PDK1, thereby suppressing
PDK1 function, and provides evidence that Ser394 and Ser398 of
PDK1 represent putative phosphorylation sites for the negative
regulation of PDK1 activity. Furthermore, our current data
strongly suggest that ASK1 and PDK1 may act as major points
of integration for cell survival and death-inducing signals and
that their relationship is important in deciding whether the cell
is destined for survival or death.
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