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ABSTRACT: Phosphoinositide-dependent kinase (PDK1) regulates a number of pathways involved in
responses to stress and in growth factor signaling; however, little is known concerning the mechanisms
governing the activity of PDK1. In this report, we find that oxidative stress (H2O2) and vanadate induce
tyrosine phosphorylation of PDK1. These effects of H2O2 and vanadate were found in 293T cells and
CH310T1/2 cells expressing exogenous PDK1 and in A20 lymphoma cells expressing endogenous PDK1.
Exogenously expressed PDK1 was also tyrosine-phosphorylated in response to NGF treatment of 293T
expressing TrkA. H2O2 induced a more rapid tyrosine phosphorylation of PDK1 relative to vanadate, and
only vanadate-induced tyrosine phosphorylation of PDK1 was sensitive to pretreatment of cells with
wortmannin. In vitro, PDK1 could be tyrosine-phosphorylated by both the c-Src and Abl tyrosine kinases.
Both H2O2 and vanadate treatments increased the activity of PDK1 when the serum/glucocorticoid regulated
kinase (SGK) was used as substrate. Vanadate treatment appeared to bypass the requirement for
phosphatidylinositol 3,4,5-trisphosphate when Akt was used as substrate for PDK1. Tyrosine phosphor-
ylation of PDK1 by the Abl tyrosine kinase also increased the activity of PDK1 toward SGK and Akt.
These data suggest a novel mechanism through which PDK1 activity may be regulated.

Reactive oxygen species (ROS) such as H2O2 and super-
oxide are believed to mediate oxidative stress through
regulation of specific signaling pathways (1). ROS may
function as second messengers affecting redox-sensitive
enzymes, including protein kinases and phosphatases (2). In
particular, H2O2 has been shown to induce tyrosine phos-
phorylation of many proteins involved in growth factor and
cytokine signaling, perhaps through inhibition of protein
tyrosine phosphatases (3-5). STAT3 (6), p72syk (7), lck
(8), and a number of tyrosine kinase growth factor receptors
(9-11) have been reported to be tyrosine-phosphorylated in
response to H2O2. In addition, treatment of cells with a
variety of agonists including EGF (12), PDGF (13), FGF
(14), IL-1 (15, 16), and TNF-R (15) has been shown to
increase ROS levels. ROS also stimulate the activities of
serine/threonine kinases such as JNK (17), extracellular-
regulated protein kinase (18-20), Akt/PKB (21, 22), and
p70 S6 kinase (23).

Phosphatidylinositol 3-kinase (PI 3-kinase) has emerged
as a key regulator of cell survival. In response to growth
factors and other survival signals, activated PI 3-kinase
generates important second messengers, including phospha-
tidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3),1 which
mediates membrane localization and activation of effectors
containing PH domains such as Akt/PKB,phosphoinositide-

dependentkinase 1 (PDK1), and Btk family tyrosine kinases
(24). Membrane localization is thought to facilitate regulatory
phosphorylation of Akt on threonine 308 and serine 473 (25).
PDK1 has been shown to be the kinase responsible for
phosphorylation of threonine 308 of Akt (26). Substrates for
Akt include a transcription factor, forkhead (27), an enzyme
regulating glucose metabolism, glycogen synthase kinase-3
(28), and a pro-apoptotic protein BAD (29). In addition, Akt
has recently been reported to activate NF-kB via activation
of an upstream regulatory kinase (30-32).

PDK1 appears to play a central regulatory role in several
cell-signaling pathways (33). Substrates for PDK1 include
Akt (26), serum/glucocorticoid regulated kinase (SGK) (34,
35), p70S6 kinase (36), p90RSK (37), cAMP-dependent
protein kinase (PKA) (38), and protein kinase C-δ and PKC-ú
(39). However, little is known about regulation of PDK1.
The PH domain of PDK1 binds PtdIns(3,4,5)P3 and targets
PDK1 to the plasma membrane (40). PDK1 phosphorylates
Akt/PKB and PKC-ú and PKC-δ in a PI 3-kinase-dependent
manner; however, no such requirement was observed with
other substrates. PDK1 has consensus phosphorylation sites
for PKC, PKA, casein kinase I/II, CaMII, GSK3, p70S6
kinase, p34cdc2, and for tyrosine kinases, making it likely
that PDK1 is regulated by phosphorylation in response to
external signals. Recently, autophosphorylation of PDK1 at
serine 241 was shown to be essential for its activity, while
several other phosphorylated residues were identified with
no significant effect on its enzymatic function (41). Gener-
ally, little is known of the mechanisms through which PDK1
phosphorylation and activity are regulated.

Here we report that PDK1 is tyrosine-phosphorylated in
response to treatment of cells with H2O2 and vanadate and
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that tyrosine phosphorylation of PDK1 correlates with
increased enzymatic activity.

EXPERIMENTAL PROCEDURES

Materials. A human PDK1 cDNA with an N-terminal myc
epitope was a generous gift from P. Hawkins, Babraham
Institute. Anti-myc (clone 9E10) monoclonal antibody and
protein A/G plus agarose were from Santa Cruz Biotech;
monoclonal anti-phosphotyrosine (clone 4G10), sheep poly-
clonal anti-PDK1 antibodies used for immunoprecipitation,
and anti-sheep IgG were from UBI (06-637). Anti-PDK1
monoclonal antibody used for immunoblot analysis was from
Transduction Laboratories (P78020). Akt antibody and
antibody specific for phosphorylated threonine 308 and
phosphorylated serine 473 of Akt and anti-rabbit IgG were
from New England Biolabs. HRP-conjugated anti-mouse IgG
was from BioRad.

Cell Culture.293T cells and CH310T1/2 cells were grown
in DMEM containing10% heat-inactivated FBS. A20 lym-
phoma cells were grown in RPMI 1640 medium containing
10% FBS. For transient transfection of myc-PDK1, 293T
cells were cultured in 60 mm dishes and transfected with 3
µg of pcDNA3-myc-PDK1 using a calcium phosphate
protocol. Cells were used 48 h after transfection. Stable
populations of CH310T1/2 fibroblasts were established using
pBABE-myc-PDK1 retrovirus.

Immunoprecipitation and Western Blot Analyses. Tran-
siently transfected 293T cells or stable pools of CH310T1/2
cells were treated as indicated prior to lysis in HNTG buffer
(50 mM Hepes, pH 7.4, 150 mM NaCl, 1% Triton X-100,
10% glycerol, 1 mM EGTA, 1 mM EDTA, 10 mM sodium
pyrophosphate, 100 mM sodium fluoride, 0.2 mM sodium
orthovanadate, 1 mM PMSF, and protease inhibitor cocktail)
(Boehringer Mannheim). Lysates were precleared with
protein A/G agarose beads for 30 min, centrifuged at 14000g
for 10 min, and immunoprecipitated with specified antibodies
and protein A/G beads. Beads were washed 4× with lysis
buffer and resuspended in 2× sample buffer. Proteins were
analyzed on SDS gels, transferred to nitrocellulose, and
probed with the appropriate antibodies. Blots were developed
with chemiluminescence reagents.

Assay of PDK1 ActiVity. For assays using serum/gluco-
corticosteroid-induced protein kinase (SGK) as substrate,
anti-myc immune complexes from 293T cells transiently
transfected with myc-PDK1 were washed 4 times in HNTG
buffer and twice in kinase assay buffer (50 mM Tris-HCl,
pH 7.5, 0.1 mM EGTA, 0.1 mM EDTA, 0.1% mercaptoet-
hanol, 0.1 mM sodium orthovanadate). Beads were then
incubated at 30°C for 10 min with 250 ng of recombinant
SGK (UBI, 14332) in assay buffer containing 2 mM MgCl2,
20 µΜ ATP, 1 µCi of [γ-32P]ATP (3000 Ci/mL), and 2.5
µΜ protein kinase A inhibitor peptide. Reactions were
stopped by placing the tubes on ice and adding sample buffer.
Samples were boiled for 3 min and analyzed on SDS gels.
Gels were dried, and autoradiography was performed using
Kodak BioMax films. For experiments to determine the
effects of YOP treatment on PDK1 activity, anti-myc
immune complexes were washed twice with YOP phos-
phatase buffer (NEB) followed by incubation with plus/minus
25 units of tyrosine phosphatase YOP for 30 min at 30°C.
Reactions were stopped by adding 10 mM sodium vanadate.

Immune complexes were then washed 3 times in kinase assay
buffer and normalized for the amount of PDK1 by anti-PDK1
blot, and equal amounts of PDK1 were assayed for activity
using SGK as substrate.

For activity assays using Akt as substrate, similarly washed
immune complexes were incubated for 20 min at 30°C with
500 ng of his-tagged Akt (expressed in SF-9 insect cells and
purified on a metal ion affinity column in 1.5× assay buffer
containing 2 mM MgCl2, 0.5 mM MnCl2, 100 µΜ ATP,
and 2.5µΜ PKI with or without phospholipid vesicles.
Phospholipid vesicles were prepared by drying appropriate
amounts of each lipid, resuspension in assay buffer, and
sonication for 15 min on ice in a bath sonicator. Final
concentrations of phospholipids were 100µΜ L-R-phos-
phatidyl-L-serine, dioleoyl, 100µΜ L-R-phosphatidylcholine,
â-arachidonoyl-γ-stearoyl (C20:4, [cis]-5,8,11,14/C18:0), and
10 µΜ PtdIns(3,4,5)P3. Reactions were stopped by placing
the tubes on ice and by adding sample buffer. Samples were
analyzed on SDS gels followed by immunoblotting with anti-
Akt phospho-Thr308.

In Vitro Phosphorylation of PDK1 Using Recombinant Src
and Abl.One hundred units of Abl tyrosine kinase (NEB)
was incubated with 500 ng of recombinant his-tagged PDK1
(expressed in SF-9 insect cells and purified on a metal ion
affinity column) in the presence of 50 mM Tris-HCl, pH
7.5, 0.01% Brij-35, 1 mM EGTA, 20 mM MgCl2, 10 mM
MnCl2, 2 mM DTT, 0.1 mM sodium orthovanadate, 200µΜ
ATP at 30°C for 15 min. For phosphorylation of PDK1 by
c-Src, 3 units of recombinant c-Src (Upstate Biotechnology
14117) and 500 ng of PDK1 were combined in 30µL of 10
mM Hepes, pH 7.4, 10 mM MgCl2, 10 mM MnCl2, 1 mM
DTT, 1 mM EGTA, and 2.5µΜ PKA inhibitor at room
temperature for 1 min. Reactions were terminated by adding
SDS sample buffer. Samples were analyzed by SDS-PAGE
followed by immunoblotting with anti-phosphotyrosine.

To measure the effects of tyrosine phosphorylation of
PDK1 by Abl tyrosine kinase on PDK1 activity, Abl tyrosine
kinase and PDK1 were incubated at room temperature
overnight as described above. Reactions were stopped by
placing the tubes on ice and diluting 4× with assay buffer
to 10 ng/µL PDK1 when using Akt as substrate or 40× with
assay buffer to 1 ng/µL PDK1 when using SGK as substrate.
Final reaction conditions for PDK1 phosphorylation of Akt
were 25 mM Tris, pH 7.5, 5 mMâ-glycerophosphate, 2 mM
DTT, 10 mM MgCl2, 0.1 mM sodium orthovanadate, 1µL
of Abl-PDK1 mix, and 7.5µΜ ATP containing 2.5µCi of
[γ-32P]ATP (3000 Ci/mL), and reactions were incubated at
30 °C for 15 min. Conditions using SGK as substrate were
50 mM Tris, pH 7.5, 2 mM MgCl2, 0.1 mM EGTA, 0.1 mM
EDTA, 0.1% â-mercaptoethanol, 0.1 mM sodium ortho-
vanadate, 1µL of Abl-PDK1 mix, and 20µΜ ATP
containing 1.0µCi of [γ-32P]ATP (3000Ci/mL) at 30°C for
10 min.

Phosphoamino acid analyses of anti-myc immunoprecipi-
tates from32P-orthophosphate-labeled 293T cells expressing
myc-PDK1 were performed as described previously (42).

RESULTS

Tyrosine Phosphorylation of PDK1.Reactive oxygen
species such as hydrogen peroxide (H2O2) activate the Akt
serine/threonine kinase; however, little is known concerning
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the effects of oxidant treatment of cells on the regulation of
PDK1, the activating kinase for Akt. Since hydrogen
peroxide has been reported to stimulate tyrosine phosphor-
ylation of signaling proteins in a number of cellular systems
(3, 7-11, 43-49), we investigated the effects of H2O2 on
tyrosine phosphorylation of PDK1. Initial experiments were
performed using 293T cells transiently expressing myc-
tagged PDK1. Since H2O2 is thought to act as an inhibitor
of tyrosine phosphatases in some instances (3-5), we also
examined the effects of sodium vanadate (a known inhibitor
of tyrosine phosphatases) on tyrosine phosphorylation of
PDK1. As shown in Figure 1A, strong bands of ap-
proximatelyMr ) 65 000 were detected with anti-phospho-
tyrosine in anti-myc immunoprecipitates from H2O2 and
sodium vanadate treated cells. TheMr ) 65 000 bands were
also seen in anti-PDK1 immunoprecipitates. Bands of similar
gel mobility were immunoprecipitated with anti-myc from
CH310T1/2 fibroblasts stably expressing myc-PDK1 and
with PDK1 antibodies from A20 cells treated with H2O2 or
vanadate (Figure 1B). Transiently expressed myc-PDK1 also

appeared to be tyrosine-phosphorylated in response to NGF
treatment of 293T cells expressing TrkA (Figure 1B).
However, we were unable to observe tyrosine phosphory-
lation of PDK1 in response to factors such as EGF, PDGF,
insulin, and TNF-R or in response to UV light or heat shock
(data not shown). A protein band of approximatelyMr )
85 000-90 000 in anti-Py blots was considered nonspecific
since it appeared in anti-myc immunoprecipitates from mock-
transfected 293T cells (Figure 1A) and control antibody
immunoprecipitates from CH310T1/2 fibroblasts stably
expressing myc-PDK1 (Figure 1B). Several approaches were
taken to confirm that the anti-phosphotyrosine reactivity truly
represented tyrosine phosphorylation of PDK1. Myc immu-
noprecipitates from myc-PDK1 expressing CH310T1/2 cells
treated with H2O2 were incubated with the YOP bacterial
tyrosine phosphatase or YOP in the presence of vanadate
prior to immunoblotting with anti-phosphotyrosine. YOP
treatment completely eliminated the anti-phosphotyrosine
signal, and this effect was substantially reversed by vanadate
(Figure 1C). In addition, cells were in vivo labeled with32P-

FIGURE 1: Tyrosine phosphorylation of PDK1. In panel A, 293T cells were mock-transfected or transfected with myc-PDK1 vector and
treated with either vehicle (C), 5 mM H2O2 for 5 min (H), or 1 mM sodium vanadate for 15 min (V). Cells were lysed and lysates
immunoprecipitated with anti-myc (MYC), anti-PDK1 (PDK), or preimmune serum (PRE). Precipitated proteins were resolved on SDS
gels, transferred to nitrocellulose membranes, and immunoblotted with either anti-phosphotyrosine or anti-PDK1 as indicated. For panel B,
samples were prepared as above except that CH310T1/2 cells expressing myc-PDK1, A20 cells, or 293-Trk cells treated with NGF for 10
min were used. In panel C, 293T cells transfected with myc-PDK1 vector were treated with 5 mM H2O2 for 5 min and lysates
immunoprecipitated with anti-myc. Washed immunoprecipitates were treated with vehicle, with 50 units of YOP tyrosine phosphatase, or
with YOP plus 1 mM vanadate for 20 min at room temperature. Proteins were resolved on an SDS gel and immunoblotted with anti-
phosphotyrosine. In panel D, 293T cells transfected with myc-PDK1 were labeled with32P-orthophosphate and treated with vehicle (Control),
with 5 mM H2O2 for 5 min, or with 1 mM vanadate for 15 min. Labeled myc-PDK 1 was immunoprecipitated and prepared for phospho-
amino acid analysis as described under Experimental Procedures. Positions of phosphotyrosine (PY) and phosphoserine (PS) standards are
indicated. All experiments were performed at least twice, and representative data are shown.
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orthophosphate and32P-labeled myc-PDK1 isolated by
immunoprecipitation and analyzed for phospho-amino acid
content (Figure 1D). Both H2O2 and vanadate treatment
resulted in the appearance of a prominent spot comigrating
with the phosphotyrosine standard in thin-layer analyses of
digests. These treatments also increased the levels of
phosphoserine in PDK1.

In Figure 2A, dose responses and time courses of tyrosine
phosphorylation of PDK1 following H2O2 and vanadate
treatment are shown. H2O2 treatment of CH310T1/2 cells
expressing myc-PDK1 resulted in rapid tyrosine phosphor-
ylation of PDK1 peaking at about 5 min with maximal
response occurring at about 5 mM H2O2. The vanadate
response was maximal at 1 mM vanadate and appeared 20
min posttreatment, and the maximal response was maintained
up to 60 min. Since both H2O2 (22, 35) and vanadate (50,
51) have been reported to stimulate PI 3-kinase activity, the
effects of the PI 3-kinase inhibitor wortmannin on tyrosine
phosphorylation of PDK1 were examined (Figure 2B).
Surprisingly, vanadate-stimulated tyrosine phosphorylation
of PDK1 was sensitive to wortmannin treatment, whereas
H2O2-dependent tyrosine phosphorylation was unaffected.

In Vitro Tyrosine Phosphorylation of PDK1. To further
establish PDK1 as a substrate for tyrosine kinases, in vitro
experiments were performed using the c-Src and Abl tyrosine
kinases to phosphorylate PDK1 (Figure 3). Incubation of both
c-Src and Abl proteins with recombinant PDK1 caused rapid
and readily detectable tyrosine phosphorylation of PDK1.

Effects of Tyrosine Phosphorylation on PDK1 ActiVity. We
next sought to determine if tyrosine phosphorylation of PDK1
correlated with a change in PDK1 activity. Following
treatment of cells with H2O2 or vanadate, PDK1 was
immunoprecipitated and PDK1 activity assayed using Akt
or SGK as substrate (Figure 4). For Akt assays, reactions
were performed in the presence or absence of PtdIns(3,4,5)-
P3 (Figure 4A). Phosphorylation of Akt by PDK1 from

control and H2O2-treated cells was stimulated 2-3-fold by
inclusion of PtdIns(3,4,5)P3. However, PDK1 activity from
vanadate-treated cells in the absence of PtdIns(3,4,5)P3 was
consistently elevated 2-3-fold relative to PDK1 from control
cells and was not further stimulated by PtdIns(3,4,5)P3.
PDK1 activity toward SGK (which is not dependent on
phosphatidylinositides) (34, 35) was stimulated 2-4-fold by
both H2O2 and vanadate treatments. To determine whether
tyrosine phosphorylation of PDK1 directly affects PDK1
activity, PDK1 immunoprecipitated from cells exposed to
H2O2 or vanadate was treated with the bacterial tyrosine
phosphatase YOP. As shown in Figure 4C, YOP treatment
inhibited both H2O2 and vanadate-stimulated PDK1 activity.
In vitro tyrosine phosphorylation of PDK1 by Abl tyrosine

FIGURE 2: Time courses, dose responses, and effects of wortmannin on PDK1 tyrosine phosphorylation. (A) For time course experiments,
CH310T1/2 cells expressing myc-PDK1 were treated with 5 mM H2O2 or with 1 mM vanadate for the indicated times. For dose response
experiments, cells were treated for 5 min with various concentrations of H2O2 or for 15 min with concentrations of vanadate. Cells were
lysed, and proteins were immunoprecipitated with anti-myc and immunoblotted with anti-phosphotyrosine as in Figure 1. (B) CH310T1/2
cells expressing myc-PDK1 were treated with 100 nM wortmannin for 30 min prior to addition of vehicle (C), 5 mM H2O2 for 5 min
(H2O2), or 1 mM vanadate for 15 min (VO4). Cells were lysed, and proteins were immunoprecipitated with anti-myc and immunoblotted
with anti-phosphotyrosine as in Figure 1.

FIGURE 3: In vitro tyrosine phosphorylation of PDK1 by c-Src and
Abl tyrosine kinases. (A) Reactions contained 500 ng of PDK1
alone, 3 units of c-Src tyrosine kinase alone, or PDK1 plus c-Src
and were initiated by the addition of 200µΜ ATP. (B) Reactions
contained 500 ng of PDK1, 100 units of Abl tyrosine kinase, or
PDK1 plus Abl and were initiated by the addition of 200µΜ ATP.
Incubations were for 15 min at room temperature. Samples were
run on SDS gels, transferred to nitrocellulose, and immunoblotted
with anti-phosphotyrosine. Assay conditions were as described
under Experimental Procedures.
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kinase increased PDK1 activity toward both Akt and SGK
(Figure 4D). The increased activity toward Akt was inde-
pendent of PtdIns(3,4,5)P3.

DISCUSSION

In this study, we describe the novel finding that PDK1
becomes tyrosine-phosphorylated in response to treatment
of cells with H2O2 and vanadate. These effects were seen in
several cell types including 293T cells, CH310T1/2 cells,
and A20 cells. Tyrosine phosphorylation of PDK1 in
response to both H2O2 and vanadate treatment correlated with
an increase in the enzymatic activity of PDK1. In addition,
in vitro tyrosine phosphorylation of recombinant PDK1 by
the Abl tyrosine kinase also stimulated PDK1 activity,
indicating that tyrosine phosphorylation of PDK1 alone was
sufficient to affect PDK1 activity. An increase in serine
phosphorylation of PDK1 from H2O2- and vanadate-treated

cells also occurred which could contribute to the modulation
of PDK1 activity seen in vivo. It was intriguing that NGF
stimulated tyrosine phosphorylation of PDK1 when trans-
fected into 293 cells expressing TrkA. However, we were
unable to detect tyrosine phosphorylation of PDK1 in
response to addition of growth factors or cytokines to cells
expressing endogenous levels of PDK1 and endogenous
levels of receptors. Environmental stress such as heat shock
and UV light also failed to induce tyrosine phosphorylation
of PDK1. This could be due to a failure to use the appropriate
agonists or cell types or perhaps tyrosine phosphorylation
of PDK1 is specific for oxidative stress.

This is the first report in which the activity of PDK1 has
been shown to be regulated in response to extracellular
stimuli. PDK1 has previously been shown to be constitutively
phosphorylated in vivo on several serine residues, and
phosphorylation of serine 241 has been shown to critical for

FIGURE 4: Effects of tyrosine phosphorylation on PDK1 activity. In (A), PDK1 activity from 293T cells transfected with myc-PDK1 was
assayed. Cells were treated with vehicle (C), with 5 mM H2O2 for 5 min (H), or with 1 mM vanadate (V) for 15 min prior to lysis and
immunoprecipitation with anti-myc. Washed immunoprecipitates were incubated with 0.5µg of Akt and 100µΜ ATP for 20 min at room
temperature in the presence or absence of PtdIns(3,4,5)P3. Samples were run on SDS gels, transferred to nitrocellulose, and immunoblotted
with anti-phospho-Akt (Thr308). PDK1 levels in immunoprecipitates from the various treatments were measured (bottom panel) prior to
the final plus/minus PIP3 aliquoting step to ensure normalization among treatments. In (B), cells were treated and prepared as in (A) except
that SGK was used as substrate and PtdIns(3,4,5)P3 was not used. Conditions for both assays were as described under Experimental Procedures.
In (C), the effects of YOP treatment on PDK1 activity are shown. PDK1 activity from 293T cells transfected with myc-PDK1 was assayed
using SGK as substrate as described above except that immunoprecipitates were preincubated with plus/minus 25 units of bacterial tyrosine
phosphatase, YOP, for 30 min at 30°C. The arrows indicate the positions of the phosphorylated SGK. In (D), the effects of Abl phosphorylation
on the activity of PDK1 are shown. Substrates (Akt or SGK) were incubated in reaction buffer with [γ-32P]ATP for 15 min at room
temperature by themselves or with PDK1 which had been treated with Abl buffer or with Abl tyrosine kinase as described under Experimental
Procedures. The arrows indicate the positions of the phosphorylated substrates.
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PDK1 activity. Neither phosphorylation of these sites nor
PDK1 activity is regulated by treatment of cells with agonists
such as IGF-1 (41). Regulation of PDK1 is thought to occur
primarily through translocation of the active enzyme to the
plasma membrane mediated by binding of its PH domain to
PtdIns(3,4,5)P3 generated by PI 3-kinase (40). Tyrosine
phosphorylation of PDK1 may represent another level of
PDK1 regulation perhaps affecting PDK1 activity, substrate
specificity, or intracellular localization. The apparent PtdIns-
(3,4,5)P3-independent phosphorylation of Akt by PDK1 from
vanadate-treated cells represents a subtle mechanism through
which differential regulation of Akt might be achieved.

Although both H2O2 and vanadate modulate PDK1 activity
in some contexts, their effects are different. For example,
tyrosine phosphorylation of PDK1 in response to vanadate
treatment is inhibited by wortmannin, but H2O2-stimulated
tyrosine phosphorylation is not. Tyrosine phosphorylation
of PDK1 by H2O2 also appears to be of somewhat shorter
duration compared to the effects of vanadate. These data
suggest that H2O2 and vanadate stimulate tyrosine phosphor-
ylation of PDK1 through different mechanisms. Vanadate-
dependent tyrosine phosphorylation appears to result from
activation of a tyrosine kinase (or inhibition of a tyrosine
phosphatase) which functions downstream of PI 3-kinase.
Activation of the tyrosine kinase, which phosphorylates
PDK1 in response to H2O2, appears not to require PI
3-kinase. The effect of vanadate, but not H2O2, to cause
PtdIns(3,4,5)P3 independent phosphorylation of Thr-308 of
Akt further highlights the differences in signaling capacity
of PDK1 from cells treated with H2O2 or vanadate. These
results are somewhat unexpected since both vanadate and
H2O2 are best characterized as inhibitors of tyrosine phos-
phatases (5, 49). However, since both have rather pleiotrophic
effects on tyrosine phosphorylation, it is possible that
different subsets of tyrosine phosphatases are inactivated by
the two agents. Alternatively, vanadate and H2O2 may act
through as yet unknown mechanisms that are unrelated to
their effects on tyrosine phosphatases.

Activation of PDK1 by tyrosine phosphorylation may play
a role in influencing the survival in response to oxidative
stress and perhaps other stimuli. A number of other protein
kinases in critical signaling pathways including map kinase
(18-20), JNK/SAPK (17, 19, 52), p38 (18, 19), p70 S6
kinase (23), and Akt (21, 22) are activated following H2O2

treatment of cells. In fact, PKC isoforms have been shown
to become tyrosine-phosphorylated and activated following
H2O2 treatment of COS-7 cells (43). The orchestrated
activities of these enzymes may affect the balance between
apoptosis and survival in response to oxidant injury. Since
PDK1 directly regulates Akt [a critical mediator of cell
survival (53, 54)] and p70 S6 kinase [an important regulator
of protein synthesis (55)] and of several PKC isoforms, it
lies at a potentially critical juncture where various signals
may be integrated and appropriate responses coordinated.
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