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Growth factors such as insulin regulate phosphatidylinositol
3-kinase-dependent actin cytoskeleton rearrangement in many
types of cells. However, the mechanism by which the insulin signal
is transmitted to the actin cytoskeleton remains largely unknown.
Yeast two-hybrid screening revealed that the phosphatidylinositol
3-kinase downstream effector phosphoinositide-dependent pro-
tein kinase-1 (PDK1) interacted with protein kinase N (PKN), a
Rho-binding SeryThr protein kinase potentially implicated in a
variety of cellular events, including phosphorylation of cytoskel-
etal components. PDK1 and PKN interacted in vitro and in intact
cells, and this interaction was mediated by the kinase domain of
PDK1 and the carboxyl terminus of PKN. In addition to a direct
interaction, PDK1 also phosphorylated Thr774 in the activation loop
and activated PKN. Insulin treatment or ectopic expression of the
wild-type PDK1 or PKN, but not protein kinase Cz, induced actin
cytoskeleton reorganization and membrane ruffling in 3T3-L1
fibroblasts and Rat1 cells that stably express the insulin receptor
(Rat1-IR). However, the insulin-stimulated actin cytoskeleton reor-
ganization in Rat1-IR cells was prevented by expression of kinase-
defective PDK1 or PDK1-phosphorylation site-mutated PKN.
Thus, phosphorylation by PDK1 appears to be necessary for PKN
to transduce signals from the insulin receptor to the actin
cytoskeleton.

Actin cytoskeleton reorganization has been implicated in a
variety of cellular functions, including motility, intracellular

trafficking, cytokinesis, and cell survival (1–3). In many cell
types, the growth factor-induced actin cytoskeleton rearrange-
ment is known to be mediated by the activation of phosphati-
dylinositol 3-kinase (PI3-kinase) (4–6). However, the signaling
components linking PI3-kinase to the actin cytoskeleton remain
elusive. The stimulation of cells with insulin leads to the acti-
vation of PI3-kinase downstream effectors such as phosphoi-
nositide-dependent protein kinase-1 (PDK1). PDK1 is a SeryThr
protein kinase that phosphorylates and activates members of the
AGC (protein kinase A, G, and C) protein kinase family, such
as protein kinase B (PKByAkt), protein kinase C (PKC), cAMP-
dependent protein kinase (PKA), and p70 S6 kinase (7–13).
Thus, PDK1 may play a key role in the diversification of
upstream signals to regulate specific downstream biological
activities in cells.

Sequence comparison of conserved PDK1 phosphorylation
motifs in known substrates led us to speculate that there may be
additional targets for PDK1 (11). To identify PDK1 interactive
proteins, we screened a yeast two-hybrid cDNA library. In the
present study, we report the identification of a substrate for
PDK1, the Rho-activated SeryThr protein kinase N (PKN). Our
results show that PKN interacts with PDK1 in vitro and in cells
and is phosphorylated and activated by PDK1. We also found
that overexpression of PKN or PDK1 mimics insulin action to
induce actin cytoskeleton reorganization. Furthermore, we have

shown that insulin-induced actin cytoskeleton reorganization
can be prevented by ectopically expressing mutant forms of
either PKN or PDK1. These findings suggest that phosphoryla-
tion of PKN by PDK1 may play a potential role in mediating
insulin signaling to the actin cytoskeleton.

Materials and Methods
Yeast Two-Hybrid Studies. Yeast two-hybrid plasmids encoding
various regions of PDK1 were constructed by subcloning the
PCR-amplified PDK1 cDNA fragments (Fig. 1B) into the
EcoRIyXhoI sites of pGBT9 (CLONTECH), fused in-frame
with the GAL4 DNA binding domain. The two-hybrid screen
was done with a bait plasmid encoding full-length mouse PDK1
(amino acids 4–559) and a pretransformed cDNA library derived
from HeLa cell mRNAs (CLONTECH) according to the pro-
tocol of the manufacturer. The interaction between PDK1 and
the carboxyl terminus of PKN was determined by b-galactosi-
dase filter assays as described (14).

Site-Directed Mutagenesis. Mutants of PKN or AF3-PKN were
generated by single-stranded site-directed mutagenesis, using
pRcyCMVyPKN or pRcyCMVyAF3-PKN (15) as templates.
Mutations were confirmed by DNA sequencing.

Cell Culture. Chinese hamster ovary (CHO) cells stably expressing
the insulin receptor (IR) (CHOyIR) have been described (11).
CHOyIR cells stably expressing PKN, AF3-PKN, or AF3-
PKNT774A were generated by a standard protocol (11) and
selected with 10 mgyml puromycin. Cells expressing recombinant
proteins were grown in 60-mm plates, serum-starved for 4 h, and
lysed in lysis buffer consisting of 50 mM Hepes (pH 7.6), 150 mM
NaCl, 1% NP-40, 5 mM EDTA, 1 mM NaF, 1 mM sodium
pyrophosphate, 1 mM orthovanadate, 10 mgyml leupeptin,
10 mgyml aprotinin, 1 mM microcystin-LR, and 1 mM PMSF.
The homogenate was centrifuged (10,000 3 g, 4°C, 10 min), and
supernatants were used in binding or immunoprecipitation
experiments.

In Vitro Binding Studies. Glutathione S-transferase (GST)-PKN
fusion proteins were generated by subcloning the PCR-amplified
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cDNA fragments encoding different regions of PKN (Fig. 1 A)
into pGEX-4T-3 vector (Amersham Pharmacia) in-frame with
the sequence encoding GST. Fusion proteins expressed in
Escherichia coli DH5a cells were purified by adsorption to
glutathione agarose beads (Sigma). The beads were washed
three times with buffer A consisting of 50 mM Hepes (pH 7.6),
150 mM NaCl, and 0.1% NP-40. Lysates of CHOyIRyPDK1 cells
(11) were added to the beads and incubated for 4 h at 4°C with

gentle shaking. The beads were washed three times with buffer
A, and the bound proteins were eluted with sample loading
buffer and boiled at 95°C for 3 min. Proteins were resolved by
SDSyPAGE and transferred onto a nitrocellulose membrane,
and the bound PDK1 was visualized by Western blot with
anti-PDK1 antibody (11).

Phosphorylation of PKN by PDK1. FLAG-tagged PKN, AF3-PKN,
or AF3-PKNT774A was immunoprecipitated from cells transiently
or stably expressing these proteins with anti-FLAG M2 antibody
(IBI-Kodak) adsorbed onto protein G agarose beads. After
incubation at 4°C for 4–6 h, the beads were collected and washed
twice with ice-cold buffer A and once with ice-cold PDK1 kinase
buffer (50 mM TriszHCl, pH 7.5y5 mM MgCl2y0.1 mM sodium
orthovanadatey0.1 mM sodium pyrophosphatey1 mM NaFy1
mM PMSF). Unless otherwise indicated, phosphorylation of
PKN was carried out at 30°C for 30 min in the presence of PDK1
kinase buffer (final volume 30 ml), 2 mCi [g-32P]ATP, and
immunoaffinity-purified PDK1 or PDK1K114G (11). The reaction
was terminated by the addition of 5 ml of 0.5 M EDTA. After
separation by SDSyPAGE, protein phosphorylation was de-
tected by autoradiography.

In Vivo Labeling. CHOyIR cells were cotransfected with cDNAs
encoding PKN and the control vector pBEX, pBEX-PDK1, or
pBEX-PDK1K114G (11). Thirty-six hours after transfection, cells
were in vivo-labeled with 32P-orthophosphate according to a
protocol described previously (16). Cells then were stimulated
with (1) or without (2) 10 nM insulin for 10 min and lysed. PKN
was immunoprecipitated with antibody to the FLAG tag, re-
solved by SDSyPAGE, and transferred to a nitrocellulose mem-
brane. The phosphorylation of the protein was visualized by
autoradiography and quantified by using a PhosphorImager.
Equal expression of PKN in these cells was confirmed by
Western blot analysis using the anti-FLAG antibody.

PKN Kinase Assays. FLAG-tagged PKN was immunoprecipitated
from serum-starved CHOyIR cells transiently expressing the
protein and phosphorylated by PDK1 as described above, except
that 2 mM ATP was included in the kinase buffer instead of
[g-32P]ATP. The phosphorylated PKN absorbed to the protein
G beads was washed twice with buffer A and once with the PKN
kinase buffer containing 20 mM TriszHCl (pH 7.5), 20 mM ATP,
and 8 mM MgCl2. Kinase assays were carried out at 30°C for 5
min in the presence of PKN kinase buffer (final volume 30 ml),
2 mCi [g-32P]ATP, phosphorylated or nonphosphorylated PKN,
and the ribosomal S6 peptide (amino acids 229–239). This
peptide previously has been shown to be a preferred substrate for
PKN (17), but not for PDK1 (data not shown).

Immunofluorescence Studies. 3T3-L1 or Rat1-IR cells were seeded
in 24-well plates containing coverslips and transfected with
plasmids encoding the wild-type or mutant forms of PDK1 or
PKN by Lipofectamine (GIBCOyBRL). Twenty-four hours af-
ter transfection, cells were either fixed directly or were first
serum-starved for 4 h, treated with 10 nM insulin for 10 min, and
then fixed in PBS containing 4% paraformaldehyde for 1 h at
4°C. Fixed cells were blocked and permeabilized with PBS
containing 0.05% Triton X-100 and 5% normal goat serum.
Actin cytoskeleton was visualized by rhodamine-phalloidin
staining (Molecular Probes), and images were captured by a Spot
II digital camera attached to an Olympus IX70 fluorescence
microscope. The expression of FLAG-PKN, myc-PDK1, or
myc-PKCz was detected by staining with M2 (IBI-Kodak) or
9E10 (Santa Cruz Biotechnology) antibodies, respectively, fol-
lowed by Alexa Fluor 350 or 488-conjugated goat anti-mouse or
rabbit antibodies (Molecular Probes).

Fig. 1. Interaction of PKN with PDK1. (A) Schematic representation of PKN
constructs used to study PKN and PDK1 interaction and phosphorylation. The
consensus PDK1 phosphorylation sequences of several PDK1 substrates are
shown. (B) Interaction of PDK1 with PKN in the yeast two-hybrid system.
cDNAs containing different regions of PDK1 were amplified by PCR and
subcloned into the yeast two-hybrid plasmid pGBT9. The interaction between
PDK1 fragments and PKN-CT in SFY526 yeast cells was detected by b-galacto-
sidase filter assays as described (14). 1, Positive interaction (blue color) was
visualized within 30 min; 2, no interaction was detected for 24 h. N, Amino
terminus; CD, catalytic domain; PH, pleckstrin homology domain. (C) Interac-
tion between PDK1 and PKN in vitro. Lysates of CHOyIRyPDK1 cells (11) were
incubated with GSTyAF3-PKNK644E (lane 1) or GSTyPKN(DC) (lane 2) bound to
glutathione-Sepharose beads (Sigma). The bound proteins were resolved by
SDSyPAGE, transferred onto a nitrocellulose membrane, and examined by
immunoblotting with antibody to the hemagglutinin tag (Top). Five percent
of cell lysates used in the immunoprecipitation were loaded as a control
(Middle). The GST fusion proteins used in the experiments were separated by
SDSyPAGE and visualized by Coomassie blue staining (Bottom). Results are
representative of three independent experiments. (D) Interaction of PDK1 and
PKN in intact cells. CHOyIR cells were serum-starved overnight and treated
with or without wortmannin (WT, 200 nM) or LY294002 (LY, 200 mM) for 1 h.
Cells then were treated with (1) or without (2) 10 nM insulin for 10 min. Cell
lysates were incubated for 8 h at 4°C with affinity-purified polyclonal antibody
to PDK1 (11) or NIg bound to protein A beads. PKN coimmunoprecipitated
with PDK1 was detected with a mAb to PKN (Transduction Laboratories).
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Results and Discussion
To identify potential targets for PDK1, we screened a yeast
two-hybrid cDNA library using full-length PDK1 as bait. This
screen yielded positive clones encoding the carboxyl terminus of
human PKN, a SeryThr protein kinase potentially implicated in
various cellular events, including the phosphorylation of cy-
toskeletal components (18, 19). [Recently we identified an
isoform of PKN (PKNb), therefore the originally identified PKN
also is called PKNa or PRK1 (20, 21).] The region in PKN that
interacted with PDK1 contained amino acid residues 758–942
(PKN-CT, Fig. 1 A) including a PDK1 consensus phosphoryla-
tion sequence and part of the catalytic domain homologous to
that of the PKC family (22). However, unlike PKCs, PKN is
activated by the small GTPase Rho but not by PKC activators
such as Ca21, phorbol esters, or phosphatidylserine (18, 19).

To map the sequence in PDK1 that interacted with PKN, we
constructed yeast two-hybrid ‘‘bait’’ vectors that encoded dif-
ferent regions of PDK1 (Fig. 1B) and tested their interactions
with PKN-CT by using the yeast two-hybrid system. Data showed
that full-length, pleckstrin-homology (PH) domain deleted mu-
tant (DPH), and a fragment containing the catalytic domain of
PDK1 bound to PKN-CT (Fig. 1B). On the other hand, the
carboxyl terminus of PDK1 (DN) showed no interaction. These
findings indicated that the catalytic domain of PDK1 is sufficient
to bind PKN in the yeast two-hybrid system.

To test whether PKN and PDK1 interact directly, we carried
out pull-down studies. Initially, we tried to express PKN-CT as
a GST-fusion protein. However, we found that this fusion
protein was toxic to bacterial cells. A similar finding was
obtained with the expression of the apoptotic fragment of PKN
(AF3-PKN; ref. 15, Fig. 1 A). To circumvent this problem, we
produced a mutated GST-AF3-PKN fusion protein in which the
critical lysine residue in the ATP-binding site of PKN was
replaced with glutamate (GSTyAF3-PKNK644E). As a control, we
also generated a GST-PKN fusion protein in which the carboxyl
terminus (residues 631–942) was deleted [GSTyPKN(DC); Fig.
1 A and C, Lower]. We examined the ability of these fusion
proteins to interact with proteins in lysates derived from CHOy
IRyPDK1 cells. Our results showed that PDK1 interacted with
the GST-AF3-PKNK644E fusion protein but not with GSTy
PKN(DC) (Fig. 1C, Top), further confirming that the region that
interacted with PDK1 was located at the carboxyl terminus
of PKN.

To show that PDK1 and PKN interacted in mammalian cells,
we examined the association of endogenous PDK1 and PKN in
CHOyIR cells. Lysates from insulin-treated or nontreated cells
were incubated with an affinity-purified antibody to PDK1 (11)
or normal Ig (NIg) adsorbed onto protein A-Sepharose beads,
and the bound proteins were examined by immunoblot analysis
with a mAb to PKN (Transduction Laboratories, Lexington,
KY). PKN was coimmunoprecipitated with the antibody to
PDK1, but not with the NIg control (Fig. 1D). Neither insulin nor
PI3-kinase inhibitors had a significant effect on the binding of
PKN to PDK1 (Fig. 1D). These findings indicate that PDK1 and
PKN are able to form a complex in mammalian cells. However,
we detected little interaction between PDK1 and PKN in recip-
rocal experiments involving anti-PDK1 immunoblotting of anti-
PKN immunoprecipitates. One possible explanation may be that
the anti-PKN antibody blocked the interaction between these
enzymes. Consistent with this, significant interaction between
PDK1 and PKN could be observed in cells expressing hemag-
glutinin-tagged PDK1 and FLAG-tagged PKN when immuno-
precipitations were carried out with antibodies to either tag
(data not shown).

Several mechanisms, such as proteolytic digestion (15) and
binding to Rho (18, 19), have been shown to activate PKN.
However, whether this enzyme is activated by growth factor-

stimulated phosphorylation remains unclear. PKN is phosphor-
ylated in intact cells (17), and its activity is inhibited by dephos-
phorylation (23). PKN also contains a putative phosphorylation
motif in the activation loop highly homologous to that of Akt and
other downstream substrates for PDK1 (Fig. 1 A). These findings
suggested that PKN not only interacts directly with PDK1 but
also may be a substrate for the enzyme. To test this idea,
FLAG-tagged PKN was affinity-purified from CHOyIRyPKN
cells and phosphorylated in vitro by affinity-purified PDK1 (11).
In agreement with the findings of others (17), we found that PKN
underwent significant autophosphorylation in vitro (Fig. 2A,
Upper). Incubation of the enzyme with PDK1 led to a 2-fold
increase in PKN phosphorylation (Fig. 2 A, Upper). The increase
of PKN phosphorylation depended on PDK1 kinase activity
because the kinase-defective mutant PDK1K114G (11), which
bound PKN as well as the wild-type enzyme, did not stimulate
the phosphorylation of PKN in vitro (data not shown).

Phosphopeptide mapping of rat PKN revealed at least seven
autophosphorylation sites (17), five of which (Thr64, Ser372,
Thr534, Ser576, and Ser608) are conserved in the human homolog.
To avoid the high background encountered with autophosphor-
ylation in studies of in vitro phosphorylation, we examined the
PDK1-catalyzed phosphorylation of an amino-terminal trun-
cated mutant of PKN (AF3-PKN; ref. 15 and Fig. 1 A), which did
not undergo autophosphorylation after immunoprecipitation
(Fig. 2B). As shown in Fig. 2B, AF3-PKN was readily phosphor-
ylated by the wild-type PDK1 but not by kinase-defective
PDK1K114G. These findings suggest that AF3-PKN, which con-
tains the conserved threonine residue in the activation loop of
the enzyme, is a direct substrate for PDK1. Significant phos-
phorylation by PDK1 also was observed for the full-length
kinase-defective mutant PKNK644D (data not shown). Phos-
phoamino acid analysis of AF3-PKN showed that the phosphor-
ylation occurred equally at both serine and threonine residues
(Fig. 2C, Left). Replacing Thr774 with alanine resulted in a
significant decrease in AF3-PKN threonine phosphorylation by
PDK1 (Fig. 2 B and C), suggesting that Thr774 was a potential site
of phosphorylation. However, notable serine phosphorylation
was still observed in AF3-PKNT774A, suggesting that in addition
to Thr774, PDK1 may phosphorylate AF3-PKN at an additional
site. Consistent with this idea, a double mutant of AF3-PKN in
which both Thr774 and Ser773 were replaced with alanine was not
phosphorylated by PDK1 in vitro (data not shown). However,
although our findings suggest that PDK1 may be a direct
upstream kinase for PKN, we cannot completely exclude the
possibility that a heterologous kinase coimmunoprecipitated
with the wild-type PDK1 might phosphorylate AF3-PKN in vitro.

To test whether insulin or PDK1 stimulates PKN phosphor-
ylation at Thr774 in intact cells, in vivo phosphorylation studies
were carried out. Fig. 2D shows the mean values from Phos-
phorImager analysis of four independent in vivo labeling
experiments. PKN showed substantial constitutive phosphor-
ylation in serum-starved CHOyIR cells. Also, the overexpres-
sion of PDK1 or the treatment of cells with insulin led to an
approximate 40% increase in PKN phosphorylation. The
modest increase in insulin and PDK1-stimulated phosphory-
lation of PKN was probably because of an elevated basal
phosphorylation at Thr774 when the enzyme was overexpressed
in cells (see below). On the other hand, overexpression of the
kinase-defective mutant PDK1K114G resulted in an approxi-
mate 50% inhibition of PKN phosphorylation.

To test whether PKN was phosphorylated at Thr774 by PDK1
in intact cells, we carried out Western blot studies using a
phospho-antibody against Thr816 of PRK2 (24). This antibody
recognized wild-type PKN but not the mutant enzyme in which
Thr774 was changed to alanine (Fig. 2E, lanes 3–8). The endog-
enous PKN in CHOyIR cells was not significantly phosphory-
lated at Thr774 under basal conditions (Fig. 2F, lane 3). Treat-
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ment of the cells with insulin led to notable increase in the
phosphorylation of endogenous enzyme (Fig. 2F, lane 4). Pre-
incubation of cells with either wortmannin (Fig. 2F, lane 5) or
LY294002 (Fig. 2F, lane 6) had no significant effect on PKN
phosphorylation at Thr774, suggesting that the insulin-stimulated

phosphorylation of endogenous PKN in the activation loop may
be PI3-kinase-independent.

To test whether phosphorylation of PKN at Thr774 was mediated
by PDK1 in cells, we transfected FLAG-tagged PKN into CHOyIR
cells together with myc-tagged wild-type or kinase-dead PDK1. In
overexpressed cells, PKN showed a substantial constitutive phos-
phorylation at Thr774 under serum-starved conditions (Fig. 2E, lane
1). The high basal phosphorylation probably was caused by over-
expression of PKN because the endogenous enzyme was not
significantly phosphorylated under similar conditions (Fig. 2F, lane
3). Coexpression of the wild-type but not the kinase-dead mutant
PDK1 led to a significant increase in PKN phosphorylation at
Thr774 (Fig. 2E, lanes 3–6). The PDK1-induced phosphorylation of
PKN at Thr774 also was confirmed by using a phospho-specific
antibody to Thr500 in the activation loop of PKCbII (7), which
recognizes only wild-type PKN but not PKNT774A (data not shown).
Together, these findings indicate that PDK1 is an in vivo upstream
kinase of PKN and that Thr774 in the activation loop is a PDK1-
mediated phosphorylation site.

To determine whether phosphorylation by PDK1 could acti-
vate PKN, we carried out in vitro kinase assays. PKN isolated
from serum-starved cells was constitutively active in vitro, and
phosphorylation by PDK1 led to a 2-fold increase in the kinase
activity of the enzyme (Fig. 3A). The increase in PKN activity
was caused by phosphorylation rather than by binding to PDK1,
because control experiments revealed that preincubation with
PDK1K114G did not stimulate PKN activity (data not shown).
Mutation of Thr774 to alanine resulted in a significant decrease
in PKN activity. In addition, preincubation with PDK1 did not
stimulate the activity of this mutant (Fig. 3A).

To test whether PDK1 activates PKN in intact cells, we
cotransfected CHOyIR cells with FLAG-PKN and either myc-
PDK1 or myc-PDK1K114G. Results showed that there was con-
stitutive basal PKN activity in the absence of ectopically ex-
pressed PDK1. Overexpression of the wild-type but not the
kinase-defective mutant of PDK1 led to a 3-fold increase in PKN
activity (Fig. 3B). These findings provide further evidence that
PKN is a downstream effector of PDK1. However, we were
unable to test whether insulin and PDK1 can synergistically

Fig. 2. Phosphorylation and activation of PKN by PDK1. (A) Time course study
of PKN phosphorylation. The FLAG-tagged full-length PKN was immunopre-
cipitated from CHOyIRyPKN cells with the M2 anti-FLAG antibody. In vitro
phosphorylation was carried out in the presence (1) or absence (2) of immu-
noaffinity-purified PDK1 (11). Reactions were stopped at indicated times. The
phosphorylated proteins were eluted from beads by boiling in SDS-sample
buffer, separated by SDSyPAGE, transferred to a nitrocellulose membrane,
and visualized by autoradiography (Upper). The same membrane was reblot-
ted with anti-FLAG antibody to ensure equal loading of proteins in each lane
(Lower). (B) Phosphorylation of AF3-PKN by PDK1. AF3-PKN (15) was tran-
siently expressed in CHOyIR cells, immunoprecipitated by anti-FLAG antibody,
and phosphorylated in vitro in the presence of immunoaffinity-purified PDK1
or PDK1K114G, according to a protocol similar to that described previously (11).
The phosphorylation of AF3-PKN was visualized by autoradiography. (C)
Phosphoamino acid analysis of AF3-PKN. The 32P-labeled wild-type (WT) or
T774A mutant of AF3-PKN bands were excised from the membrane, hydro-
lyzed, and analyzed by two-dimensional thin-layer electrophoresis, according
to a protocol described previously (16). (D) The effect of PDK1 on PKN
phosphorylation in cells. CHOyIR cells were transfected with PKN and PDK1, in
vivo-labeled with 32P-orthophosphate, and treated with (1) or without (2)
insulin as described in Materials and Methods. Data are mean 6 SEM from four
independent experiments. Background values obtained from NIg precipitates
were subtracted from all values. (E) Overexpression of PDK1 stimulates PKN
phosphorylation at Thr774 in intact cells. CHOyIR cells were cotransfected with
FLAG-tagged PKN or PKNT774A and either myc-tagged PDK1 or PDK1K114G as
indicated. Cell lysates were immunoprecipitated with antibody to the FLAG
tag. One-eighth of the immunoprecipitates were separated by SDSyPAGE and
analyzed by Western blot with antibody specific to phospho-Thr816 of PRK2
(Top). Two-thirds of the immunoprecipitates were used for Western blot with
antibody to the FLAG tag (Middle). Expression of PDK1 in these cells was
detected by Western blot of cell lysate (1y20 of total) using antibody to the
myc tag (Bottom). (F) Insulin stimulates the phosphorylation of endogenous
PKN at Thr774 in CHOyIR cells. CHOyIR cells were serum-starved overnight and
treated with or without wortmannin (WT, 200 nM) or LY294002 (LY, 200 mM)
for 1 h. Cells then were treated with (1) or without (2) 10 nM insulin for 10
min. Cell lysates were incubated for 8 h at 4°C with mAb to PKN (Transduction
Laboratories) or NIg bound to protein G beads. One-eighth of the immuno-
precipitates were separated by SDSyPAGE and analyzed by Western blot with
antibody specific to phospho-Thr816 of PRK2 (Upper). Two-thirds of the im-
munoprecipitates were used for Western blot with a mAb to PKN (Transduc-
tion Laboratories) (Lower).

Fig. 3. Activation of PKN by PDK1. (A) Activation of PKN by PDK1 in vitro. The
FLAG-tagged wild-type PKN or PKNT774A was immunoprecipitated from se-
rum-starved CHOyIR cells transiently expressing these proteins, phosphory-
lated in vitro in the presence (1) or absence (2) of affinity-purified PDK1, and
assayed for phosphorylation of the S6 peptide. Data are representative of
three independent experiments, with bars representing means of duplicate
determinations. (B) Activation of PKN by PDK1 in cells. CHOyIR cells were
cotransfected with cDNAs encoding PKN, pcDNAyPDK1, or pcDNAyPDK1K114G

and the control vector pcDNA. Twenty-four hours after transfection, cells
were lysed and activity of the immunoprecipitated PKN was assayed as de-
scribed in Materials and Methods. Data are mean 6 SD of two independent
experiments with duplicate determinations.
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activate PKN in CHOyIR cells because overnight serum star-
vation of the cells overexpressing PDK1 and PKN led to signif-
icant cell death. Reduction of the serum-starvation time led to
a higher basal PKN activity (data not shown).

Because insulin activates PKN (25) and stimulates actin stress
fiber depolymerization (6, 26), we sought to establish whether
insulin signaling to the actin cytoskeleton could be mediated by
PDK1yPKN interaction. As a control, rhodamine-phalloidin
staining of 3T3-L1 cells revealed abundant actin stress fibers
(Fig. 4Aa). Ectopic expression of PKN or PDK1 stimulated actin
stress fiber depolymerization and membrane ruffling in approx-
imately 65% of the cells examined (Fig. 4A b and c). On the other
hand, only approximately 10% of cells overexpressing PKCz
showed significant actin stress fiber depolymerization (Fig.
4Ad). Similar results were obtained in Rat1-IR fibroblasts
transiently expressing these proteins (Fig. 4A e–h).

To further test the potential roles of PDK1 and PKN in insulin-
induced actin cytoskeleton reorganization, we transfected Rat1-IR
cells with plasmids encoding kinase-defective PDK1 (PDK1K114G)
or phosphorylation site-mutated PKN (PKNT774A) and tested their
effects on insulin-induced cytoskeleton rearrangement. In agree-
ment with the findings of others (4–6), we found that the treatment
of Rat1-IR cells with insulin induces actin stress fiber breakdown
and membrane ruffling (Fig. 4Be), which could be blocked by
pretreatment of cells with PI3-kinase inhibitors wortmannin or
LY294002 (data not shown). The insulin-induced actin stress fiber
rearrangement was notably prevented in approximately 60–70%
cells transiently expressing PKNT774A (Fig. 4Bb), PDK1K114G (Fig.
4Bc), or PKNK644D (Fig. 4Bd), suggesting that PDK1 and PKN
normally are involved in insulin signal transduction to the actin
cytoskeleton.

To test whether PDK1 is upstream of PKN in mediating actin
stress fiber depolymerization, we coexpressed PDK1 and
PKNT774A in Rat1-IR cells and examined the PDK1-mediated
actin cytoskeleton change. We found that a significant amount
of actin stress fibers remained in approximately 65% of Rat1-IR
cells coexpressing both PDK1 and PKNT774A (Fig. 4C). These
findings suggest that the PDK1-induced actin cytoskeleton
change probably was mediated by PKN.

Together, our results indicate that PKN is an in vivo substrate for
PDK1 and that the activation of the enzyme may play an important
role in insulin-induced actin cytoskeleton reorganization. However,
PKN may not be the only target for PDK1 in this signaling pathway.
A recent study showed that PDK1 binds to the carboxyl terminus
of PRK2 (27), a PKN-related protein kinase that is implicated in
growth factor-stimulated actin cytoskeleton reorganization (28).
Because PRK2 shares an extensive homology with PKN and
contains a PDK1 consensus phosphorylation motif in the activation
loop, it is likely that this enzyme also may be a substrate for PDK1.
Consistent with this, we have found that PRK2 interacts with and
is phosphorylated by PDK1 (unpublished observations). It is inter-
esting to note that both PKN and PRK2 are activated by small
GTPases, such as Rho and Rac (18, 19, 28, 29). Thus, PKN and
PRK2 may lie at a critical juncture where the small GTPase and
PI3-kinase signaling pathways converge. A question that remains to
be answered is whether these two enzymes play similar or different
roles in insulin-stimulated actin cytoskeleton reorganization. In
addition, it remains to be established how upstream signals are
further transmitted downstream from these kinases. The finding
that ectopic expression of wild-type PKN, but not the phosphory-
lation site-mutated or kinase-defective PKN, resulted in actin
cytoskeleton reorganization suggests that the kinase activity of the
enzyme may be critical in the signaling process. Although the in vivo
substrates for both PKN and PRK2 remain elusive, it is possible
that, like other Rho-activated kinases, such as Rho-kinaseyROCK
(30), activated PKN and PRK2 may initiate further downstream
kinase cascades or directly phosphorylate the cytoskeletal compo-
nents necessary for actin cytoskeleton reorganization. Similar ap-
proaches as described in this study may enable us to identify the
missing links in the signaling process.
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