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3-Phosphoinositide-dependent kinase 1 (PDK1) phosphorylates the activation loop of a number of protein
serine/threonine kinases of the AGC kinase superfamily, including protein kinase B (PKB; also called Akt),
serum and glucocorticoid-induced kinase, protein kinase C isoforms, and the p70 ribosomal S6 kinase. PDK1
contains a carboxyl-terminal pleckstrin homology domain, which targets phosphoinositide lipids at the plasma
membrane and is central to the activation of PKB. However, PDK1 subcellular trafficking to other compart-
ments is not well understood. We monitored the posttranslational modifications of PDK1 following insulin-like
growth factor 1 stimulation. PDK1 underwent rapid and transient phosphorylation on S396, which was
dependent upon plasma membrane localization. Phosphorylation of S396 was necessary for nuclear shuttling
of PDK1, possibly through its influence on an adjacent nuclear export sequence. Thus, mitogen-stimulated
phosphorylation of PDK1 provides a means for directed PDK1 subcellular trafficking, with potential impli-

cations for PDK1 signaling.

3-Phosphoinositide-dependent kinase 1 (PDK1) is a serine/
threonine kinase belonging to the AGC superfamily of protein
kinases (reviewed in references 31, 44, and 48). PDKI1 was
identified as the upstream activation loop kinase of protein
kinase Ba (PKBa; also known as Aktl), which is essential for
the activation of PKB (1, 39, 42). Activation of the lipid kinase
phosphoinositide 3-kinase (PI3K) is critical for the activation
of PKB by PDK1 and has been studied extensively in recent
years because it is a key mediator of biological responses down-
stream of insulin and other tyrosine kinase receptors, regulat-
ing survival, cell cycle control, protein translation, and glucose
metabolism (14, 21, 26, 52).

Since PDK1’s discovery as a PKB kinase, the stable of PDK1
targets has expanded to include other AGC kinases, including
protein kinase C (PKC) isoforms (5, 13, 15, 27, 40), the p70 and
p90 ribosomal S6 kinases (S6K and RSK) (2, 19, 23, 36), and
the serum- and glucocorticoid-induced kinases (SGKs) (7, 25,
34). This establishes PDK1 as a central activator of multiple
signaling pathways coupled to a large number of growth-pro-
moting stimuli. Importantly, many of the signaling pathways
upon which PDK1 acts are characterized by alterations during
human pathologies. In cancer, disruption of the apoptosis ma-
chinery is a critical event and occurs at multiple levels, includ-
ing the direct regulation of apoptosis proteins, alteration in
energy metabolism, and the control of protein synthesis. PDK1
interfaces with each of these cell regulatory networks through
kinases such as PKB and therefore could be a point of thera-
peutic intervention. Indeed, the regulation of PDK1 and the
identification of small molecule inhibitors is the subject of
intense focus (17).

PDK1 contains a carboxyl-terminal pleckstrin homology
(PH) domain that binds to the lipid products of PI3K, PI-3,4,5-
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P5, and PI-3,4-P,. The precise role of these lipid species in the
activation of PDKI1 and the phosphorylation of its substrates
has been recently investigated. One likely function is plasma
membrane shuttling (3, 4, 16, 38). When localized to the
plasma membrane, but not other cell compartments, PDKI1 is
able to phosphorylate PKB efficiently (4, 38). However, other
substrates of PDK1 are activated normally under conditions
where the lipid-binding function of the PH domain has been
disrupted (29). Thus, the functional significance of the PH
domain of PDK1 may be relevant only for a subset of PDK1
targets. These targets, including PKB, are likely to be impor-
tant for the antiapoptotic and antioncogenic potential of the
PI3K pathway, since tumor suppressors such as the phospha-
tidylinositol 3’-phosphatase PTEN act to down-regulate signal-
ing from PI3K to PDKI1 and PKB (41, 43).

The location-specific activity of PDK1 may reflect a sub-
strate conformational change that occurs at a permissible lo-
cation. For PKB, membrane localization confers a permissive
change that promotes activation loop phosphorylation by
PDKI1. This likely involves a change in the PKB structure
accompanying PH domain interaction with membrane lipids
(29, 30, 46), as well as phosphorylation of S473 within a C-
terminal hydrophobic motif (38). All PDK1 substrates identi-
fied so far and validated in genetic models contain this con-
served hydrophobic motif, which is wusually located
approximately 170 amino acids downstream of the activation
loop. Additionally, substrates of PDK1, including S6K, RSK,
and SGK, require hydrophobic motif phosphorylation to serve
as a PDKI1 docking site, thereby increasing PDK1-substrate
interaction and activation loop phosphorylation (6-9, 18, 19,
51). Membrane-localized adapter proteins, including Grb14,
may also contribute to activation of PDK1 (24). For PKB and
other AGC kinases, the regulation of the hydrophobic motif
phosphorylation is tightly controlled by distinct signaling path-
ways. In this regard, PDK1 likely phosphorylates other targets,
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depending on location-specific hydrophobic motif phosphory-
lation.

PDKI1 is restricted from the nucleus in mammalian cells. In
a recent study, treatment of cells with leptomycin-B, an inhib-
itor of the nuclear export receptor CRM1, promoted nuclear
accumulation of PDK1 (28). Mutation or deletion of a CRM1-
binding nuclear export sequence (NES) between amino acids
379 and 388 also promoted nuclear accumulation, which was
similar to the effects of leptomycin-B (28). In addition, mito-
gens, including insulin, induced the shuttling of PDK1 within
the nucleus (28). The mechanism controlling insulin-induced
PDKI1 nuclear shuttling remains unknown but is of interest,
because it could define a new and previously undiscovered
mechanism for nuclear PDK1 substrate phosphorylation.

We investigated whether a posttranslational event associ-
ated with PDK1 is necessary for the nuclear shuttling of PDK1
following growth factor receptor activation. Our results dem-
onstrate that the PH domain of PDKI1 is necessary for nuclear
translocation. This suggests that localization to the plasma
membrane primes PDKI1 for accelerated nuclear import or
suppression of nuclear export. We found that a serine-rich
motif between S389 and S396 of PDKI, directly proximal to
the putative NES region, undergoes rapid and transient phos-
phorylation following growth factor receptor activation in a
Ras-, PI3K-, and PH domain-specific manner. A primary site
of phosphorylation was localized to S396. The phosphorylation
of S396 and its proximity to the NES region suggest that phos-
phorylation may regulate cellular trafficking of PDKI.

MATERIALS AND METHODS

Cell culture. HEK 293 and MCF-7 cells were obtained from the American
Type Culture Collection and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) medium supplemented with 10% fetal calf serum and antibiotics at
37°C, 5% CO,, and humidity. PTEN '~ mouse embryonic fibroblast (MEF) cells
were a gift from Vuc Stambolic and were maintained in DMEM supplemented
with 10% fetal calf serum and antibiotics at 37°C, 5% CO,, and humidity.

Reagents. Antibodies used were anti-PKB/AKT, anti-phospho-specific T308
PKB/AKT, anti-phospho-specific S473 PKB/AKT, anti-PDK1, and anti-phos-
pho-specific S241 PDK1 (all from Cell Signaling Technology). Antihemaggluti-
nin (anti-HA) epitope was from Sigma. Anti-myc epitope 9E10 was from Santa
Cruz Biotechnology. Recombinant SGK S422D was obtained from Upstate Bio-
technology. L'Y294002 was obtained from Sigma-Aldrich.

Site-directed mutagenesis. The various site mutants of PDK1 were generated
with the Quickchange kit (Stratagene). Mutations were sequence verified.

cDNA transfections. HEK 293, PTEN '~ MEF, and MCF-7 cells were plated
onto 35-mm-diameter dishes at 80% confluency and transfected with 100 to 500
ng of cDNA with Lipofectamine 2000 (Gibco-BRL) following the manufacturer’s
protocol. The following day, the transfection medium was removed and replaced
by complete DMEM. At 18 h prior to treatments, cells were washed and serum
starved in DMEM without fetal calf serum.

Confocal microscopy. Cells were plated on glass coverslips and transfected
with 100 ng of cDNA with Liptofectamine 2000. Cells were fixed in 3% para-
formaldehyde for 15 min at room temperature, blocked with 0.5% bovine serum
albumin-phosphate-buffered saline solution; incubated with anti-PDKI, anti-
myc 9E10, or anti-HA primary antibodies where indicated for 2 h; washed; and
then incubated with Alexa-488- or Alexa-564-conjugated secondary antibodies
(Molecular Probes) for 1 h. Coverslips were mounted onto slides with Fluoro-
mount-G (Southern Biotechnologies, Inc.). Immunofluorescence-stained cells
were visualized with a Zeiss LSM510 confocal microscope, and images were
captured with LSM software, version 2.3.

Cell lysis and immunoblotting. Cells were lysed in 50 mM Tris-HCI, (pH 7.4),
0.5% Triton X-100, 25 mM NaF, 25 mM B-glycerophosphate, 5 mM EDTA, 1 ug
of microcystin LR/ml, and protease inhibitors. Portions of the lysates were boiled
with sodium dodecyl sulfate (SDS)-containing sample buffer and fractionated by
SDS-polyacrylamide gel electrophoresis (PAGE). Proteins were transferred to a
polyvinylidene difluoride membrane, blocked in 5% skim milk for 30 min, and
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probed with the appropriate antibody overnight at 4°C. Secondary decoration
with horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies was
performed at room temperature for 1 h. Proteins were visualized by ECL ac-
cording to the manufacturer’s protocol (Amersham).

Metabolic labeling. HEK 293 cells were plated onto 100-mm-diameter dishes
at 80% confluency and transfected with 100 to 500 ng of cDNA with Lipo-
fectamine 2000 (Gibco-BRL) following the manufacturer’s protocol. After 24 h,
cells were washed in phosphate-free medium and then placed in phosphate-free
DMEM medium buffered with 10 mM HEPES (pH 7.4) with 1 mCi of 32P-
labeled orthophosphate/ml at 37°C for 4 h, followed by stimulation with insulin-
like growth factor 1 (IGF-1) (100 ng/ml) for 15 min. PDK1 was immunoprecipi-
tated from detergent-solubilized lysates and fractionated on a 8% acrylamide gel
with an acrylamide/bisacrylamide ratio of 118:1 and dried under heat and vac-
uum. 3?P-labeled PDK1 was detected by autoradiography and quantified either
by excision from the gel followed by liquid scintillation counting or by use of a
PhosphorImager (Molecular Dynamics).

Tryptic digestion, two-dimensional (2D) phosphopeptide mapping, and phos-
phoamino acid analysis. *>P metabolically labeled PDK1 from various conditions
and isolated as described above was excised from the gel and digested with 10 pg
of tosylphenylalanyl chloromethyl ketone-treated trypsin (Promega)/ml in 50
mM (NH,)HCO; (pH 7.8) overnight at 37°C. Gel fragments were pelleted by
centrifugation, and the remaining supernatant was transferred to clean tubes and
dried under a vacuum. Peptides were washed with diminishing volumes of water
and resuspended in 5 pl of electrophoresis buffer [1% (NH,),CO5; pH 8.8].
Electrophoresis was performed with 200-um-thick microcrystalline cellulose
plates (Kodak) at 1,000 V at 7°C for 60 min. The plates were chromatographed
in the second dimension in chromatography buffer (n-butanol-pyridine—acetic
acid-water, 32.5:25:5:20). Plates were dried, and phosphopeptides were visual-
ized with a PhosphorImager (Molecular Dynamics). If cold synthetic phos-
phopeptides were also run, these were visualized with ninhydrin staining. Phos-
phoamino acid analysis was performed by scraping the visualized
phosphopeptides into glass reaction vessels and treatment with 500 wl of 6 N HCI
heated to 105°C for 60 min. The HCI was removed under vacuum, and the
phosphoamino acids were washed with diminishing volumes of water. Separation
was performed on cellulose plates with buffer consisting of 0.5% pyridine and 5%
acetic acid at 1,000 V at 10°C for 45 min. **P-labeled phosphoamino acids were
detected by autoradiography. In each of the samples, 1 ug of a mixture of
phospho-L-serine, phospho-L-threonine, and phospho-L-tyrosine was also added
that was visualized by ninhydrin staining.

RESULTS

IGF-1-induced phosphorylation of expressed and endoge-
nous PDK1. We have previously observed that endogenous
PDKI1 was absent from nuclei in MCF-7 cells under serum
starvation conditions (Fig. 1A) but was present following a 30’
treatment with IGF-1 (Fig. 1A), consistent with a recent report
(28). Leptomycin-B was a potent inducer of nuclear PDKI,
indicating that PDK1 is actively exported by a CRM1-depen-
dent mechanism (Fig. 1A). The specificity of the PDK1 anti-
body used in these experiments was confirmed by control stain-
ing of PDK1~/~ embryonic stem cells (data not shown).
Finally, we noted that endogenous PDKI1 isolated from the
nucleus migrated at higher weights compared with cytoplasmic
PDKI1, which could be indicative of hyperphosphorylation
(Fig. 1B).

The observation that nuclear PDK1 could be hyperphospho-
rylated suggested that phosphorylation of PDK1 participates in
nuclear shuttling. Thus, we wanted to further characterize
PDK1 phosphorylation to define its role in nuclear shuttling.
We first began by monitoring the phosphorylation status of
cytoplasmic PDK1 during receptor tyrosine kinase signaling.
When PDK1 was expressed in HEK 293 cells, it migrated as a
single band during sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 2A). Stimulation of the
cells with IGF-1 for a short period of time caused a decrease in
mobility of PDKI1, which suggested phosphorylation. Treat-
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FIG. 1. IGF-1-stimulated nuclear shuttling of endogenous PDKI.
(A) MCF-7 cells were plated onto glass coverslips and serum starved
for 18 h. Cells were either stimulated with IGF-1 for 30 min or treated
with leptomycin-B (50 nM) for 3 h. Cells were fixed in 3% parafor-
maldehyde, stained with anti-PDK1 (Cell Signaling), and counter-
stained with Alexa-488-conjugated anti-rabbit immunoglobulin G
(IgG) (Molecular Probes). DNA was stained with DAPI (4',6'-dia-
midino-2-phenylindole). Images were collected on a Zeiss LSM 510
confocal microscope. (B) MCF-7 cells growing in complete medium
were fractionated into cytoplasmic (C) and nuclear (N) fractions as
described in Materials and Methods. Portions of each fraction were
resolved by SDS-PAGE and immunoblotted with anti-PDK1 (Cell
Signaling).

ment of PDKI1 with calf alkyline phosphatase (CIP) reduced
the doublet to a single fast-migrating band, also consistent with
phosphorylation. The change in mobility caused by CIP sug-
gests loss of multiple phosphorylation sites. PDK1 has previ-
ously been shown to be constitutively phosphorylated on at
least five serine residues (S25, S241, S393, S396, and S410)
(12), but our results suggest that signaling pathways activated
by IGF-1 can further increase the degree of PDKI1 phosphor-
ylation on these or other sites.

IGF-1 was able to induce a mobility shift of ectopically
expressed PDK1 within 2 min of stimulation (Fig. 2B). We next
examined endogenous PDK1 to determine if this protein,
which is present at much lower levels than ectopically ex-
pressed PDK1, experiences a similar elevation of phosphory-
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lation in response to IGF-1. Stimulation of HEK 293 cells with
IGF-1 for various times led to a rapid mobility shift of endog-
enous PDKI1 along a time scale similar to that of PKB activa-
tion, including T308 and S473 phosphorylation (Fig. 2C). The
mobility shift of endogenous PDKI1 was observed in a number
of different cell lines in response to growth factor stimulation,
including NIH 3T3 (data not shown) and MCF-7 (Fig. 2H).
Collectively these results indicate that both exogenously ex-
pressed and endogenous PDKI1 is rapidly phosphorylated
downstream of RTK signaling.

PI3K activity and the PH domain of PDK1 are necessary for
PDK1 phosphorylation and nuclear shuttling. We next
focused on the conditions necessary for the effect of IGF-1
signaling on PDK1 phosphorylation. PDK1 contains a high-
affinity lipid-binding PH domain which binds to phosphatidyl-
inositol-3,4,5-trisphosphate (PIP;) and PI(3,4)P,, the direct
products of PI3K. We speculated that the phosphorylation of
PDK1 might involve IGF-1-induced PI3K activity. We tested
this by blocking PI3K with an inhibitor prior to IGF-1 treat-
ment and then measuring the mobility of PDK1 (Fig. 2D).
PI3K inhibition prevented the shift in mobility of both ex-
pressed and endogenous PDK1 (Fig. 2D). Another PI3K in-
hibitor, wortmannin, produced identical results (data not
shown). In a reciprocal experiment, coexpression of PDK1 with
an isoprenylated p110 subunit of PI3K, which generates PIP;
independently of RTK activation, caused a constitutive shift in
mobility (Fig. 2E). Thus, the PDK1 phosphorylation event(s) is
coupled with the activity of PI3K.

The proto-oncogene Ras is a regulator of PI3K activity
through an interaction between GTP-loaded Ras and the p110
subunit of PI3K (37). We asked whether IGF-1 stimulation of
PDK1 phosphorylation involved Ras. Coexpression of PDK1
with the dominant-negative mutant of Ras (N17) interfered
with the extent of IGF-1-induced mobility shift of PDK1 (Fig.
2F). In contrast, coexpression with the GTP-bound RasV12
mutant resulted in constitutive elevated levels of PDK1 phos-
phorylation (Fig. 2G). These results show that PI3K and its
direct activator Ras are able to modulate the phosphorylation
state of PDK1.

The IGF-1-stimulated mobility shift of endogenous PDK1
was blocked by staurosporine, a broadly specific protein kinase
inhibitor (Fig. 2H). This suggests that PDK1 phosphorylation
may be mediated by a staurosporine-sensitive kinase, which
includes PDK1 itself (22), and members of the PKC family
(45). The inhibition of PDKI1 band shift by staurosporine cor-
related with inhibition of PKB phosphorylation on T308, but
not S473, which appeared to be enhanced by staurosporine.
Other inhibitors of signaling pathways, such as the MEK in-
hibitor PD98059 and the p38 inhibitor SB203580, had no effect
on PDKI1 mobility shift and phosphorylation (data not shown).

Next, we labeled cells with **P to measure the degree of
PDKI1 phosphorylation directly. IGF-1 stimulation caused an
approximately 2.5-fold increase in *?P labeling of expressed
PDKI1 (Fig. 3A). Blocking PI3K completely inhibited the ele-
vation of PDKI1 phosphorylation, in agreement with the role of
PI3K in regulating PDK1 mobility shift. In contrast, rapamy-
cin, an inhibitor of mMTOR and p70S6K, had no effect on the
phosphorylation of PDK1 (Fig. 3B).

Since PI3K activity was necessary for PDK1 phosphoryla-
tion, we wanted to determine if this was due to plasma mem-
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FIG. 2. IGF-1-stimulated PDK1 mobility shift. (A) HEK 293 cells were transfected with 500 ng of myc-PDK1 or empty vector for 24 h. Cells
were starved for 18 h in serum-free medium and then stimulated with IGF-1 (100 ng/ml) or vehicle alone for 15 min. Cells were harvested into
ice-cold lysis buffer and clarified by centrifugation, as described in Materials and Methods. PDK1 was immunoprecipitated with anti-myc 9E10
antibody, washed, and resuspended in CIP buffer (New England Biolabs). CIP (10 U) was added where indicated, and samples were incubated for
10 min at room temperature. Reactions were terminated by the addition of SDS sample buffer and boiling for 5 min. PDK1 was fractionated by
SDS-PAGE and immunoblotted with 9E10 antibody. (B) HEK 293 cells were transfected with myc-PDK1 for 24 h, followed by serum starvation
for 18 h, and then treated with IGF-1 (100 ng/ml) for the indicated times. Cells were lysed in ice-cold lysis buffer, and portions of the lysates were
fractionated by SDS-PAGE, followed by immunoblotting with 9E10 anti-myc antibody. Samples were also probed with anti-phospho-T308 PKB
antibody (Cell Siganling). (C) HEK 293 cells were serum starved for 18 h, followed by treatment with IGF-1 for the indicated times. Cells were
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FIG. 3. PI3K and PH domain requirement for PDK1 phosphorylation. (A and B) HEK 293 cells were transfected with 500 ng of myc-PDKI1
for 24 h and then serum starved for 18 h. Cells were labeled with [**P]orthophosphate (1 mCi/ml) in phosphate-free medium for 4 h, followed by
treatment with LY294002 (25 mM) or rapamycin (100 nM) for 30 min. Following treatment with IGF-1 for 15 min and solubilization in ice-cold
lysis buffer, PDK1 was immunoprecipitated with anti-myc 9E10 antibody and fractionated by SDS-PAGE. (C) Cells were transfected with wild-type
PDKI1 or R474A-PDKI1, labeled, and stimulated with IGF-1 as described above (top). A portion of the immunoprecipitate was used to probe total
PDKI1 (bottom). (D) MCF-7 cells were plated onto glass coverslips and transfected with myc-PDK1 or myc-R474A-PDKI1 for 24 h. Cells were then
serum starved for 18 h and treated with IGF-1 for 15 min. Cells were fixed in 3% paraformaldehyde, stained with anti-myc 9E10 antibody, and
counterstained with Alexa-488-conjugated anti-mouse antibody (Molecular Probes). Samples were visualized by confocal microscopy.

brane localization through phospholipid binding with PDKI1 or
if some other PI3K-dependent function was responsible. For
example, PI3K may contribute to the activation of kinases that
phosphorylate cytoplasmic PDKI1, rather than modulating its

subcellular location. As well, LY294002 and wortmannin may
inhibit other cellular targets besides PI3K that may be involved
in PDK1 phosphorylation. To test this, we introduced a point
mutation in the PH domain of PDK1, which renders it inca-

lysed, and solubilized proteins were fractionated by SDS-PAGE. Endogenous PDK1 was detected with an anti-PDK1 antibody (Cell Signaling). Samples
were also probed with an anti-phospho-S473 PKB antibody (Cell Signaling). (D) HEK 293 cells were transfected with 500 ng of myc-PDK1 for 24 h and
then serum starved for 18 h. Cells were then treated where indicated with LY294002 for 15 min, followed by stimulation with IGF-1 (100 ng/ml) where
indicated. myc-PDK1 was immunoprecipitated, fractionated by SDS-PAGE, and detected with anti-myc 9E10 antibody. (E) FLAG-PDK1 (3X; 200 ng)
and p110-CAAX (200 ng) or empty vector was cotransfected into HEK 293 cells for 24 h. Cells were serum starved for 18 h and then stimulated with
IGF-1 (100 ng/ml) for 15 min. Cells were lysed in ice-cold lysis buffer and fractionated by SDS-PAGE. Membranes were probed with anti-FLAG (M2
monoclonal; Sigma) or anti-p110 (Upstate). (F and G) 293 cells were cotransfected with myc-PDK1 (200 ng) and either RasN17, RasV12, or empty vector
(200 ng each) where indicated for 24 h. Cells were serum starved for 18 h and then treated with L'Y294002 (25 uM) in the lanes indicated, followed by
stimulation with IGF-1 (100 ng/ml) for 15 min where indicated. myc-PDK1 was immunoblotted as described above. (H) MCF-7 cells were serum starved
overnight and treated with staurosporine (100 nM) for 10 min. Cells were stimulated with IGF-1 (100 ng/ml) for 15 min and then lysed in ice-cold lysis
buffer. Clarified lysates were fractionated by SDS-PAGE, and endogenous PDK1 was detected with anti-PDK1 antibody (Cell Signaling). Phospho-T308,
S473, and total PKB (also from Cell Signaling) were also detected.
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FIG. 4. Myristoylation of PDK1 increases phosphorylation. (A) Myc-PDK1 or myr-R474A-PDKI1 was transfected into HEK 293 cells for 24 h,
followed by 18 h of serum starvation and treatment with IGF-1 for 15 min. Lysates were fractionated by SDS-PAGE, and PDK1 was detected with
anti-PDKI1 antibody (Cell Signaling Technologies). (B) HEK 293 cells transfected with myc-PDK1 or myr-R474A-PDK1 were labeled as described
in the legend to Fig. 3 and stimulated with IGF-1 for 15 min. PDK1 was detected by autoradiography (top) and a portion of the immunoprecipitate
was probed for total PDK1 (bottom). (C) myc-PDKI1 or myr-R474A-PDKI1 were transfected into MCF-7 cells growing on glass coverslips. After
24 h, cells were fixed in 3% paraformaldehyde, and PDK1 was stained with anti-PDKI1 antibody (Cell Signaling Technologies) and counterstained
with Alexa-488-conjugated anti-rabbit IgG (Molecular Probes). Confocal images were captured with a Zeiss LSM 510 microscope. (D) HEK 293
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pable of binding to phospholipids. The R474A mutant has
been previously reported to remain cytosolic following PI3K
activation, compared with wild-type PDK1, which translocates
to the plasma membrane (3). In response to IGF-1, the R474A
mutant was refractory to mobility shift, and it showed no in-
crease in total phosphorylation during **P labeling (Fig. 3C).
Laser scanning microscopy comparing the wild type and
R474A-PDK1 confirmed that the PH domain mutant re-
mained cytosolic (Fig. 3D). This microscopy also revealed no-
ticeably less R474A-PDKI1 staining in the nucleus following
IGF-1 stimulation than with wild-type PDKI1, suggesting that
PH domain lipid binding is a requirement for nuclear PDK1
shuttling (Fig. 3D). Thus, consistent with a role for PI3K in
subcellular targeting, PDK1 requires a functional PIP;-binding
PH domain to undergo IGF-1-induced phosphorylation.

Membrane localization is important for PDK1 phosphory-
lation. We considered that if membrane localization brings
PDK1 into the proximity of upstream kinases or places it in a
position where trans-autophosphorylation can occur, then ar-
tificially targeting PDKI1 to the plasma membrane should lead
to high-level phosphorylation. We added the amino-terminal
Src myristoylation sequence to R474A PDKI1 to determine
whether this modification had an effect on PDK1 phosphory-
lation. Confocal microscopy verified that myristoylated (myr)-
R474A-PDK1 was predominantly plasma membrane localized,
with very little present in the cytoplasm and none detectable in
the nucleus (Fig. 4A). When examined by immunoblotting,
myr-R474A-PDK1 migrated as a single band and more slowly
than nonmyristoylated, wild-type PDK1 (Fig. 4A). Thus, an-
choring PDKI to the plasma membrane caused a constitutive
decrease in mobility, signifying an elevated degree of basal
phosphorylation. This was confirmed when we isolated myr-
R474A PDK1 from *?P-labeled cells. Compared with wild-type
PDK1, membrane-targeted PDK1 exhibited a greater level of
phosphorylation (Fig. 4B). Confocal microscopy confirmed
that myr-R474A PDKI1 was largely plasma membrane localized
(Fig. 4C).

To further confirm that the localization of PDKI at the
plasma membrane influences its degree of phosphorylation, we
performed subcellular fractionation of cells expressing myr-
R474A-PDK1. The fraction of myr-R474A-PDKI1 isolated
from the cell cytosol was evenly distributed between slow- and
fast-migrating forms (Fig. 4D). myr-R474A-PDK1 isolated
from the membrane fraction, however, was composed mostly
of the slow-migrating (phosphorylated) form. Thus, the sub-
cellular location of myr-R474A-PDKI1 strongly correlated with
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an increased stoichiometry of phosphorylation on one or more
sites.

To identify the site(s) of IGF-1-induced phosphorylation, we
next isolated **P-labeled PDK1 from cells treated with IGF-1
and performed tryptic digestion and separation of the peptides
by electrophoresis-chromatography on cellulose plates (Fig.
4E). A number of peptides from PDKI1 became phosphory-
lated during the labeling period of the experiment, agreeing
with earlier published work identifying five sites of serine phos-
phorylation (12). Upon stimulation with IGF-1, only certain
residues significantly increased in radioactivity, while the ma-
jority remained at a constant level. Furthermore, 2D maps
derived from *?P-labeled R474A PDKI1 showed that the pri-
mary sites of phosphorylation were no longer increased by
IGF-1 stimulation (Fig. 4E). In contrast, myristoylation of
R474A-PDK1 led to constitutive phosphorylation on these
same sites as well as some additional sites, consistent with the
greatly elevated degree of phosphorylation of myr-R474A-
PDKI seen in the results shown in Fig. 4A.

One of the labeled peptides found in each map comigrated
with a synthetic phosphopeptide derived from the tryptic frag-
ment containing S241. This residue is the critical activation
loop serine present in other AGC kinases and is the functional
equivalent to T308 of PKBa. However, unlike the process that
normally occurs in PKB, S241 phosphorylation did not change
following receptor activation. Immunoblotting with a phos-
phospecific S241 antibody showed that S241 is constantly phos-
phorylated (Fig. 5A). This antibody recognizes S241 specifi-
cally, since neither the S241A PDKI mutant (Fig. 5A) nor
wild-type PDKI1 treated with alkaline phosphatase was immu-
noreactive. Thus, phosphorylation of S241 did not increase
following IGF-1 receptor activation, in agreement with several
previous studies of S241 phosphorylation (12, 49). As well, an
IGF-1-stimulated mobility shift was identical between wild-
type and S241A PDKI1 (Fig. 5A), indicating that S241 is dis-
pensable for the phosphorylation of PDK1 on the other site(s).

We next mutated a critical lysine residue in PDK1 involved
in ATP binding to generate a catalytically inactive form, to
determine if PDK1 phosphorylation was a consequence of
cis-autophosphorylation. We isolated PDK1 from **P-labeled
293 cells expressing wild-type and K111A PDK1 (Fig. 5C).
Although K111A PDKI1 was unable to phosphorylate recom-
binant SGK in vitro, K111A PDK1 experienced a significant
increase in phosphorylation upon stimulation with IGF-1, sim-
ilar to wild-type PDK1 (Fig. 5C). 2D tryptic maps derived from
this experiment showed a pattern of phosphorylation similar to

cells transfected with myc-PDK1 or myr-R474A-PDK1 were harvested and fractionated into cytoplasmic (C) or membrane (M) fractions as
described in Materials and Methods. Volumes of the lysates corresponding to equal cell equivalents were fractionated by SDS-PAGE and
immunoblotted with anti-PDK1 antibody (Cell Signaling Technologies). (E) myc-PDK1, myc-R474A-PDKI1, or myr-R474A-PDKI1 was expressed
in HEK 293 cells for 24 h, followed by serum starvation for 18 h. Cells were labeled for 4 h with [*>P]orthophosphate (1 mCi/ml), stimulated with
IGF-1 (100 ng/ml) where indicated, and solubilized in ice-cold lysis buffer. PDK1 was immunoprecipitated with anti-myc 9E10 antibody and
resolved by SDS-PAGE. **P-labeled PDK1 was excised from the gel and digested with trypsin (Calbiochem) overnight at 37°C as described in
Materials and Methods. The dried tryptic peptides were spotted onto cellulose plates and separated in the first dimension by electrophoresis in
buffer (pH 1.9), dried, and separated in the second dimension with phosphochromatography buffer. **P-labeled peptides were visualized by
PhosphorImager analysis (Molecular Dynamics). (F) The tyrptic peptide labeled A was scraped from the cellulose plate and digested with 6 N
constantly boiling HCI at 100°C for 20 min. The hydrolyzed amino acids were washed several times, separated by electrophoresis chromatography
on cellulose plates in buffer (pH 1.9), and visualized by autoradiography. The migration of phosphoserine, phosphothreonine, and phosphotyrosine
was determined by comigration with cold phosphoamino acids and visualized by ninhydrin staining.
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FIG. 5. PDKI phosphorylation does not require S241 or kinase activity. (A) myc-PDK1 or myc-S241A-PDK1 was expressed in HEK 293 cells for 24 h,
serum starved for 18 h, and stimulated where indicated with IGF-1 for 15 min. PDK1 was immunoprecipitated with anti-myc 9E10 antibody, fractionated
by SDS-PAGE, and immunoblotted with anti-S241 antibody (Cell Signaling) (top) and anti-PDK1 (Cell Signaling) (bottom). (B) HEK 293 cells were
transfected with myc-PDK1, myc-R474A-PDKI1, myc-S241-PDKI1, or empty vector for 24 h; serum starved for 18 h; and then stimulated with IGF-1 for
15 min. PDKI1 was immunoprecipitated with anti-myc 9E10 antibody and assayed for activity in vitro with S422D SGK as substrate as described in
Materials and Methods. Reactions were terminated by addition of 2X SDS sample buffer and boiling. Proteins were resolved by SDS-PAGE, transferred
to polyvinylidene difluoride, and visualized by autoradiography. (C) myc-PDK1 and myc-K111A-PDKI1 were transfected into HEK 293 cells and labeled
with [*?PJorthophosphate as described in the legend to Fig. 3. (D) Kinase activity of myc-PDK1 and myc-K111A-PDK1 was measured as in the data shown
in panel B. (E) Tryptic peptide mapping was performed on **P-labeled PDK1 isolated from panel C.

that of wild-type PDKI1, including phosphorylation of spot A
(Fig. SE).

IGF-1-stimulated phosphorylation of S396. The high level of
constitutive phosphorylation of PDK1 probably accounts for
the relatively small increase in total radioactivity upon IGF-1
treatment. One of the peptides shown on the 2D maps in-
creased significantly with stimulation and might account for
the relatively high level of stoichiometry required for a mobility
shift. This peptide was subjected to phosphoamino acid anal-
ysis, which revealed serine phosphorylation (Fig. 4F). We in-
dividually replaced each of the potential phosphoserine resi-
dues previously reported (12) with alanine. S396A-PDK1

failed to undergo an IGF-1-stimulated mobility shift (Fig. 6A).
As well, radiolabeled tryptic peptide A was missing from maps
derived from S396A-PDK1 (Fig. 6B). S396D substitution re-
sulted in a constitutive mobility shift (Fig. 6C). The constitutive
mobility shift of S396D compared with that of wild-type PDK1
was not reduced by treatment with alkaline phosphatase (data
not shown), indicating that this was a site of IGF-1-induced
phosphorylation. Quantitatively, phosphorylation on S396 ac-
counted for most of the increased radioactivity induced by
IGF-1 stimulation (Fig. 6D). These results indicate that S396 is
transiently phosphorylated following IGF-1 stimulation.

A recent report described the tyrosine phosphorylation of
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FIG. 6. PDK1 phosphorylation at S396 following IGF-1 stimulation. (A) myc-PDK1 or myc-S396A-PDK1 was transfected into 293 cells for
24 h, serum starved for 18 h, and stimulated with IGF-1 or pervanadate (PV) for 15 min. PDK1 was immunoprecipitated with anti-myc 9E10
antibody and resolved by SDS-PAGE. Immunoblotting was performed with anti-PDK1 (top) or anti-phosphotyrosine 4G10 (bottom) antibody.
(B) HEK 293 cells were transfected with myc-PDK1 or myc-S396A-PDK1 and labeled with *[*?*PJorthophosphate for 4 h. Cells were stimulated
with IGF-1 for 15 min and solubilized in ice-cold lysis buffer. PDK1 was immunoprecipitated with anti-myc 9E10 antibody, digested with trypsin,
and resolved by 2D chromatography as described in the legend to Fig. 4 and Materials and Methods. (C) HEK 293 cells transiently expressing
myc-PDK1, myc-S396A-PDKI1, or myc-S396D-PDK1 were stimulated with IGF-1 for 15 min. Lysates were fractionated by SDS-PAGE, and PDK1
was detected by immunoblotting with anti-PDK1 antibody (Cell Signaling). (D) HEK 293 cells were transfected with myc-PDK1 or myc-S396A-
PDKI1, followed by labeling with [**PJorthophosphate for 4 h and stimulation with IGF-1. myc-PDK1 was immunoprecipitated with anti-myc 9E10
antibody and fractionated by SDS-PAGE. **P-labeled PDK1 was visualized and quantitated with a PhosphorImager (Molecular Dynamics). Error

bars represent the standard deviation of three independent experiments.

PDKI1 on three sites (Y9, Y373, and Y376) and regulation of
PDK1 activity in response to pervanadate treatment (20, 33).
Other reports have shown that members of the Src family of
tyrosine kinases phosphorylate PDK1 in vitro (35). We noted
that Y373 and Y376 are proximal to the putative NES (amino
acids 379 to 388) and thus could also play a role in the regu-
lation of PDKI1 nuclear translocation under some conditions.
We were unable to directly observe tyrosine phosphorylation
of PDK1 following IGF-1 stimulation, in contrast to pervana-
date, which was a potent stimulator of tyrosine phosphoryla-
tion (Fig. 6A). We also noted that pervanadate induced a
mobility shift of both wild-type and S396A-PDK1, although the
latter was a step lower, indicating the absence of a phosphor-

ylation event. This suggests that pervanadate induces the phos-
phorylation of PDK1 on S396 as well as tyrosine residues. It
remains possible that growth factors normally increase tyrosine
phosphorylation of PDK1, but this is below the level of detec-
tion or specificity of the anti-phosphotyrosine antibody 4G10.

The next set of experiments examined whether PDK1 could
autophosphorylate on S396 in vitro. We transfected and iso-
lated PDK1 from growth factor-starved 293 cells and per-
formed an in vitro kinase reaction with [y-**P]JATP. The la-
beled protein was digested with trypsin, followed by 2D
phosphopeptide mapping. The maps of Fig. 7 show that PDK1
autophosphorylates on several residues. One site of autophos-
phorylation is likely T513 (spot c), based on comparison of our
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FIG. 7. 2D tryptic mapping of in vitro-phosphorylated PDK1. (A) myc-PDK1 was expressed and immunoprecipitated from serum-starved HEK
293 cells. [y->*P]ATP and MnCl, were added, and samples were incubated at 30°C for 30 min. Reactions were stopped by the addition of 2 SDS
sample buffer and boiling. PDK1 was fractionated by SDS-PAGE, excised from the gel, and digested with trypsin as described in Materials and
Methods. Peptides were separated by chromatography and visualized with a PhosphorImager. The image on the left shows an in vivo-labeled PDK1
digestion. Spots labeled a, b, and c indicate areas of phosphorylation. (B) Comparison of rat, mouse, and human PDKI1 sequence alignment
surrounding the polyserine motif and S396. S393 has also been reported to be a phosphorylation site and is indicated. Potential phosphorylation

sites carboxyl terminal to S396 are not conserved between species.

2D phosphopeptide maps to those generated by Wick et al.,
who also recently showed that this residue of murine PDK1 is
autophosphorylated in vitro (50). Another spot, labeled “b,”
migrated very close to the S396-containing peptide and also
underwent strong autophosphorylation. This peptide was
weakly labeled during in vivo experiments, and its level of
phosphorylation did not change with IGF-1 treatment. The
S$396-containing peptide (labeled “a”) underwent weak auto-
phosphorylation compared with in vivo, IGF-1-stimulated
phosphorylation. This spot was absent from autophosphory-
lated S396A-PDK1, while T513 and spot b were unaffected
(Fig. 7A). Thus, PDKI1 can autophosphorylate on S396 in vitro,
albeit weakly.

These results, along with those shown in Fig. 5, prohibit a
mechanism involving cis-autophosphorylation of S396. In
agreement, we note that the activation loop mutant S241A
PDKI1 displayed a mobility shift equivalent to that of wild-type
PDK1 in response to IGF-1 (Fig. 5). Therefore, phosphoryla-
tion of catalytically inactive PDK1 occurs through trans-auto-
phosphorylation by endogenous PDK1 or by a distinct serine
kinase.

Phosphorylation of S396 regulates nuclear shuttling of
PDKI1. So far, we have demonstrated that IGF-1 stimulation
promotes transient phosphorylation of PDK1 on S396. Under
these conditions, PDK1 also shuttles to the nucleus. The im-
pact of nuclear PDKI1 was assessed by examining two down-
stream targets, PKB and the FOXO3a transcription factor.
Coexpression of PKB with wild-type PDKI1 led to a similar
pattern of staining in the cytoplasm (Fig. 8A). We also mutated
PDK1 within the NES region (L380 and F383 both replaced by
serine), which had been reported to disrupt nuclear export

(28). Strikingly, when we coexpressed PKB with the NES mu-
tant of PDK1 (mNES-PDK1), we found that a significant frac-
tion of PKB colocalized with mNES-PDKI1 in the nucleus. This
suggests that nuclear PDK1 may influence the nuclear shut-
tling of PKB, but the mechanism remains unknown. However,
these results demonstrate that PKB and PDK1 can colocalize
in the nucleus.

We next asked how nuclear PDK1 might affect a direct
target of PKB. FOXO3a is phosphorylated by PKB and other
AGC kinases to cause its cytoplasmic redistribution. This re-
duces the transcriptional activity of FOXO3a and thus leads to
a decrease in FOXO3a-transcribed genes. We coexpressed
FOXO3a with a luciferase reporter plasmid containing the
FOXO element from the IGFBP gene, along with wild-type
PDK1 or mNES-PDKI. Increasing concentrations of wild-type
PDKI1 steadily reduced the transcriptional activity of FOXO3a,
indicating that the elevated levels of PDK1 could repress
FOXO3a (Fig. 8B). At about the 50% inhibitory concentra-
tions, we compared wild-type PDK1 and mNES-PDK1. The
mNES-PDK1 was significantly more potent at reducing
FOXO3a activity than wild-type PDK1 (Fig. 8C). Immunoblot-
ting of whole-cell lysates showed that wild-type PDK1 and
mNES-PDK1 were expressed equally. These data indicate that
mNES-PDKI1 is more potent than wild-type PDK1 in suppress-
ing FOXO3a activity.

We examined FOXO3a subcellular localization by confocal
microscopy. FOXO3a was partially nuclear and cytoplasmic in
serum-starved cells (Fig. 8D). Treatment of cells with
LY294002, an inhibitor of PI3K, caused a complete transloca-
tion of FOXO3a to the nucleus, indicating that PI3K is neces-
sary to maintain FOXO3a in the cytoplasm. We next coex-
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pressed FOXO3a with PDK1 or mNES-PDKI1. Both were able
to cause a complete shift of FOXO3a from the nucleus to the
cytoplasm (Fig. 8D). This agrees with our results with the
FOXO3a report assay that wild-type PDK1 and mNES-PDK1
can suppress FOXO3a transcriptional activity. We also treated
cells with LY294002 to block PI3K activity. Under these con-
ditions, wild-type PDK1 was ineffective at maintaining a cyto-
plasmic redistribution of FOXO3a and was entirely nuclear
(Fig. 8D). mNES-PDKI, on the other hand, was still able to
maintain some FOXO3a in the cytoplasm, indicating that
mNES-PDKI1 can signal to FOXO3a in the absence of PI3K
activity (Fig. 8D).

We next focused on the mechanism of the nuclear shuttling
of PDK1 and whether this involved S396 phosphorylation,
since S396 lies close to the putative CRM1-binding NES be-
tween amino acids 379 and 388. The HEK 293 cells we had
used to characterize the phosphorylation of PDK1 were un-
suitable for laser scanning microscopy. To test the effects of
IGF-1 on nuclear accumulation of PDK1 and the role of S396,
we utilized several other growth factor-sensitive cell lines, in-
cluding PTEN '~ MEFs and the human mammary gland ad-
enocarcinoma cell line MCF-7. In these cells, treatment with
platelet-derived growth factor (PDGF) or IGF-1 stimulated a
robust molecular weight band shift of endogenous PDK1 (data
not shown), indicating that the signaling pathway upstream of
PDKI1 phosphorylation remained intact.

Ectopic transfection of cells with wild-type or S396A-PDK1
and visualization with laser scanning microscopy again re-
vealed that PDK1 was mostly cytoplasmic, with very little nu-
clear staining for either (Fig. 9A). Leptomycin-B had the same
effect on transfected PDK1 as did endogenous protein, causing
a significant accumulation in the nucleus (Fig. 9A). Expression
of mutant mNES-PDKI1 revealed a pattern similar to that of
leptomycin-B treatment, with a significant fraction of mNES-
PDK1 localized to the nucleus (Fig. 9B). These results indicate
that S396 phosphorylation is dispensable for the nuclear im-
port of PDKI1, but it could still regulate PDK1 export.

We also tested several other mutants in combination with
the NES mutations. Both the PH domain mutant R474A
mNES-PDKI1 and kinase-dead mutant K111A mNES-PDK1
were similar in distribution to the NES mutations alone (Fig.
9B). We also noted the absence of plasma membrane localiza-
tion with the R474A/NES mutation compared with the other
proteins, consistent with the results shown in Fig. 4. Together
these results suggest that neither lipid binding nor kinase ac-
tivity is essential for PDK1 to accumulate in the nucleus if
nuclear export is disrupted.

We next asked how S396 phosphorylation might impact nu-
clear shuttling of PDK1. PDKI1 distribution was assessed in
PTEN '~ MEFs treated with PDGF. Wild-type PDK1 showed
an elevation in nuclear staining by 30 min that was sustained at
90 min (Fig. 10A). In contrast to wild-type PDK1, the S396A
mutant PDK1 did not undergo increased nuclear accumulation
following PDGF treatment. Thus, in PTEN/~ MEFs, signal-
ing through the PDGF receptor caused nuclear accumulation
of PDK1 that was sensitive to S396 mutation. We repeated this
experiment with MCF-7 cells, and similar results were ob-
served following IGF-1 stimulation for 30 min (Fig. 10B). We
also generated green fluorescent protein (GFP)-PDKI1 and
mutants to assess the nuclear shuttling capability of this fusion
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protein. Similar to myc-PDK1, GFP-PDKI1 underwent nuclear
accumulation following IGF-1 stimulation in MCF-7 cells (Fig.
10C). This shift in nuclear GFP-PDK1 was abolished by mu-
tation of S396 to alanine (Fig. 10C).

Quantitatively, the amount of PDKI1 shuttling to the nucleus
was quite small compared with the amount detected in the
nucleus in unstimulated cells. Analysis of nuclear staining of
>50 MCF-7 cells showed that the amount of nuclear PDK1
was generally <2-fold smaller than the levels of PDK1 in
serum-starved cells (Fig. 10D). Also, we could not detect a
difference between the basal levels of nuclear wild-type PDK1
and S396A-PDK1 in serum-starved cells. This suggested to us
that wild-type, non-S396-phosphorylated PDK1 accumulates
to some extent in the nucleus, compared with high levels in the
cytoplasm, perhaps due to overexpression of the protein. Al-
ternatively, S396 phosphorylation could prime additional phos-
phorylation of the polyserine (S389-S396) motif, and this might
still occur with the S396A mutant, but to a lesser extent.

DISCUSSION

PDKI1 is the activation loop kinase of numerous protein
kinases of the AGC kinase superfamily, including isoforms of
the PKC family (32), S6K, RSK, SGK, and the three isoforms
of PKB (31). The involvement of PDK1 in these distinct sig-
naling modules points to an important and central role for
PDKI in cell signaling.

The regulation of PDK1 activity and specificity is becoming
better understood. The kinase itself appears to be constitu-
tively active, and the rate-limiting step for substrate phosphor-
ylation appears to be dependent upon substrate conformation,
which may include hydrophobic motif phosphorylation. Other
means for regulating PDKI1 could include subcellular target-
ing. Upon growth factor stimulation, PDK1 phosphorylates
PKB efficiently at the plasma membrane, but it does not stim-
ulate SGK phosphorylation localized to endosomes under the
same conditions. Thus, while the PH domain of PDKI is
clearly required for the colocalization of PDK1 and PKB at the
plasma membrane, other mechanisms could exist to target
PDKI1 to other subcellular locations to phosphorylate other
substrates, including some that may be present in the nucleus.
We embarked on this study to examine whether the subcellular
targeting of PDK1 could be controlled by receptor signaling by
directly regulating its phosphorylation.

We observed rapid and transient phosphorylation of PDK1
on S396 following IGF-1 stimulation. Previously, PDK1 was
expertly mapped and shown to be phosphorylated on S396, as
well as S393, S25, S241, and S410 (12). The total level of PDK1
phosphorylation did not change with IGF-1 stimulation in that
study. It is possible that the increase in S396 phosphorylation
that we observe could be masked behind the total phosphory-
lation on the other four serine residues. As well, the tryptic
peptide containing S396 is 50 amino acids long and S396 is
near the C terminus; thus, in the study by Casamayor et al. (12)
additional digestion with Asp-N protease and 20 cycles of sol-
id-phase sequencing were required to reach S396. Changes in
phosphorylation levels could be difficult to detect, considering
the low efficiency of this procedure. The IGF-1-induced phos-
phorylation of S396 was more apparent when the protein was
analyzed by 2D tryptic mapping. The stoichiometry of IGF-1-
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FIG. 8. Nuclear PDKI1 colocalizes with PKB and inhibits FOXO3a transcriptional activity and nuclear localization. (A) Wild-type PDK1 or
mNES-PDK1 (50 ng) was cotransfected with HA-PKB (50 ng) on glass coverslips for 24 h. PDK1 and PKB were stained with anti-PDK1 (Cell
Signaling Technologies) and anti-HA antibodies and visualized by confocal microscopy. (B) Cells were transfected with forkhead transcription
factor FKHRL1 (FOXO3a; 25 ng), pGL2-Luciferase FOXO reporter plasmid (100 ng), and the indicated concentrations of wild-type PDKI.
B-Galactosidase was coexpressed as a control for transfection. After 24 h of luciferase activity was measured and normalized to B-galactosidase
activity. (C) Wild-type PDK1 or mNES-PDKI1 at the indicated amounts (in nanograms) was cotransfected with FKHRL1 (FOXO3a; 25 ng) and
the FOXO-responsive luciferase reporter plasmid (100 ng). After 24 h, luciferase activity was measured and normalized to B-galactosidase activity
(top). Portions of the reserved lysates were immunoblotted for PDK1 (bottom). (D) FOXO3a and either empty vector, wild-type PDK1, or
mNES-PDKI1 where indicated were cotransfected into MCF-7 cells plated on glass coverslips. After 24 h, cells were treated for 2 h with LY294002
(25 pM) where indicated. Cells were stained with anti-FKHR and anti-PDK1 (both from Cell Signaling Technologies) and visualized by confocal

microscopy.

induced S396 phosphorylation was high, since the molecular
weight band shift of PDKI1 following stimulation was com-
pletely lost in the S396A-PDK1 mutant. It is also possible that
S396 phosphorylation primes additional phosphorylation
events in the proximal polyserine motif between S389 and S396
and that the collective phosphorylation of these residues re-
sults in the band shift.

Translocation to the plasma membrane was a critical ele-
ment of this process, because phosphorylation was sensitive to
either an inactivating mutation in the PH domain or chemical
inhibition of PI3K. Coexpression of PDK1 with a constitutively
active, membrane-targeted PI3K (p110-CAAX) was sufficient
to induce phosphorylation of PDKI. Artificially targeting
PDK1 to the membrane via myristoylation was also sufficient to
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induce S396 phosphorylation, as well as other sites not yet
characterized. Thus, S396 phosphorylation is tightly regulated
in parallel with receptor tyrosine kinase signaling and PI3K
activation. The catalytic activity of PDK1 does not appear to be
regulated by S396 phosphorylation. Evidence for this is the in
vivo phosphorylation of two substrates of PDK1, PKB and
S6K. Both experienced phosphorylation on their activation
loop residues by PDK1 and S396A-PDK1 (data not shown).
This observation is consistent with the earlier characterization
of PDK1 phosphorylation mutants by Alessi and colleagues
(12).

IGF-1 and PDGF stimulated the nuclear shuttling of PDK1
in MCF-7 and PTEN "/~ MEF cell lines. This process could
involve transient phosphorylation of S396, because a S396A
mutant PDK1 did not demonstrate similar nuclear retention in
response to IGF-1 or PDGF. The basal level of nuclear PDK1
was very low under serum starvation conditions and increased
by a small degree with receptor activation. These observations

agree with the primary report of nuclear shuttling by Lim and
coworkers (28). Thus, even under potent receptor tyrosine
kinase signaling, PDK1 remains extranuclear to a large extent.
This suggests that nuclear PDK1 must be actively exported by
a mechanism suppressed by growth factor stimulation; even
under optimal conditions, only a small fraction is retained in
the nucleus. The stoichiometry of PDK1 phosphorylation was
lower for ectopically expressed PDK1 than endogenous PDKI,
which may account for the relatively small increase in nuclear
PDKI. In this respect, endogenous PDK1 was observed to
undergo nuclear accumulation to a greater degree than exog-
enously expressed PDK1.

Our studies also show that the PH domain of PDKI is
necessary for PDK1 nuclear shuttling (Fig. 4) but does not
appear to be required under conditions where nuclear export is
blocked. The NES mutant of PDKI1 exhibited similar nuclear
shuttling between the wild type and the PH domain mutant
R474A, even though membrane localization was disrupted for
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FIG. 9. Effect of leptomycin-B and NES mutation of PDKI1 on nuclear shuttling. (A) MCF-7 cells were plated on glass coverslips and
transfected with myc-PDK1 or myc-S396A-PDKI1 for 24 h. Cells were then treated with leptomycin-B for 3 h where indicated. Cells were fixed in
3% paraformaldehyde and stained with anti-myc 9E10 antibody, followed by Alexa-488-conjugated anti-mouse IgG (Molecular Probes). Images
were collected with a Zeiss LSM 510 confocal microscope. (B) mNES-PDK1 or mNES-PDK1 containing various secondary mutations was
transfected into MCF-7 cells growing on glass coverslips for 24 h. Cells were fixed with 3% paraformaldehyde, stained with anti-myc 9E10, and

visualized as described above.

this mutant (Fig. 9). Significantly, this suggests that PDK1 is
not recruited to the nucleus through binding with a nuclear
phosphoinositide pool but probably enters through some other
mechanism.

The mechanism of S396 phosphorylation and how this reg-
ulates nuclear shuttling are of interest. IGF-1 stimulated the
phosphorylation of S396 of kinase-dead PDK1, suggesting that
S396 is targeted by a distinct serine kinase. Additionally, the
phosphorylation of PDKI1 was sensitive to the broadly specific
protein kinase inhibitor staurosporine. The activity of the po-
tential S396 kinase could be greatest at the plasma membrane,
or PDKI1 could be in favorable conformation in that location.
Alternatively, it is possible that S396 phosphorylation occurs
within the nucleus. In this scenario, PI3K activity and lipid
binding with the PH domain are required for nuclear import of
PDKI1. Then, in the nucleus, PDK1 undergoes phosphorylation
on S396, which suppresses CRM1-mediated export and pro-
motes accumulation. Activity of the nuclear S396 kinase could
therefore dictate the extent and duration of nuclear PDKI1,
balanced with dephosphorylation by S396-specific phospha-
tases.

Both hypotheses would predict that nuclear PDK1 is phos-
phorylated on S396 and possibly other sites to a greater extent
in the nucleus than in the cytoplasm. In agreement with this,
PDK1 isolated from the nuclear fraction was found to be
hyperphosphorylated. Also, we have noticed that the mNES-
PDKI1 mutant migrates at a higher molecular weight than wild-
type PDKI1, although it is not clear yet if this shift is due to
hyperphosphorylation of mNES-PDKI.

The physiological relevance of signal-directed nuclear tar-
geting of PDKI1 could be the phosphorylation of nuclear sub-
strates. The FOXO family of transcription factors undergoes
multisite phosphorylation in a complex mechanism of cytoplas-
mic-nuclear shuttling and transcriptional inactivation (11, 47).
Three sites of phosphorylation are regulated by AGC kinases,
including PKB and SGK (10), which are downstream targets of
PDKI1. One function of these sites is to sequester FOXO pro-
teins to the cytoplasm through docking with 14-3-3 proteins,
which may function to mask nuclear import mechanisms.
Other phosphorylation sites may stabilize the association of the
nuclear export complex of CRM1 and Ran, facilitating nuclear
export. Increased levels of nuclear PDKI1 may increase the
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activity of the AGC kinase-dependent phosphorylation of
FOXO and promote nuclear export. In support of this hypoth-
esis, we observed colocalization of the nuclear mNES-PDK1
mutant and nuclear PKB, which coincided with a marked de-
crease in FOXO transcriptional activity (Fig. 8), suggesting
that mNES-PDKI1 is more potent at inducing FOXO phos-
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FIG. 10. Nuclear shuttling of PDK1 requires $396. (A) PTEN "/~
MEFs were plated on glass coverslips and transfected with myc-PDK1
or myc-S396A-PDK1 (100 ng) for 24 h, followed by serum starvation
for 18 h. Cells were stimulated with PDGF (50 ng/ml) for the indicated
times and fixed with 3% paraformaldehyde. Cells were stained with
anti-PDKI1 (Cell Signaling Technologies) and Alexa-488 conjugated to
anti-rabbit IgG and examined by laser scanning confocal microscopy.
(B) MCF-7 cells growing on glass coverslips were transfected with
myc-PDK1 or myc-S396A-PDKI1 (each, 100 ng) and stimulated with
IGF-1 for 30 min. PDK1 was visualized as described for panel A.
(C) Enhanced GFP-PDKI1 or GFP-S396A-PDK1 was transfected into
MCEF-7 cells plated on glass coverslips. Transfected cells were serum
starved for 18 h and then treated with IGF-1 (100 ng/ml) for 30 min.
Cells were fixed with 3% paraformaldehyde and visualized by laser-
scanning confocal microscopy. (D) Quantitation of nuclear PDK1
staining from a sample of MCF-7 cells treated as in panel B. Total
nuclear fluorescence was determined with Zeiss LSM software, and the
average value for the indicated number of cells examined is shown.
The asterisk indicates significant difference with a P value of <0.0001
as determined with Student’s paired ¢ test.

phorylation and nuclear exclusion. Future work will examine
whether the subtle difference in nuclear shuttling of PDK1
resulting from S396 phosphorylation plays a role in transcrip-
tion factor regulation.

In conclusion, the mechanism of nuclear-cytoplasmic shut-
tling of PDK1 may involve phosphorylation of S396, through
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signaling pathways activated by IGF and related growth factor
receptors. One effect of S396 phosphorylation could be disrup-
tion of the CRM1-PDK1 complex that occurs prior to nuclear
export. Activation of PI3K and a functional PH domain is
necessary for nuclear shuttling, but the mechanism for nuclear
import of PDK1 is not yet clear. Growth factors could promote
$396 phosphorylation or might prime PDKI1 for nuclear entry
through a distinct mechanism, where it becomes a target for
S396 phosphorylation, leading to nuclear accumulation. It is
also possible that S396 phosphorylation primes other serine
residues in the polyserine motif for phosphorylation, which
could also regulate nuclear export. This mechanism could pro-
mote increased activity of PDK1 towards various nuclear tar-
gets, including PKB and FOXO transcription factors, and con-
sequently alter gene expression.
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