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The protein kinase B (PKB)/Akt family of serine kinases is rapidly activated following agonist-induced
stimulation of phosphoinositide 3-kinase (PI3K). To probe the molecular events important for the activation
process, we employed two distinct models of posttranslational inducible activation and membrane recruitment.
PKB induction requires phosphorylation of two critical residues, threonine 308 in the activation loop and
serine 473 near the carboxyl terminus. Membrane localization of PKB was found to be a primary determinant
of serine 473 phosphorylation. PI3K activity was equally important for promoting phosphorylation of serine
473, but this was separable from membrane localization. PDK1 phosphorylation of threonine 308 was pri-
marily dependent upon prior serine 473 phosphorylation and, to a lesser extent, localization to the plasma
membrane. Mutation of serine 473 to alanine or aspartic acid modulated the degree of threonine 308 phos-
phorylation in both models, while a point mutation in the substrate-binding region of PDK1 (L155E) rendered
PDKI1 incapable of phosphorylating PKB. Together, these results suggest a mechanism in which 3’ phospho-
inositide lipid-dependent translocation of PKB to the plasma membrane promotes serine 473 phosphorylation,
which is, in turn, necessary for PDK1-mediated phosphorylation of threonine 308 and, consequentially, full

PKB activation.

Protein kinase B (PKB), also termed Akt, has been the
subject of intense study due to its role in transducing signals
from phosphoinositide 3-kinase (PI3K) that regulate cell sur-
vival and intermediary metabolism. Several protooncogene
products modulate the activation of PI3K and, as a conse-
quence, PKB has been shown to play roles in many of the
cellular functions that are altered during oncogenesis and
other diseases (reviewed in reference 12). Interference with
PKB activation may therefore have therapeutic value.

Activation of PKB entails a complex series of events involv-
ing additional proteins. First, the PI3K-generated lipid prod-
ucts PI(3,4,5)P; and PI(3,4)P, recruit PKB to the plasma mem-
brane through their affinity for the PH domain of PKB (14, 20,
21). Once membrane proximal, at least two residues of PKB
are rapidly phosphorylated, including threonine 308 (T308)
and serine 473 (S473) (1). T308 lies within the kinase T loop,
and its phosphorylation is presumed to generate a conforma-
tional change that permits access to the substrates, analogous
to T-loop phosphorylation in other protein kinases. In the case
of PKB, this reaction is catalyzed by another 3’ phosphoinosi-
tide-regulated kinase termed PDKI1 (2, 33). S473 is located
within a hydrophobic region close to the carboxyl terminus of
PKB and is also phosphorylated during activation (1), but the
mechanism of its phosphorylation and the role it serves in
activating PKB are incompletely understood.

Several lines of evidence suggest that S473 is autophosphor-
ylated. For example, catalytically inactive mutants of PKB do
not undergo S473 phosphorylation (34). There is also evidence
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for an autonomous S473 kinase. For example, in PDK1-defi-
cient cells, PKB is largely inactive, yet phosphorylation of S473
remains responsive to insulin stimulation (37). Certain drugs
that inhibit PDK1 activity prevent T308 phosphorylation and,
consequently, PKB activation yet do not impact S473 phos-
phorylation (23). Despite the evidence for a distinct PKB ki-
nase, the search for a “PDK2” enzyme has proven difficult,
although several kinases have been shown to phosphorylate
PKB at S473 in vitro, including ILK, MAPKAPK?2, and RSK
(18; discussed in reference 35) and a recently described kinase,
NEKG6 (8).

Examination of PKB activation is complicated by several
factors. First, expression of membrane-targeted PKB leads to
chronic high-level activation. This is best illustrated with the
viral form of PKB (v-Akt), which is myristoylated due to fusion
with a viral Gag protein (9). This modification renders the
Gag-PKB chimera constitutively phosphorylated on both of its
activating residues, T308 and S473, precluding analysis of the
activation process (1, 5). Secondly, natural PKB alleles are
under the control of PI3K lipid products and therefore depend
upon PI3K activation to coordinate localization with the
plasma membrane (5, 17, 29, 36; reviewed in reference 31).
These conditions make it difficult to distinguish the events
necessary for PKB localization to the plasma membrane from
those necessary for phosphorylation of T308 and S473. Finally,
studies examining PKB activation in vitro have the complica-
tions of both lipid dependency and omission of other, as-yet-
unidentified factors (such as binding proteins), which may be
important.

In this study, we have used two models to control the process
of PKB activation. The first model was initially described by
Roth and colleagues (25), in which the PH domain of PKB has
been replaced with a myristoylation signal (Fig. 1). This pro-
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FIG. 1. Schematic representation of PKB fusion proteins used in
this study. Each allele harbored either a wild-type residue occupying
the relative position of T308 and S473 in PKBa or an aspartic acid or
alanine residue.

motes association of PKB with membranes independently of
PI3K activation. The PKB is fused to the hormone-binding
domain of the estrogen receptor (ER) to generate APH-PKB-
ER. Activation of APH-PKB-ER is under the control of an
estrogen analogue, 4-hydroxytamoxifen (4-OHT). Thus, APH-
PKB-ER behaves like the viral form of PKB (v-Akt) except
that its activation is conditional on the presence 4-OHT. This
tool has been used to identify and validate downstream targets
of PKB and serves as a close approximation of normally acti-
vated PKB (7, 24, 25, 27, 32), but it has not yet been utilized as
a tool for probing PKB activation.

The second PKB model used here is novel and based on
drug-inducible heterodimerization between drug binding frag-
ments of FK506 binding protein (FKBP) and FRAP/mTor
(FRB) (Fig. 1) (3, 16). Dimerization between FKBP12 and
FRB is induced by rapamycin, or a related, nonimmunosup-
pressive analogue (AP21967). The FKBP12 fragment harbors
a point mutation that prevents it from binding with endoge-
nous FRAP/mTOR and thus does not perturb this pathway. In
our model, we coexpressed a myristoylated FKBP12 fragment
with an FRB-PKB chimera. Addition of AP21967 to cells ex-
pressing both proteins induced rapid translocation of PKB to
the plasma membrane, thus mimicking the effect of PI3K-
induced translocation. Unlike the first model (APH-PKB-ER),
the PKB-FRB fusion protein retains an intact PH domain
allowing assessment of nonlipid binding roles of the PH do-
main in the activation process. Using these models, we have
examined the intradependency between membrane-localized
and cytosolic PKB on phosphorylation of T308 and S473.

MATERIALS AND METHODS

Cell culture. Human epithelial kidney (HEK) 293 cells were obtained from the
American Type Culture Collection and maintained in Dulbecco’s modified Ea-
gles medium (DMEM) medium 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 (all from Cell Signaling Tech-
nology), and anti-PDK1 (Transduction Labs) antibodies. Recombinant SGK
S422D was obtained from Upstate Biotechnology. 4-hydroxytamoxiphen
(4-OHT) and LY-294002 were obtained from Sigma-Aldrich. The FKBP-FRB
heterodimerizer AP21967 was supplied by Ariad Pharmaceuticals.

Expression vectors. cDNAs encoding myristoylated-APH-PKB-ER and A2-
APH-PKB-ER were kindly provided by Richard Roth (25). The ARGENT Reg-
ulated Heterodimerization Kit from Ariad Pharmaceuticals was comprised of
pC4M-F2E, which encodes myristoylated 2x-FKBP12 and pC,-RyE encoding
hemagglutinin (HA)-tagged FRB downstream of a cytomegalovirus promoter.
The open reading frame of full-length, bovine PKB was inserted into the pC,-
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RyE vector in frame with FRB to produce HA-FRB-PKB and was confirmed by
sequencing.

Site-directed mutagenesis. Various site mutants of APH-PKB-ER, FRB-PKB,
and PDKI1 were generated using the Quickchange kit (Stratagene). Mutations
were sequence verified.

c¢DNA transfections. HEK 293 cells plated onto 35-mm-diameter dishes at
80% confluency were transfected with 100 to 500 ng of cDNA using Lipo-
fectamine (Gibco-BRL) following the manufacturers’ protocol. The following
day, the transfection medium was removed and replaced with complete DMEM.
At 18 h prior to treatments, cells were washed and serum starved in DMEM
without fetal calf serum.

Confocal microscopy. HEK 293 cells were plated on glass coverslips and
transiently transfected with 1 pg of each plasmid. Cells were fixed and stained as
previously described (26). Briefly, cells were incubated with primary antibodies
for 2 h, washed, and then incubated with secondary antibodies (Jackson Immu-
noResearch Laboratories, Inc.) and rhodamine-phalloidin (100 ng/ml) (Sigma)
for an hour. Coverslips were mounted onto slides with Fluoromount-G (South-
ern Biotechnologies, Inc.). Immunofluorescent stained cells were visualized us-
ing a Zeiss LSM510 confocal microscope, and images were captured using LSM
Software 2.3.

Cell lysis and immunoblotting. Cells were lysed in 50 mM Tris-HCl, pH 7.4,
1% Triton X-100, 25 mM NaCl, 25 mM B-glycerophosphate, 5 mM EDTA, 1 pg
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 (PVDF) membrane, blocked in 5% skim milk for 30
min, and 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
using ECL according to the manufacturers’ protocol (Amersham).

Membrane preparations. Transfected cells were resuspended in ice-cold hy-
potonic lysis buffer (25 mM Tris [pH 7.4], 5 mM EDTA, 1 mM dithiothreitol
[DTT], and protease inhibitors) and disrupted by five passages through a 27-
gauge needle. Large cell debris was pelleted by centrifugation at 2,000 X g for 5
min at 4°C. Supernatants were then centrifuged at 100,000 X g for 20 min at 4°C.
The resulting supernatant (cytosol) was removed, and the pellet was resuspended
in lysis buffer containing 1% Triton X-100. The lysate was again centrifuged at
100,000 X g for 20 min at 4°C, and the supernatants were collected as the
membrane fraction.

Kinase assays. Reserved lysates were mixed for 2 h with anti-HA (for APH-
PKB-ER) or anti-myc (for myc-tagged PDK1) antibody at 4°C. Antibody-protein
complexes were captured with protein G-coupled Sepharose beads for 30 min
and washed three times with lysis buffer. Beads were then washed twice with
kinase buffer (20 mM HEPES [pH 7.4], 10 mM MnCl,) and resuspended in
kinase buffer containing 200 uM cold ATP and 1 pCi of [y->*P]ATP/sample as
well as either 250 nM Crosstide peptide (for PKB assays) or 250 ng of recom-
binant SGK (S422D for PDK1 assays). Samples were incubated at 30°C for 15
min. For the assay of PKB, samples were spotted onto P81 chromatography
paper and washed five times with 0.1% phosphoric acid, and radioactivity was
detected using a liquid scintillation counter. For PDK1 assays, the reactions were
terminated with the addition of 2X SDS sample buffer and boiling at 95°C for 3
min. *?P-labeled SGK was resolved by SDS-PAGE and quantitated by phosphor-
imaging.

RESULTS

Treatment of myr-APH-PKB-ER transfected HEK 293 cells
with 4-OHT resulted in ligand-dependent activation within 15
min (Fig. 2). Treatment of the cells with IGF-1 did not stim-
ulate myr-APH-PKB-ER, as expected, as activity requires ta-
moxifen-dependent dissociation of heat shock proteins from
the fusion protein (25). Comparison of myristoylated APH-
PKB-ER (myr-APH-PKB-ER) with non-myristoylated APH-
PKB-ER (A2-APH-PKB-ER) revealed only the former to be
catalytically activated in response to 4-OHT (Fig. 2). Myr-
APH-PKB-ER activation was sensitive to PI3K inhibition by
LY-294002 (Fig. 2), consistent with the original description of
myr-APH-PKB-ER (25) and suggesting that membrane local-
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FIG. 2. Activation of myristoylated APH-PKB-ER. (A) Myr-APH-
PKB-ER (200 ng) was expressed in HEK 293 cells for 30 h, followed by
serum starvation for 18 h. Cells were treated with 1 uM 4-OHT for the
indicated times and lysed in detergent-containing buffer. Myr-APH-
PKB-ER was immunoprecipitated with 1 pg of anti-HA antibody, and
activity was measured in vitro as described in Materials and Methods.
(B) Myr-APH-PKB-ER (200 ng) or A2-APH-PKB-ER (200 ng) was
expressed in HEK 293 cells for 30 h, followed by serum starvation for
18 h. Cells were pretreated with LY-294002 (25 pM) where indicated
for 15 min, followed by treatment with 4-OHT (1 pM) for 15 min. Cell
were lysed and in vitro kinase assays were performed as described
above.

ization cooperates with a PI3K signal to drive APH-PKB-ER
activation.

These data raised the issue of why only the myristoylated
APH-PKB-ER was phosphorylated by the endogenous PDK1
and not the cytosolic APH-PKB-ER. A central tenet of PKB
activation suggests that the PH domain of PKB restricts access
to PDK1. Activation requires lipid binding of both PKB and
PDKI1, providing a condition whereby PDKI can access T308
(35). From our results, it is obvious that this constraint is not a
factor with APH-PKB-ER, as it lacks a PH domain. To force
phosphorylation of T308, we coexpressed PDK1 with myr-
APH-PKB-ER. Figure 3 shows a significant increase in the
phosphorylation of T308 in the cotransfected cells compared to
cells expressing only myr-APH-PKB-ER, which was residually
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FIG. 3. Phosphorylation of T308 and S473 of myr-APH-PKB-ER
but not A2-APH-PKB-ER. (A) HEK 293 cells were transfected with
myr-APH-PKB-ER or A2-APH-PKB-ER (200 ng) or together with
myc-PDK-1 (200 ng) where indicated. After 30 h, cells were serum
starved for 18 h and then treated where indicated with 4-OHT (1 uM)
for 15 min. Cells were lysed, and proteins were separated by SDS-
PAGE followed by Western blotting with phospho-specific antibodies
raised against PKB T308 or S473. Lysates were also blotted with
anti-myc antibody (to detect PDK-1) and anti-HA antibody (to detect
total APH-PKB-ER). (B) Wild-type, R474A, and K111A PDK1 or an
empty vector blank (lane B) were transfected into HEK 293 cells for
30 h, followed by serum starvation for 18 h. Cells were stimulated with
IGF-1 for various times where indicated, and PDK1 was immunopre-
cipitated with anti-myc 9E10 antibody. PDK1 activity was measured in
vitro using recombinant S422D SGK as substrate. After 15 min at
30°C, the reaction was terminated and *?P-labeled SGK was resolved
by SDS-PAGE and visualized by autoradiography.

phosphorylated by endogenous PDKI1. In both cases, T308
phosphorylation was conditional upon the presence of 4-OHT
and occurred within 5 min of ligand addition. Consistent with
the activity measurements, phosphorylation of T308 and S473
only occurred with membrane-localized myr-APH-PKB-ER, as
A2-APH-PKB-ER was almost completely insensitive to over-
expressed PDK1. We confirmed the activity of PDK1 by per-
forming in vitro kinases assays; both the wild type and R474A
mutant (Fig. 4) had similar, agonist-independent activities
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(Fig. 3). Together, these results suggested that a secondary
event(s) occurring at the plasma membrane but independent
of the PH domain of PKB is necessary for PDK1 phosphory-
lation of APH-PKB-ER, possibly a conformational change in
PKB and/or a change in PDK1 activity (28).

To address these two possibilities, we determined whether
PI3K plays a role in the phosphorylation of either T308 or S473
of membrane-localized APH-PKB-ER. It is widely accepted
that at least one of the roles for PI3K in PKB activation is
membrane recruitment (5, 6, 17, 19, 29, 36). Using the APH-
PKB-ER model, we were able to address phosphorylation in-
dependently of this function. We therefore expressed myr-
APH-PKB-ER alone or with various forms of PDK1: wild type,
myristoylated, or PH domain point mutant R474A (Fig. 4).
R474A PDKI1 does not interact with PI3K-derived lipid prod-
ucts and, consequently, resides entirely in the cytosol (4). To
monitor the effect of inhibition of PI3K, we employed the
specific inhibitor LY-294002. Addition of LY-294002 blocked
T308 and S473 phosphorylation of myr-APH-PKB-ER (Fig. 4).
It also suppressed the phosphorylation of myr-APH-PKB-ER
coexpressed with wild-type PDK1, indicating that an increased
stoichiometric ratio of PDK1 to APH-PKB-ER is incapable of
overriding PI3K dependence. However, coexpression of myr-
istoylated PDK1 with myr-APH-PKB-ER resulted in a high
level of T308 phosphorylation that appeared to be insensitive
to inhibition of PI3K (Fig. 4). Thus, under conditions in which
PDKI1 and PKB are colocalized at the plasma membrane,
PDK1 activity towards myr-APH-PKB-ER was not reduced by
the presence of PI3K inhibitors. In contrast, S473 phosphory-
lation was LY-294002 sensitive under all conditions, regardless
of PDK1 coexpression, membrane localization, or the extent of
T308 phosphorylation. Finally, the R474A mutant of PDK1
phosphorylated APH-PKB-ER in a manner similar to wild-
type PDKI, in that PI3K inhibitors reduced the phosphoryla-
tion of both T308 and S473. Since subcellular localization of
APH-PKB-ER and R474A PDKI1 is unlikely to be under PI3K
control, this result suggests the existence of a third, PI3K-
dependent event that promotes R474A PDK1 phosphorylation
of APH-PKB-ER at T308.

Kinase assays were also performed, and they demonstrated
that the degree of T308 phosphorylation under each of these
conditions strongly correlated with activity (Fig. 4). Thus, co-
expression of myristoylated PDK1 with APH-PKB-ER resulted
in a high level of catalytic activity that was largely independent
of PI3K. We also confirmed the cellular locations of myr-APH-
PKB-ER and A2-APH-PKB-ER. Confocal microscopy placed
myr-APH-PKB-ER at the plasma membrane, while A2-APH-
PKB-ER was largely cytosolic (Fig. 4). Likewise, confocal mi-
croscopy and subcellular fractionation confirmed that wild-
type PDK1 was diffusely localized within the cytosol, while
myr-PDK1 was localized primarily at the plasma membrane
(Fig. 4).

As shown above, the phosphorylation of APH-PKB-ER by
PDKI1 appeared to be dependent on membrane localization in
a manner that is independent of phospholipid binding of either
PKB or PDKI. Thus, membrane localization primes PKB for
PDKI1 phosphorylation. S473 phosphorylation also appeared
to be highly dependent upon subcellular localization, as phos-
phorylation of this residue did not occur in APH-PKB-ER
whether in the absence or presence of PDKI1 expression (Fig.
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FIG. 4. (A) PI3K activity is necessary for S473 phosphorylation of
myr-APH-PKB-ER. HEK 293 cells were cotransfected with myr-APH-
PKB-ER (200 ng) and either empty vector or wild-type myc-PDK-1,
myristoylated PDK-1, or myc-R474A-PDK-1 (all at 200 ng) in the wells
indicated. Following 30 h to allow expression, cells were serum starved
for 18 h and then treated with LY-294002 (25 pM) for 15 min. Cells
were then treated with 4-OHT (1 wM) for an additional 15 min, and
cells were lysed in ice-cold Triton X-100-containing buffer. Protein
lysates were separated by SDS-PAGE and transferred to PVDF mem-
branes, and PKB T308 and S473 phosphorylation was detected as
described for Fig. 3. Lysates were also probed with antibodies to detect
total myr-APH-PKB-ER and PDK-1. (B) The catalytic activity of myr-
APH-PKB-ER was measured in an in vitro kinase assay following
coexpression with empty vector, wild-type PDK1, or myr-PDK1 as
described in Materials and Methods. Data are the averages of quadru-
plicate determinations from two separate experiments, with error bars
representing the standard error of the mean. (C) HEK 293 cells were
cultured onto glass coverslips and transfected with 1 g of myr-APH-
PKB-ER or A2-APH-PKB-ER. After 24 h, the cells were fixed in 3%
formaldehyde and stained with anti-HA antibody, phalloidin, and
DAPI (4',6'-diamidino-2-phenylindole) as described in Materials and
Methods. Cells were visualized by confocal microscopy. (D) HEK 293
cells plated on glass coverslips were transfected with 1 ug of PDK1 or
1 pg of Myr-PDKI1. After 24 h, the cells were fixed and stained with
anti-PDKI1 antibody and visualized by confocal microscopy. (E) HEK
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293 cells were trasfected with the wild type or Myr-PDK1 (200 ng). After 30 h, cells were serum starved for 18 h and then resuspended in hypotonic
lysis buffer. The cytosol (C) and membrane (M) fractions were prepared as described in Materials and Methods. Samples from each were
fractionated by SDS-PAGE and immunoblotted simultaneously with anti-PDK1 and anti-PKB antibodies. The myristoylated PDK1 appears at a
higher molecular weight than wild-type PDK1 due to hyperphosphorylation (15) (data not shown).

3). We therefore speculated that S473 might play a regulatory
role in phosphorylation of T308. To test for potential phos-
phorylation site interdependency, we mutated T308 or S473 to
alanine. As a comparitor for the alanine mutations, K179 was
mutated to glutamine to produce a catalytically inactive form
of APH-PKB-ER.

T308A and S473A mutants of myr-APH-PKB-ER were ex-

pressed in 293 cells and treated with 4-OHT for 20 min. T308
and S473 phosphorylation demonstrated strong mutual inter-
dependence such that the T308A mutant failed to demonstrate
S473 phosphorylation, while the S473A mutation greatly re-
duced T308 phosphorylation (Fig. 5). The reduction in S473
phosphorylation of the T308A mutant was not unexpected,
since it has been shown previously that PKB activity is neces-
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FIG. 5. T308 and S473 phosphorylations of myr-APH-PKB-ER are coupled. (A) Wild-type, T308A, or S473A mutant forms of myr-APH-
PKB-ER were expressed in 293 cells for 30 h, followed by serum starvation for 18 h. Cells were treated with 4-OHT (1 wM) for 30 min and then
lysed in ice-cold Triton X-100-containing buffer. Immunoblotting was performed to detect phosphorylated T308 or S473. (B) HEK 293 cells were
transfected with wild-type, T308A, or K179Q myr-APH-PKB-ER as described above. Some cells expressing wild-type myr-APH-PKB-ER were
pretreated with 1 wM staurosporin for 30 min prior to treatment for 30 min with 1 uM 4-OHT. Phosphorylated T308 and S473 were detected by
immunoblotting. In both panels, total PKB was detected with anti-HA antibody. (C) Cell were prepared as described for panels A and B, and the
catalytic activity of the K179Q, S473A, and T308A mutants of myr-APH-PKB-ER were measured in an in vitro kinase assay as described in
Materials and Methods. The activation of wild-type (WT) myr-APH-PKB-ER was also determined after a 15-min treatment with various

concentrations of staurosporin (STS).

sary for S473 phosphorylation (34) and supports a role for
autophosphorylation as a contributory mechanism for S473
regulation.

In contrast, the absence of T308 phosphorylation of the
S473A mutant was surprising, and it suggested that either an
intact or phosphorylated serine at position 473 is required for
efficient phosphorylation of T308 by PDK1. To further exam-
ine this effect, the phosphorylation of kinase-dead, myr-APH-
PKB-ER (K179Q mutation) was compared to myr-APH-
PKB-ER T308A, as well as “wild-type” myr-APH-PKB-ER.

Transfected cells were also treated with the PDK1 selective
inhibitor staurosporin (Fig. 5). As before, the T308A mutant
suppressed phosphorylation of S473. Kinase-dead myr-APH-
PKB-ER also displayed very little S473 phosphorylation, as
expected. However, this protein also displayed significantly
reduced phosphorylation of T308. This result parallels that of
the S473A mutant, again suggesting that phosphorylation of
S473 is important for T308 phosphorylation. Surprisingly, stau-
rosporin treatment greatly reduced T308 phosphorylation
without much effect on S473 phosphorylation. This finding
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FIG. 6. S473 regulates T308 phosphorylation. (A) A2-APH-PKB-ER or myr—APH-PKB-ER containing either an intact S473 residue or an
S473A point mutation were expressed in 293 cells for 30 h, followed by serum starvation for 18 h. Cells were treated with LY-294002 (25 wM) for
15 min where indicated, followed by treatment with 4-OHT (1 wM) for 30 min where indicated. Cellular lysates were fractionated by SDS-PAGE,
and T308 phosphorylation was detected by immunoblotting. Total PKB was evaluated using a non-phosphorylation-specific PKB antibody.
(B) Wild-type (WT) or S473D myr-APH-PKB-ER was coexpressed with R474A-PDK1 (200 ng of plasmid for each) in 293 cells for 30 h, followed
by serum starvation for 18 h. Cells were treated with LY-294002 (25 uM) for 15 min, followed by treatment with 4-OHT (1 wM) for 30 min where
indicated. T308 phosphorylation, total PKB, and total PDK1 were detected as described above. (C) Wild-type (WT) or S473D myr-APH-PKB-ER
(200 ng) was expressed in 293 cells for 30 h, followed by serum starvation for 18 h. Cells were treated with LY-294002 (25 pM) for 15 min, followed
by treatment with 4-OHT (1 wM) for 30 min, where indicated. APH-PKB-ER activity was measured in an in vitro kinase assay as described in
Materials and Methods. Data are the averages of duplicate determinations, with error bars representing the range.

contradicts the autophosphorylation model supported by the
T308A and K179Q derived data (see below). We also mea-
sured the catalytic activity of APH-PKB-ER under each of
these conditions. Both the S473A and T308A mutants were
resistant to activation, with T308A exhibiting a more severe
effect, being comparable to kinase-dead, K179Q APH-PKB-
ER. Staurosporin also greatly reduced the activation of APH-
PKB-ER by tamoxifen, but even at the maximal dose of 1 uM
it was unable to reduce the catalytic activity to that of kinase-
dead APH-PKB-ER.

These data suggest that S473 functions as a molecular switch
to regulate the phosphorylation of T308. To test this idea, we
mutagenized the S473 residue to aspartic acid to partially

mimic the effect of a negative charge introduced as a result of
phosphorylation. Previously, the double aspartic acid mutant
of PKB was shown to be constitutively active and independent
of PI3K activity, suggesting that S473D can act as a phospho-
mimetic (1). We expressed either membrane-localized or cy-
tosolic S473D APH-PKB-ER and examined the extent of T308
phosphorylation in response to 4-OHT (Fig. 6). The S473D
mutation significantly elevated the level of T308 phosphoryla-
tion of both cytosolic APH-PKB-ER and membrane-localized
myr-APH-PKB-ER (Fig. 6). However, the extent of T308 phos-
phorylation was much greater when the APH-PKB-ER mole-
cule was membrane localized. Thus, S473 phosphorylation and
plasma membrane localization are the principal determinants
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FIG. 7. Colocalizing PDK1 and PKB removes the requirement for
S473 phosphorylation. Wild-type (WT) or S473A myr-APH-PKB-ER
was coexpressed with myristoylated PDK1 (200 ng of plasmid for each)
in 293 cells for 30 h and then placed in serum-free medium for 18 h.
Cells were treated with LY-294002 (25 wM) for 15 min prior to treat-
ment with 4-OHT (1 wM) for 30 min, where indicated. Phosphorylated
T308, total PDK1, and PKB were detected by immunoblotting.

for T308 phosphorylation. Also, with both cytosolic and myr-
istoylated APH-PKB-ER S473D mutants, T308 phosphoryla-
tion was insensitive to PI3K inhibition (see below). This effect
was illustrated more vividly upon coexpression of PH domain
mutant of PDK1 with myr-APH-PKB-ER S473D (Fig. 6). De-
spite the high level of T308 phosphorylation promoted by co-
expression of R474A PDKI1, inhibition of PI3K resulted in a
significant reduction in phosphorylation of T308 for the wild-
type myr-APH-PKB-ER. By contrast, T308 phosphorylation
was insensitive to PI3K inhibition in the case of the myr-APH-
PKB-ER S473D mutant. As an aside, we employed R474A
PDK-1 in these experiments to exclude the possibility that
PI3K inhibition prevented sufficient membrane association of
PDKI to allow T308 phosphorylation.

Kinase activity measurements were also performed. Expres-
sion of S473D myr-APH-PKB-ER resulted in a high level of
activity compared to the wild-type protein, in agreement with
the level of T308 phosphorylation, and this was only partially
sensitive to PI3K inhibitors (Fig. 6). Thus, PDK1 phosphory-
lation of T308 and resulting kinase activity is optimal when
PKB is localized to the plasma membrane and when an acidic
(or phosphorylated) residue occupies the position at 473.

We next wished to address the earlier finding that myristoy-
lated PDK1 phosphorylated myr-APH-PKB-ER in the pres-
ence of PI3K inhibitors (Fig. 4). We reasoned that S473 phos-
phorylation is less important to T308 phosphorylation under
conditions when myristoylated PDKI1 is coexpressed. To test
this, we expressed myr-APH-PKB-ER or myr-APH-PKB-ER
S473A together with myristoylated PDK1 and monitored T308
phosphorylation (Fig. 7). As expected, wild-type myr-APH-
PKB-ER was sensitive to PI3K inhibition when phosphorylated
by endogenous PDKI1. Coexpression of myristoylated PDK1

MoL. CELL. BIOL.

PDK1 L155E
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FIG. 8. Myr-APH-PKB-ER is not phosphorylated by L155E PDK1.
Myr-APH-PKB-ER was coexpressed with either empty vector
(pcDNA3), wild-type PDK1, or L155E PDK1 (200 ng for all plasmids).
Cells were treated with 4-OHT (1 pM) for 30 min. Cell lysates were
fractionated by SDS-PAGE and transferred to PVDF membranes, and
both T308 and S473 phosphorylations were detected with phopho-
specific antibodies.

generated a high degree of T308 phosphorylation, independent
of PI3K, consistent with the data in Fig. 4. The myr-APH-
PKB-ER S473A mutant was not phosphorylated by endoge-
nous PDKI; however, when myr-APH-PKB-ER S473A was
coexpressed with myristoylated PDK1, a high degree of phos-
pho-T308 was observed, similar to wild-type myr-APH-PKB-
ER. Thus, S473 phosphorylation is rate limiting for APH-PKB-
ER phosphorylation by endogenous PDKI1, but not when
exogenous, myristoylated PDKI1 is coexpressed.

These results support a process whereby the hydrophobic
motif surrounding S473 plays a regulatory role in PDK1 phos-
phorylation of T308. An emerging concept for other AGC
kinases, including p70S6K, SGK, and RSK, is that this hydro-
phobic motif serves as a docking site for PDK1 (11, 22). To
validate our model that PDK1 must interact with APH-PKB-
ER in order to phosphorylate T308, we asked whether a
change in the substrate-binding region of PDK1 would influ-
ence its ability to phosphorylate APH-PKB-ER. Mutation of
PDKI1 at residue L155 (to glutamate) disrupts interaction of
PDKI1 with other AGC kinases, including p70S6K and SGK
(10, 11). Coexpression of wild-type PDK1 and APH-PKB-ER
led to significantly elevated T308 phosphorylation, while PDK1
L155E was ineffective and resulted only in T308 phosphoryla-
tion levels that were similar to expression of APH-PKB-ER
alone (Fig. 8). Thus, the hydrophobic pocket of PDK1 that
surrounds L155E appears essential for the phosphorylation of
APH-PKB-ER.

Our results with APH-PKB-ER support the following mech-
anism of activation: localizing PKB to the plasma membrane
promotes S473 phosphorylation, which is sensitive to PI3K
inhibitors. Phosphorylation of S473 facilitates the ability of
PDKI to phosphorylate T308, leading to the full activation of
PKB. In addition, PDK1 activity towards T308 is much greater
when both are colocalized to the plasma membrane. This is
evidenced by the fact that myr-APH-PKB-ER-S473D is phos-
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phorylated to a much greater extent on T308 than the non-
myristoylated S473D form.

We wished to confirm these observations by using a different
inducible model of PKB regulation. To this end, we fused the
FKBP-binding region of FRAP/mTOR (termed FRB) to the
amino terminus of full-length PKB. When coexpressed with
myristoylated FKBP, heterodimerization of PKB with the myr-
istoylated FKBP was achieved by the addition of a small mol-
ecule drug, a “rapalog” of the immunosuppressant compound
rapamycin, AP21967. Since FKBP is myristoylated, this serves
to translocate cytosolic FRB-PKB to the plasma membrane.
Immunofluorescence microscopy revealed that, prior to treat-
ment with AP21967, FRB-PKB was diffusely present in the
cytoplasm as well as the nucleus (Fig. 9). Within 30 min of
AP21967 treatment, the cytosolic component of FRB-PKB was
replaced by strong plasma membrane staining. Staining with
anti-phospho-S473 antibody revealed the same pattern, indi-
cating that the FRB-PKB present at the plasma membrane was
undergoing S473 phosphorylation. The fraction of FRB-PKB
found to be nuclear and positive for phospho-S473 antibody
likely represents FRB-PKB that has become activated in the
time during the transient transfection leading up to the exper-
iment. Nucleus-free, detergent-soluble lysates from cells
treated with AP29167 for 15 and 30 min also showed that
phosphorylation occurred at both T308 and S473, and this was
concurrent with increased kinase activity (Fig. 9).

The model of activation suggested by the APH-PKB-ER
data predicates FRB-PKB phosphorylation on T308 and S473
as PI3K inhibitor sensitive. Consistent with the previous data,
treatment of the FRB-PKB/myr-FKBP cells with LY-294002
prior to addition of AP21967 blocked both phosphorylation
events (Fig. 9). Thus, translocation of PKB to the plasma
membrane is insufficient in promoting either S473 or T308
phosphorylation in the absence of PI3K activity. This result is
similar to that observed with the myristoylated APH-PKB-ER
model (Fig. 4).

To confirm that S473 plays a role in directing T308 phos-
phorylation (as it does with the APH-PKB-ER system), the
wild type and S473A and S473D point mutants of FRB-PKB
were expressed in 293 cells in the presence of myr-FKBP and
treated with AP21967. The S473A mutant was largely refrac-
tory to T308 phosphorylation, while the S473D mutant was
similar to wild-type FRB-PKB (Fig. 10). Kinase activity mea-
surement demonstrated that the S473A FRB-PKB mutant had
very low activity, compared with S473D, which had both high
basal and AP21967-stimulated activity. Thus, mutating S473 to
alanine reduces PDKI1-dependent phosphorylation of T308
and reduces activity while substituting an acidic residue at this
position mitigates this loss, in agreement with the results de-
rived from APH-PKB-ER.

We next examined the dependence of T308 phosphorylation
on FRB-PKB phosphorylation at S473. We showed with the
APH-PKB-ER model that mutation of T308 to alanine pro-
duces a catalytically inactive kinase, and similar to the K179Q
mutant, this prevents S473 phosphorylation. In agreement with
these observations, mutation of T308 to alanine in FRB-PKB
prevented translocation-induced phosphorylation of S473 (Fig.
10). Note that the kinase activity of the T308A FRB-PKB was
essentially the same as that recovered from the empty vector
control.

MULTIPLE PI3K-DEPENDENT STEPS IN ACTIVATION OF PKB 6255

A remaining question was whether staurosporin could re-
duce T308 phosphorylation and activity of FRB-PKB as it did
with APH-PKB-ER and if this had any effect on S473 phos-
phorylation. Membrane translocation of FRB-PKB by
AP21967 led to increased kinase activity and phosphorylation
of S473 and T308 (Fig. 11). Pretreatment with staurosporin
blocked the activation of FRB-PKB and phosphorylation on
T308. However, there was little reduction, if any, in the phos-
phorylation of S473 (Fig. 11). This result agrees with our ear-
lier results with APH-PKB-ER. We rationalized that APH-
PKB-ER still maintained S473 phosphorylation because the
activity of APH-PKB-ER after staurosporin treatment was still
significant compared to that of the kinase-dead mutant. This
was also the case with FRB-PKB, since staurosporin only
blocked AP21967-induced activity but did not reduce its basal
activity. This was different from T308A FRB-PKB, which was
much less active (Fig. 10).

The experiments with staurosporin and FRB-PKB were per-
formed in HEK293 cells. To confirm that this was not a cell
type-specific event, we performed the same experiment in
HeLa-transfected cells. AP21967 treatment led to rapid phos-
phorylation of both S473 and T308 in transiently transfected
HeLa cells. Pretreatment with LY-294002 attenuated the
AP21967-induced phosphorylation of both sites. Significantly,
staurosporin pretreatment only blocked the induction of T308
phosphorylation and had no effect on S473 phosphorylation
(Fig. 11).

DISCUSSION

The results presented here represent the first report of S473-
dependent PDK1 phosphorylation of T308 in vivo. The data
are derived from two inducible models, one lacking the PH
domain (APH-PKB-ER) and a second retaining this phospho-
lipid-binding moiety (FRB-PKB). Using these models as “in-
ducible substrates,” we monitored the rates of T308 and S473
phosphorylation after selective targeting to either the plasma
membrane or the cell cytosol. Coexpression of localization
mutants of PDK1 with phosphorylation site mutants of PKB
allowed assessment of the relevant factors for functional inter-
action between PKB and PDKI in vivo.

From this analysis, we deduce that PDK1-catalyzed phos-
phorylation of T308 is dependent on two criteria, the first and
foremost requirement being S473 phosphorylation. A mutant
of APH-PKB-ER harboring an alanine at position 473 is not
phosphorylated at T308, even when directed to the plasma
membrane. Conversely, mutation of S473 to an acidic residue
promotes PI3K-independent T308 phosphorylation, although
membrane localization is still important (further discussed be-
low). Thus, S473 and the hydrophobic motif in which it is
situated may act as a docking site for PDKI1 similar in mech-
anism to that which may occur with RSK (22) and other AGC
kinases (11; see below). Further support for this model is
provided by analysis of the PDK1 L155E mutant that cannot
dock with other AGC kinases (10, 11). This mutant protein was
similarly ineffective in promoting T308 phosphorylation of
membrane-localized APH-PKB-ER. Thus, the overall control
of PKB activation is achieved through regulation of S473 phos-
phorylation and consequential phosphorylation of T308 (Fig.
12). This is in agreement with a recent study examining a
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FIG. 9. Translocation of FRB-PKB to membranes leads to PI3K-dependent phosphorylation of S473 and T308 and elevated activity. (A) HEK
293 cells were plated onto glass coverslips and transfected with 300 ng of FRB-PKB and 600 ng of myr-FKBP. After 18 h, the cells were starved
of serum for a further 8 h, followed by treatment with AP21967 (200 nM) for 30 min (+) or no treatment (—). Cells were fixed and stained with
anti-PKB antibody, anti-phospho-S473 antibody, phalloidin (to visualize polymerized actin), and DAPI where indicated and as described in
Materials and Methods, and confocal images were visualized. (B) HEK 293 cells were transiently transfected with myr-FKPB12 (400 ng),
FRB-PKB, and GSK-3 (100 ng) where indicated. After 30 h, the cells were starved of serum for 18 h and then treated with LY-294002 (25 pM)
for 15 min, followed by AP21967 (200 nM) for the times indicated. Phosphorylation of T308 and S473 and total FRB-PKB were detected by
immunoblotting. (C) Activity of FRB-PKB following treatment of cells with AP21967 was determined in an in vitro kinase assay as described in
Materials and Methods. The y axis represents the total count per minute of **P-labeled Crosstide. (D) The in vivo kinase activity of FRB-PKB was
verified by cotransfection with GSK-3p and monitoring S9 phosphorylation by using a phospho-specific antibody following a 30-min treatment with

AP21967.

spliced variant of PKBy, which lacks the extreme carboxyl
terminus, including the analogous phosphorylation site to S473
in PKBa, namely S472, and surrounding residues. This protein
is poorly activated by insulin or pervanadate (13).

The second determinant for T308 phosphorylation and PKB

activation is plasma membrane localization. Cytosolic APH-
PKB-ER and FRB-PKB are each poor substrates for PDKI,
even when the latter is overexpressed. When cytoplasmic, both
the activation loop site T308 and the hydrophobic motif S473
residues of these PKB molecules were not phosphorylated. It
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FIG. 10. Site-specific phosphorylation of FRB-PKB regulates kinase activity. (A) FRB-PKB, FRB-PKB S473A, and FRB-PKB S473D (200 ng)
were cotransfected with myr-FKBP (400 ng). After 30 h, the cells were starved of serum for 18 h and then treated with 200 nM AP21967 for 15
or 30 min where indicated. Phosphorylation of T308 and total FRB-PKB were detected by immunoblotting. (B) The activities of FRB-PKB,
FRB-PKB S473A, and FRB-PKB S473D were determined in an in vitro kinase assay following a 30-min treatment with AP21967. Values are the
averages of quadruplicate determinations, with error bars representing the standard error of the mean. (C and D) Cells were transfected with
FRB-PKB T308A and treated with AP29167 for 30 min. Phosphorylation of S473 and kinase activity were measured as done for panels A and B.

has been previously suggested that the PH domain may steri-
cally interfere with access to the activation phosphorylation
sites and that lipid binding relieves the effect. In the PKB-ER
model, the PH domain was deleted from PKB. Since phos-
phorylation/activation was rescued upon myristoylation of
PKB, we favor a simplified mechanism for the PH domain
where it acts to collate the relevant molecules into the same
subcellular vicinity with PI3K-dependent timing.

These results contrast with previous experiments using APH-
PKB. In these studies (6, 19), coexpression of APH-PKB and
PDKI1 led to high-level phosphorylation of APH-PKB on both
T308 and S473. We considered that the difference in our stud-
ies might be due to the regulatory nature of APH-PKB-ER.

During transient expression of APH-PKB, the molecule is al-
lowed hours to accumulate phosphorylation, particularly on
S473, as it interacts passively with the plasma membrane and
with the overexpressed PDKI1. T308 phosphorylation would
closely follow. In our study, APH-PKB-ER was available for
phosphorylation at S473 only upon addition of tamoxifen.
Thus, using a short time period (i.e., 30 min), we observed a
dramatic difference between the rates of T308 phosphorylation
of cytosolic and membrane-localized APH-PKB-ER when co-
expressed with PDKI1.

Based on these observations, the lack of T308 phosphoryla-
tion of cytosolic PKB is likely a result of insufficient S473
phosphorylation. There appear to be other restrictive factors,

1sanb Aq 8T0Z ‘6T AInc uo /6o wse qawy//:dny wolil papeojumod


http://mcb.asm.org/

6258 SCHEID ET AL.

A

3
> 25 -
o
l—
< 2
35
=
E 15
a
)
(Tl 1'|
05
, 1
AP21967 - g +
STS = - +
1
T308-P | w= =

S473-P | v = .r

FRB-PKB |esp =5 &

MoL. CELL. BIOL.

LY|sTS
- 15 30 |30] 30

AP21967
(min)

T308-P ' e— ]

S473-P | v = = v -

FRB-PKB

FIG. 11. Effect of staurosporin on FRB-PKB phosphorylation and kinase activity. (A) HEK 293 cells were cotransfected with myr-FKBP (400
ng) and FRB-PKB (200 ng). After 30 h, the cells were starved of serum for 18 h and then treated with 1 wM staurosporin where indicated for 15
min, followed by 200 nM AP21967 for 30 min. Kinase activity was measured, and reserved portions of the cell lysates were immunoblotted with
anti-T308 antibody, anti-S473 antibody, and total PKB. (B) HeLa cells transfected with myr-FKBP and FRB-PKB were treated with L'Y-294002
(25 pM) for 15 min or staurosporin (1 wM) where indicated, followed by 200 nM AP21967 for various times where indicated. Lysates were
immunoblotted for T308 and S473 phosphorylation and for total FRB-PKB.

however, illustrated by the finding that the S473-to-aspartic
acid mutants of APH-PKB-ER or FRB-PKB are not fully phos-
phorylated by PDKI1 unless directed to the membrane. This
could be a result of the concentrating effect of moving PKB
and PDKI1 from the cytosol to the plasma membrane and/or it
may reflect an increase in PDK1 specific activity (28).

PI3K itself plays a central role in orchestrating the activation

FIG. 12. Model for PKB activation. PI3K-generated lipids recruit
PKB to the plasma membrane, where S473 phosphorylation occurs
through autophosphorylation or an exogenous kinase. This primes
PKB for PDK1 phosphorylation of T308, fully activating PKB.

of PKB. As discussed above, PKB needs to be recruited to the
plasma membrane by PI3K-generated lipids (5, 17, 29, 36);
otherwise, the protein resides in the cytosol in a similar, un-
phosphorylated state as APH-PKB-ER. Once at the plasma
membrane, a PI3K-sensitive activity regulates S473 phosphor-
ylation. We observe this experimentally, since neither myris-
toylated APH-PKB-ER nor membrane-localized FRB-PKB is
phosphorylated at S473 in the presence of PI3K inhibitors.
This event appears to be independent of T308 phosphorylation
such that even when T308 phosphorylation and catalytic activ-
ity are driven to high levels by coexpression of myristoylated
PDKI1, S473 phosphorylation is lost in the presence of LY-
294002. This striking result is similar to findings of Andjelkovic
and coworkers (6), who observed a comparable phenomenon
during translocation of C1-APH-PKB to the plasma membrane
in response to phorbol esters. The Andjelkovic et al. study (6)
was the first to use a translocation-inducible PKB allele to
study PKB activation. The authors suggested that PI3K inac-
tivates an S473-specific phosphatase. This scenario is consis-
tent with our data, although we cannot exclude PI3K regula-
tion of a distinct S473 kinase. For example, SHIP-generated
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PI(3,4)P, may specifically activate an S473 kinase, since it has
recently been demonstrated that this lipid species is directly
coupled to S473 phosphorylation in SHIP-deficient murine
mast cells (30). Distinction between these possibilities is con-
tingent upon isolation of the relevant S473 interacting proteins
and understanding their mechanism of regulation by PI3K.

The possible existence of an S473 kinase is contentious.
While it has been argued that S473 of PKB is targeted by an
exogenous kinase (37), there is evidence supporting PKB-me-
diated autophosphorylation (34). Our data are consistent with
autophosphorylation in that either kinase-dead or T308A mu-
tants of APH-PKB-ER exhibit much-reduced S473 phosphor-
ylation. The same was true for FRB-PKB—the T308A mutant
of FRB-PKB harbored very small amounts of S473 phosphor-
ylation, even when the molecule was directed to the plasma
membrane. A major counterargument for autophosphoryla-
tion is derived from experiments with the serine/threonine
kinase inhibitor staurosporin. This compound inhibits PDK1
(among other kinases) and blocks T308 phosphorylation. We
(Fig. 5) and others (6, 23) have demonstrated that this com-
pound has little effect on S473 phosphorylation. However, we
also show that membrane localization of PKB is the primary
determinant for S473 phosphorylation. Thus, it may be that
very little PKB activity is necessary to accumulate S473 phos-
phorylation when PKB is bound to the plasma membrane.
Therefore, given enough time and membrane localization,
S473 phosphorylation accumulates. This might explain why
staurosporin-mediated inhibition of PKB leads to only a mild
reduction of S473 phosphorylation, since the kinase-dead or
T308A mutants of PKB represent more extreme inhibitory
cases (having zero catalytic activity) and thus display a much
greater impact on S473 phosphorylation. In agreement, activity
measurements show that both the T308A and K179Q mutants
of myr-APH-PKB-ER have significantly lower activities (and
are essentially catalytically inert) than cells treated with max-
imal inhibitory concentrations of staurosporin, in which myr-
APH-PKB-ER still retained 40% of basal kinase activity. This
might be a consequence of residual T308 phosphorylation after
staurosporin treatment, or it may reflect that an intact threo-
nine at amino acid 308 is permissive for some activity com-
pared with alanine substitution at the same position.

The same effect of staurosporin on PKB phosphorylation
was observed with the FRB-PKB model. In this case, translo-
cation of FRB-PKB to membrane-localized FKBP led to S473
and T308 phosphorylation. Prior treatment with staurosporin
blocked T308 phosphorylation but not S473 phosphorylation.
Kinase activity measurements again indicated that the residual
activity of staurosporin-treated FRB-PKB was significantly
higher than T308A FRB-PKB, in which no S473 phosphoryla-
tion was observed. Thus, the two distinct activation models we
tested both suggest that only a small fraction of PKB activity is
required for PKB phosphorylation on S473 in conjunction with
translocation to the plasma membrane.

Recently, Biondi and colleagues characterized the roles of
the hydrophobic motifs of S6K and SGK in binding PDK1 and
phosphorylation of the activation loop (11). However, they
were unable to demonstrate a similar mechanism for PKB.
Using in vitro experiments, this group showed that APH-PKB
was dependent upon the PIF-binding pocket of PDK1 and that
a peptide mimicking the PIF, PIFtide, can block the phosphor-
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ylation of APH-PKB by wild-type PDK1. However, this was not
the case for full-length PKB (i.e., PKB containing its normal
amino-terminal PH domain). They suggested that full-length
PKB was inherently different in its mode of regulation from
SGK and the other AGC kinases and that the PH domain plays
a role in PDK1 phosphorylation of PKB. However, as we show
here (Fig. 7), overexpression of membrane-localized PDK1 can
override the requirement for S473 phosphorylation, and these
conditions may be similar to the in vitro experiments of Biondi
and coworkers (11).

In summary, our in vivo models suggest an ordered series of
events that are necessary to generate fully active PKB, as
depicted in Fig. 12. First, PI3K activity draws PKB and PDK1
to the plasma membrane. There, a PI3K-dependent event is
necessary to allow S473 phosphorylation to accumulate and is
conditional on PKB being catalytically active. Then, this phos-
phorylated motif promotes the activity of PDK1 towards T308,
which fully activates the kinase. This strict control on location
and activation probably reflects the dire consequences of
chronically activated PKB in disease.

ACKNOWLEDGMENTS

M.P.S. is supported by a Canadian Institutes of Heath Research
(CIHR) postdoctoral fellowship. This work was supported by grants to
J.R.W. from the CIHR and National Cancer Institute of Canada.
J.R.W. acknowledges Senior Scientist support from CIHR and an
International Scholarship from the Howard Hughes Medical Institute.

We gratefully thank Richard Roth for the original PKB-ER con-
structs. We are indebted to Jing Jin, Lisa Kockeritz, and Mike Parsons
for reagents and advice.

REFERENCES

. Alessi, D. R., M. Andjelkovic, B. Caudwell, P. Cron, N. Morrice, P. Cohen,
and B. A. Hemmings. 1996. Mechanism of activation of protein kinase B by
insulin and IGF-1. EMBO J. 15:6541-6551.

2. Alessi, D. R., S.R. James, C. P. Downes, A. B. Holmes, P. R. Gaffney, C. B.
Reese, and P. Cohen. 1997. Characterization of a 3-phosphoinositide-depen-
dent protein kinase, which phosphorylates and activates protein kinase Ba.
Curr. Biol. 7:261-269.

3. Amara, J. F., T. Clackson, V. M. Rivera, T. Guo, T. Keenan, S. Natesan, R.
Pollock, W. Yang, N. L. Courage, D. A. Holt, and M. Gilman. 1997. A
versatile synthetic dimerizer for the regulation of protein-protein interac-
tions. Proc. Natl. Acad. Sci. USA 94:10618-10623.

4. Anderson, K. E., J. Coadwell, L. R. Stephens, and P. T. Hawkins. 1998.
Translocation of PDK-1 to the plasma membrane is important in allowing
PDK-1 to activate protein kinase B. Curr. Biol. 8:684-691.

5. Andjelkovic, M., D. R. Alessi, R. Meier, A. Fernandez, N. J. Lamb, M. Frech,
P. Cron, P. Cohen, J. M. Lucocq, and B. A. Hemmings. 1997. Role of
translocation in the activation and function of protein kinase B. J. Biol.
Chem. 272:31515-31524.

6. Andjelkovic, M., S. M. Maira, P. Cron, P. J. Parker, and B. A. Hemmings.
1999. Domain swapping used to investigate the mechanism of protein kinase
B regulation by 3-phosphoinositide-dependent protein kinase 1 and S473
kinase. Mol. Cell. Biol. 19:5061-5072.

7. Barthel, A., S. T. Okino, J. Liao, K. Nakatani, J. Li, J. P. Whitlock, Jr., and
R. A. Roth. 1999. Regulation of GLUT1 gene transcription by the serine/
threonine kinase Aktl. J. Biol. Chem. 274:20281-20286.

8. Belham, C., M. J. Comb, and J. Avruch. 2001. Identification of the NIMA
family kinases NEK6/7 as regulators of the p70 ribosomal S6 kinase. Curr.
Biol. 11:1155-1167.

9. Bellacosa, A., J. R. Testa, S. P. Staal, and P. N. Tsichlis. 1991. A retroviral
oncogene, akt, encoding a serine-threonine kinase containing an SH2-like
region. Science 254:274-277.

10. Biondi, R. M., P. C. Cheung, A. Casamayor, M. Deak, R. A. Currie, and D. R.
Alessi. 2000. Identification of a pocket in the PDKI1 kinase domain that
interacts with PIF and the C-terminal residues of PKA. EMBO J. 19:979—
988.

11. Biondi, R. M., A. Kieloch, R. A. Currie, M. Deak, and D. R. Alessi. 2001. The
PIF-binding pocket in PDK1 is essential for activation of S6K and SGK, but
not PKB. EMBO J. 20:4380-4390.

12. Blume-Jensen, P., and T. Hunter. 2001. Oncogenic kinase signalling. Nature

411:355-365.

—

1sanb Aq 8T0Z ‘6T AInc uo /6o wse qawy//:dny wolil papeojumod


http://mcb.asm.org/

6260

13.

17.

19.

20.

21.

22.

23.

24.

25.

SCHEID ET AL.

Brodbeck, D., M. M. Hill, and B. A. Hemmings. 2001. Two splice variants of
protein kinase By have different regulatory capacity depending on the pres-
ence or absence of the regulatory phosphorylation site serine 472 in the
carboxyl-terminal hydrophobic domain. J. Biol. Chem. 276:29550-29558.

. Burgering, B. M., and P. J. Coffer. 1995. Protein kinase B (c-Akt) in phos-

phatidylinositol-3-OH kinase signal transduction. Nature 376:599-602.

. Casamayor, A., N. A. Morrice, and D. R. Alessi. 1999. Phosphorylation of

Ser-241 is essential for the activity of 3-phosphoinositide-dependent protein
kinase-1: identification of five sites of phosphorylation in vivo. Biochem. J.
342:287-292.

. Clackson, T., W. Yang, L. W. Rozamus, M. Hatada, J. F. Amara, C. T.

Rollins, L. F. Stevenson, S. R. Magari, S. A. Wood, N. L. Courage, X. Lu, F.
Cerasoli, Jr., M. Gilman, and D. A. Holt. 1998. Redesigning an FKBP-ligand
interface to generate chemical dimerizers with novel specificity. Proc. Natl.
Acad. Sci. USA 95:10437-10442.

Currie, R. A, K. S. Walker, A. Gray, M. Deak, A. Casamayor, C. P. Downes,
P. Cohen, D. R. Alessi, and J. Lucocq. 1999. Role of phosphatidylinositol
3,4,5-trisphosphate in regulating the activity and localization of 3-phospho-
inositide-dependent protein kinase-1. Biochem. J. 337:575-583.

. Delcommenne, M., C. Tan, V. Gray, L. Ruel, J. R. Woodgett, and S. Dedhar.

1998. Phosphoinositide-3-OH kinase-dependent regulation of GSK-3 and
PKB/AKT by the integrin linked kinase (ILK). Proc. Natl. Acad. Sci. USA
95:11211-11216.

Filippa, N., C. L. Sable, B. A. Hemmings, and E. Van Obberghen. 2000.
Effect of phosphoinositide-dependent kinase 1 on protein kinase B translo-
cation and its subsequent activation. Mol. Cell. Biol. 20:5712-5721.
Franke, T. F., D. R. Kaplan, L. C. Cantley, and A. Toker. 1997. Direct
regulation of the Akt proto-oncogene product by phosphatidylinositol-3,4-
bisphosphate. Science 275:665-668.

Franke, T. F., S. I. Yang, T. O. Chan, K. Datta, A. Kazlauskas, D. K.
Morrison, D. R. Kaplan, and P. N. Tsichlis. 1995. The protein kinase en-
coded by the Akt proto-oncogene is a target of the PDGF-activated phos-
phatidylinositol 3-kinase. Cell 81:727-736.

Frodin, M., C. J. Jensen, K. Merienne, and S. Gammeltoft. 2000. A phos-
phoserine-regulated docking site in the protein kinase RSK2 that recruits
and activates PDK1. EMBO J. 19:2924-2934.

Hill, M. M., M. Andjelkovic, D. P. Brazil, S. Ferrari, D. Fabbro, and B. A.
Hemmings. 2001. Insulin-stimulated protein kinase B phosphorylation on
Ser-473 is independent of its activity and occurs through a staurosporine-
insensitive kinase. J. Biol. Chem. 276:25643-25646.

Iynedjian, P. B., R. A. Roth, M. Fleischmann, and A. Gjinovci. 2000. Acti-
vation of protein kinase B/cAkt in hepatocytes is sufficient for the induction
of expression of the gene encoding glucokinase. Biochem. J. 351:621-627.
Kohn, A. D., A. Barthel, K. S. Kovacina, A. Boge, B. Wallach, S. A. Summers,
M. J. Birnbaum, P. H. Scott, J. C. Lawrence, Jr., and R. A. Roth. 1998.

26.

27.

28.

29.

30.

=3

31

32.

33.

34

35.

36.

37.

MoL. CELL. BIOL.

Construction and characterization of a conditionally active version of the
serine/threonine kinase Akt. J. Biol. Chem. 273:11937-11943.

Marignani, P. A,, and C. L. Carpenter. 2001. Vav2 is required for cell
spreading. J. Cell Biol. 154:177-186.

Mirza, A. M., A. D. Kohn, R. A. Roth, and M. McMahon. 2000. Oncogenic
transformation of cells by a conditionally active form of the protein kinase
Akt/PKB. Cell Growth Differ. 11:279-292.

Park, J., M. M. Hill, D. Hess, D. P. Brazil, J. Hofsteenge, and B. A. Hem-
mings. 2001. Identification of tyrosine phosphorylation sites on 3-phospho-
inositide-dependent protein kinase-1 and their role in regulating kinase
activity. J. Biol. Chem. 276:37459-37471.

Sable, C. L., N. Filippa, C. Filloux, B. A. Hemmings, and E. Van Obberghen.
1998. Involvement of the pleckstrin homology domain in the insulin-stimu-
lated activation of protein kinase B. J. Biol. Chem. 273:29600-29606.
Scheid, M. P., M. Huber, J. E. Damen, M. Hughes, V. Kang, P. Neilson, G. D.
Prestwich, G. Krystal, and V. Duronio. 2002. Phosphatidylinositol(3,4,5)P3 is
essential but not sufficient for protein kinase B (PKB) activation: phospha-
tidylinositol(3,4)P2 is required for PKB phosphorylation at Ser-473: studies
using cells from SH2-containing inositol-5-phosphatase knockout mice.
J. Biol. Chem. 277:9027-9035.

Scheid, M. P., and J. R. Woodgett. 2001. PKB/AKT: functional insights from
genetic models. Nat. Rev. Mol. Cell. Biol. 2:760-768.

Scott, P. H., G. J. Brunn, A. D. Kohn, R. A. Roth, and J. C. Lawrence, Jr.
1998. Evidence of insulin-stimulated phosphorylation and activation of the
mammalian target of rapamycin mediated by a protein kinase B signaling
pathway. Proc. Natl. Acad. Sci. USA 95:7772-7777.

Stephens, L., K. Anderson, D. Stokoe, H. Erdjument-Bromage, G. F. Painter,
A. B. Holmes, P. R. Gaffney, C. B. Reese, F. McCormick, P. Tempst, J.
Coadwell, and P. T. Hawkins. 1998. Protein kinase B kinases that mediate
phosphatidylinositol 3,4,5-trisphosphate-dependent activation of protein ki-
nase B. Science 279:710-714.

Toker, A., and A. C. Newton. 2000. Akt/protein kinase B is regulated by
autophosphorylation at the hypothetical PDK-2 site. J. Biol. Chem. 275:
8271-8274.

Vanhaesebroeck, B., and D. R. Alessi. 2000. The PI3K-PDK1 connection:
more than just a road to PKB. Biochem. J. 346:561-576.

Wijkander, J., L. S. Holst, T. Rahn, S. Resjo, I. Castan, V. Manganiello, P.
Belfrage, and E. Degerman. 1997. Regulation of protein kinase B in rat
adipocytes by insulin, vanadate, and peroxovanadate. Membrane transloca-
tion in response to peroxovanadate. J. Biol. Chem. 272:21520-21526.
Williams, M. R., J. S. Arthur, A. Balendran, J. van der Kaay, V. Poli, P.
Cohen, and D. R. Alessi. 2000. The role of 3-phosphoinositide-dependent
protein kinase 1 in activating AGC kinases defined in embryonic stem cells.
Curr. Biol. 10:439-448.

1sanb Aq 8T0Z ‘6T AInc uo /6o wse qawy//:dny wolil papeojumod


http://mcb.asm.org/

