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Recent studies indicate that phosphatidylinositide-30H kinase (PI3K)-induced S6 kinase (S6K1) activation
is mediated by protein kinase B (PKB). Support for this hypothesis has largely relied on results obtained with
highly active, constitutively membrane-localized alleles of wild-type PKB, whose activity is independent of
PI3K. Here we set out to examine the importance of PKB signaling in S6K1 activation. In parallel, glycogen
synthase kinase 33 (GSK-3$) inactivation and eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) phosphorylation were monitored as markers of the rapamycin-insensitive and -sensitive branches of
the PI3K signaling pathway, respectively. The results demonstrate that two activated PKBa mutants, whose
basal activity is equivalent to that of insulin-induced wild-type PKB, inhibit GSK-33 to the same extent as a
highly active, constitutively membrane-targeted wild-type PKB allele. However, of these two mutants, only the
constitutively membrane-targeted allele of PKB induces S6K1 activation. Furthermore, an interfering mutant
of PKB, which blocks insulin-induced PKB activation and GSK-3f3 inactivation, has no effect on S6K1
activation. Surprisingly, all the activated PKB mutants, regardless of constitutive membrane localization,
induce 4E-BP1 phosphorylation and the interfering PKB mutant blocks insulin-induced 4E-BP1 phosphory-
lation. The results demonstrate that PKB mediates S6K1 activation only as a function of constitutive mem-
brane localization, whereas the activation of PKB appears both necessary and sufficient to induce 4E-BP1

phosphorylation independently of its intracellular location.

Mitogens induce the coordinated activation of a number of
anabolic events which culminate in cell growth and division
(41). Recent studies have defined the distinction between
growth and proliferation, demonstrating the dominance of
growth in this process (42, 58). An important component of the
growth response is the generation of new translational machin-
ery, required to accommodate the increased demand for addi-
tional proteins (56). The enhanced expression of protein syn-
thetic components, most notably ribosomal proteins and
elongation factors, is largely controlled at the translational
level (5, 39). The transcripts for ribosomal proteins and elon-
gation factors are characterized by an oligopyrimidine tract,
termed 5'TOP, at their translational start site (5, 39). More
importantly, it has been shown that the translational upregu-
lation of these transcripts is mediated, in part, by the activation
of the 40S ribosomal protein S6 kinase (S6K1) (32), presum-
ably through the increased phosphorylation of S6 (33, 34). The
importance of S6K1 in cell growth was initially inferred from
the microinjection of neutralizing antibodies into cells (38, 50)
and the use of the immunosuppressant rapamycin, each inhib-
iting mitogen-induced S6K1 activation and impeding cell
growth (33, 34). Recently, the significance of S6K1 in cell
growth has been emphasized by the generation of S6K1-defi-
cient mice, which are significantly reduced in size (55), and by
the discovery of a new, highly homologous S6 kinase, S6K2 (28,
55).

The signal transduction pathway which mediates S6K1 acti-
vation has received considerable attention because of its im-
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plied importance in the growth response (25, 47). Early studies
demonstrated that mitogen-induced S6K1 activation is initi-
ated at a specific growth factor receptor docking site distinct
from that utilized by the mitogen-activated protein kinase-Ras
signaling pathway (40). The use of the inhibitory fungal me-
tabolite wortmannin and platelet-derived growth factor
(PDGF) receptor mutants led to the identification of phos-
phatidylinositide-30H kinase (PI3K) as the effector which ini-
tiates downstream signaling from the receptor (17). The acti-
vation of S6K1 appears to be mediated in a hierarchical
manner, initiated by the phosphorylation of a set of sites in its
autoinhibitory domain (24) that facilitate subsequent phos-
phorylation at T389 in the adjacent linker domain. These two
sets of initial phosphorylation events act in a synergistic man-
ner to regulate T229 phosphorylation in the catalytic domain
and thus kinase activation (24). Except for the recent identifi-
cation of phosphoinositide-dependent protein kinase 1
(PDK1) as the S6K1-T229 kinase (4, 49), little is known con-
cerning the identity of the other kinases which regulate the
additional phosphorylation of S6K1 (49). The key step in the
activation process is T389 phosphorylation, which unlike the
phosphorylation of T229, appears to be positively regulated by
a wortmannin-sensitive PI3K-dependent input (23). Although
the S6K1-T389 kinase has yet to be identified, recent studies
have suggested that this step is mediated by PI3K through the
activation of protein kinase B (PKB) (15). Like S6K1, PKB
activation is mediated by PI3K through the increased phos-
phorylation of T308 and S473, the sites homologous to T229
and T389 in S6K1, respectively (1). The dependence of PKB
activation on PI3K as well as its wortmannin sensitivity can be
circumvented by constitutively anchoring PKB to the mem-
brane (6). This leads to increased levels of T308 and S473
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FIG. 1. Activation of PKB mutants. (A) Schematic presentation of the PKBa mutants employed. Membrane-targeted forms of PKBa contain either the Ick
myristylation and palmitylation signal (m/p) at the N terminus or the CaaX box from Ki-Ras at the C terminus. PH, pleckstrin homology domain. All the PKBa
constructs are HA epitope tagged at the N terminus, except for PKBa-CaaX. (B) Ectopically expressed PKB variants from extracts of human 293 cells were assayed
as described in Materials and Methods. The extracts are derived from the cotransfection experiment with S6K1 described in the legend to Fig. 2A. The cells were serum
starved for 24 h and either extracted immediately, stimulated for 30 min with 1 pM insulin, or pretreated with 250 nM wortmannin for 1 h prior to stimulation with

insulin, as indicated. Error bars indicate standard deviations.

phosphorylation, highly activates PKB (6), and induces S6K1
activation (15). These findings have led to the hypothesis that
PKB mediates PI3K-induced S6K1 activation.
Membrane-targeted alleles of PKB also induce the phos-
phorylation of two additional signaling components which reg-
ulate the translational machinery. One is glycogen synthase
kinase 3 (GSK-3), whose direct phosphorylation by PKB leads
to its inactivation (21). A key substrate of GSK-3 is the €
subunit of protein synthesis initiation factor eIF2B (65), whose

phosphorylation suppresses eIF2B GDP-GTP exchange activ-
ity, inhibiting translation (65). The inhibition of GSK-3 activity
by PKB increases eIF2B GDP-GTP exchange activity, raising
the amount of active eIF2-GTP and leading to increased rates
of global translation (19). The second downstream target of
PKB is eukaryotic translation initiation factor 4E-binding pro-
tein 1 (4E-BP1) (27, 36, 53, 60). The phosphorylation of 4E-
BP1 disrupts its interaction with the mRNA m’G cap-binding
protein eIF4E, allowing eIF4E to form a productive initiation
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FIG. 2. Effects of PKB variants on S6K1 activation. (A) The activity of ectopically expressed S6K1 from extracts of human 293 cells cotransfected with the empty
vector or indicated PKB variants, as labeled in Fig. 1, was assayed. S6K1 activity is presented as 3*P incorporation into 40S ribosomal protein S6 (lower panel). Cells
were deprived of serum for 24 h and either extracted immediately, stimulated for 30 min with 1 uwM insulin, or pretreated with 250 nM wortmannin for 1 h prior to
stimulation with insulin, as indicated. Protein extracts were analyzed by Western blotting for PKB expression with the 12CAS5 antibody (upper panel) and for S6K1 with
the 9E10 antibody (middle panel) (see Materials and Methods). m/p, myristylation and palmitylation signal. (B) Phosphopeptide analysis of myc-tagged S6K1-GST
coexpressed with the empty vector or the indicated PKB variant, as labeled in Fig. 1, in 293 cells. Prior to lysis cells were incubated for 3 h with 0.2 mCi of 3?P; per
ml. In the case of the empty vector control 1 uM insulin was added 30 min before lysis. The Myc-S6K1-GST phosphopeptides were analyzed by two-dimensional
thin-layer electrophoresis and chromatography as described in Materials and Methods. m/p, m/p-HA-PKBa.

complex (44). Unlike GSK-3, the effects of PKB on increased
4E-BP1 phosphorylation are indirect and may be mediated by
a second kinase, possibly mTOR, the target of rapamycin (14,
53), or a kinase tightly bound to mTOR (43). Indeed, 4E-BP1
is thought to reside on the same rapamycin-sensitive PI3K-
dependent signaling pathway as S6K1 (64).

Although highly activated alleles of PKB lead to S6K1 acti-
vation, the same is also true for activated oncogenic alleles of
Ras (10). However, the activation of wild-type Ras by mitogens
is neither sufficient nor necessary to bring about S6K1 activa-
tion (40). This raised the possibility that highly activated alleles
of PKB or constitutive membrane localization may not reflect
wild-type PKB signaling. To test the role of PKB signaling in
S6K1 activation we have compared the abilities of specific
variants of PKB to activate and confer wortmannin resistance
on S6KI1, as well as the ability of interfering mutants to block
this response. In parallel, we have used GSK-3B inactivation
and 4E-BP1 phosphorylation to independently monitor the
effects of the different PKB alleles on rapamycin-sensitive and
-insensitive PKB downstream signaling. The results demon-
strate that constitutive membrane localization of active PKB is

essential for its ability to signal S6K1 and that the pathway
leading to 4E-BP1 phosphorylation, but surprisingly not S6K1
activation, is dominantly regulated by PKB.

MATERIALS AND METHODS

Construction of expression vectors. The S6K1 construct was tagged by the
insertion of the myc 9E10 epitope immediately following the S6K1 initiator ATG
codon as described previously (40). Myc-S6K1-GST (63) and the pCMV con-
structs encoding human hemagglutinin (HA)-PKBa, T308D-S473D PKBa, myri-
stylated and palmitylated PKBa, and kinase-dead PKB have been described (1,
6, 7). GSK-33 cDNA was amplified from a template construct and subcloned into
a prk5 expression vector. The PCR primers served to add a myc tag at the C
terminus of GSK-3 and provide the suitable Xbal/NotI restriction sites for sub-
cloning. The construct was verified by DNA sequencing. Myc-PKB was generated
by PCR with HA-PKBa (7) as a template. The resulting product was subcloned
as a BglII-EcoRI fragment into the pECE vector and then transferred as a
BgllI-Xbal fragment into a pCMV5 vector. The construction of untagged PKB-
CaaX (61) and HA-4E-BP1 (63) have been described previously. PKB-CaaX was
subcloned into a pCMV5 expression vector.

Cell culture and transfection. Human embryonic kidney 293 cells were main-
tained in Dulbecco’s modified Eagle medium containing 10% fetal calf serum as
described previously (40) and seeded at 10° cells per 10-cm-diameter plate 24 h
prior to transfection. Transient transfection was performed overnight by using a
modified calcium phosphate procedure with 10 g of plasmid DNA (45). The
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FIG. 3. Effect of PKB variants on GSK-3 inactivation. The activity of ectopi-
cally expressed GSK-3 was assayed from extracts of human 293 cells cotrans-
fected with the indicated PKB variants or the empty vector. GSK-3 activity is
measured as a percentage of PP2A-induced activity. Cells were treated as de-
scribed in the legend to Fig. 2A. Protein extracts were analyzed by Western
blotting for PKB expression with the 12CA5 antibody (lower panel) and GSK-3
expression with the 9E10 antibody (middle panel) (see Materials and Methods).
Error bars indicate standard deviations. m/p, myristylation and palmitylation
signal.
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next day, cells were washed twice with Dulbecco’s modified Eagle medium to
remove the serum and then made quiescent by incubation in the same medium
for 24 h. Prior to lysis the cells were stimulated with specific agonists or inhibitors
as described in the text. Insulin was employed at a concentration of 1 wM (stock,
10 mg/ml in 1% acetic acid). In the case of the wortmannin pretreatment, either
the vehicle dimethyl sulfoxide or 250 nM wortmannin was added.

Immunoprecipitation and in vitro kinase assays. Human 293 cell extracts were
prepared by lysing cells in a buffer containing 50 mM Tris-HCI (pH 7.5), 1%
Nonidet P-40, 120 mM NaCl, 1 mM EDTA, 6 mM EGTA, 1 mM benzamidine,
15 mM sodium diphosphate, 30 mM 4-nitrophenyl phosphate (disodium salt),
and 0.2 mM phenylmethylsulfonyl fluoride. Lysates were centrifuged for 15 min
at 12,000 X g at 4°C. PKB was immunoprecipitated with either monoclonal
12CAS or 9E10 antibody, and S6K1 was immunoprecipitated with a monoclonal
9E10 antibody. Immunocomplexes were collected with protein G-Sepharose
beads. PKBa activity was assayed with the peptide GRPRTSSFAEG as a sub-
strate, as described previously (21). The kinase assay for S6K1 has been reported
(30). Cells transfected with Myc-GSK-3B were lysed in buffer A, which contains
50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1% (by volume) Triton
X-100, 1 mM sodium orthovanadate, 10 mM sodium glycerophosphate, 50 mM
NaF, 5 mM sodium pyrophosphate, 1 uM Microcystin-LR, 0.27 M sucrose, 1 mM
benzamidine, 0.2 mM phenylmethylsulfonyl fluoride, 10 pg of leupeptin per ml,
and 0.1% (vol/vol) 2-mercaptoethanol. The lysate was centrifuged as described
above, and an aliquot of the supernatant was incubated for 1 h on a shaking
platform with 5 ul of protein G-Sepharose coupled to 2 ug of 9E10 monoclonal
antibody. The protein G-Sepharose-antibody-Myc-GSK-33 complex was
washed twice with buffer A containing 0.5 M NaCl and twice with buffer B (50
mM Tris-HCI [pH 7.5], 0.1 mM EGTA, 0.1% 2-mercaptoethanol), and the
immunoprecipitate was assayed for GSK-3p activity after incubation with either
protein phosphatase 2A (PP2A) or microcystin in an assay buffer containing 50
mM Tris-HCI, 0.1 mM EGTA, 10 mM MgCl, 2.5 uM PKI, 100 p.M ATP, and 30
pM phospho-glycogen synthase peptide 2 with the sequence YRRAAVPPS
PSLSRHSSPHQpSEDEEE. For the PP2A reaction the beads were incubated
for 30 min at 30°C in buffer B containing 1 mg of bovine serum albumin per ml
with the catalytic subunit of PP2A (final concentration, 25 mU/ml), and the
reaction was stopped by adding 5 uM microcystin to the mixture.

MoL. CELL. BIOL.

Phosphorylation of 4E-BP1. Human 293 cells transfected with HA-4E-BP1
were lysed in a buffer containing 50 mM Tris-HCI (pH 7.5), 1% Nonidet P-40,
120 mM NaCl, 25 mM NaF, 40 mM B-glycerophosphate, 0.1 mM sodium van-
adate, 1 mM benzamidine, and 0.2 mM phenylmethylsulfonyl fluoride. Western
blot analysis of 4E-BP1 was carried out as previously described (64), except that
the 12CAS antibody was used for the detection and the N,N’-methylenebis-
acrylamide content of the gel was lowered to 0.25%.

Western blot analysis. The protein concentration in samples was determined
with the Bio-Rad D/C protein assay. Protein samples (40 pg) were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electro-
phoretically transferred to Immobilon P membranes (Millipore). Construct ex-
pression was quantified by Western blotting with monoclonal antibody 9E10 or
12CAS, rabbit anti-mouse immunoglobulin G (DAKO), and finally with fluores-
cein isothiocyanate (FITC)-labelled swine anti-rabbit immunoglobulin G
(DAKO) or goat anti-mouse immunoglobulin G coupled to horseradish perox-
idase (DAKO) as a secondary antibody. Endogenous PKB was quantified with a
polyclonal anti-PKB antibody raised against the C terminus of PKB (6) and
FITC-labelled swine anti-rabbit immunoglobulin G (DAKO) or mouse anti-
rabbit immunoglobulin G coupled to horseradish peroxidase (DAKO) as a sec-
ondary antibody. Enhanced chemiluminescence or storage phosphorimagery and
fluorimetry (Molecular Dynamics) were used to visualize expression levels and
S6K1 activity as phosphate incorporation into 40S ribosomal protein S6.

Two-dimensional phosphopeptide mapping. Human 293 cells were transiently
transfected with the indicated construct and labelled with 0.2 mCi of 32P; per ml,
3 h prior to extraction. Myc-S6K1-GST was precipitated from labelled extracts
with glutathione-Sepharose (Sigma) and purified by electroelution (63). Trichlo-
roacetic acid precipitation, performic acid oxidation, trypsin-chymotrypsin digestion,
and two-dimensional phosphopeptide mapping were carried out as described pre-
viously (45). Phosphopeptides were visualized with a PhosphorImager.

Immunofluorescence. Human 293 cells were transfected on coverslips with the
indicated PKB construct, fixed, permeabilized, and incubated with a polyclonal
anti-PKB antibody before being stained with an FITC-conjugated secondary
antibody, as described previously (6).

RESULTS

Activation of PKB variants. To address the importance of
PKB activation in S6K1 signaling, we compared the activity of
wild-type PKB and its sensitivity to wortmannin with those of
two activated alleles of PKB, one of which was constitutively
membrane targeted. The latter allele contains the myristylation
and palmitylation signal of the proto-oncogene Ick attached to
its amino terminus (Fig. 1A), which constitutively localizes the
PKB variant to the membrane (see reference 6 and below).
The second variant of PKB contains acidic residues at the
primary sites of phosphorylation associated with PKB activa-
tion, T308, in the activation loop, and S473, near the carboxy
terminus (Fig. 1A) (1). Wild-type PKB and each of the variants
were HA epitope tagged, transiently transfected into human
293 cells, and analyzed for basal and insulin-stimulated activity,
with Crosstide (21) as a peptide substrate (Fig. 1B). In contrast
to the HA epitope-tagged wild-type PKB, HA-PKBa, both
variants had high basal kinase activity which was not further
augmented by insulin stimulation (Fig. 1B). The activity of the
double acidic variant, HA-PKB«a-T308D/S473D, was equiva-
lent to that of insulin-stimulated HA-PKBa«, whereas the mem-
brane-targeted variant, m/p-HA-PKBa, was approximately
fourfold more active than insulin-stimulated HA-PKBa (Fig.
1B). Furthermore, in contrast to HA-PKBa, both HA-PKBa-
T308D/S473D and m/p-HA-PKBa were resistant to wortman-
nin (Fig. 1B). Thus, the two activated alleles of PKB, though
displaying distinct levels of activity, were unresponsive to mi-
togen stimulation and the effects of wortmannin.

Differential regulation of S6K1 by PKB. To determine the
effect of PKB on S6K1 activation, each of the HA epitope-
tagged PKB constructs was cotransfected with a Myc epitope-
tagged S6K1 reporter, Myc-S6K1. Consistent with the results
of earlier studies the wild-type construct had little effect on
S6K1 activation (4), whereas m/p-HA-PKBa led to full S6K1
activation in the absence of insulin treatment (Fig. 2A) (15). In
contrast to wild-type PKB, m/p-HA-PKBa also conferred
wortmannin resistance on the Myc-S6K1 reporter construct
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FIG. 4. Membrane targeting of PKB is required for S6K1 activation. (A and C) Wild-type HA-PKBa, HA-PKBa-T308D/S473D, and m/p-HA-PKBa-S473A were
cotransfected into human 293 cells with an Myc-S6K1 reporter construct. Panel A shows the activity of the indicated PKB constructs as well as that of m/p-HA-
PKBa-T308D/S473D. S6K1 activity is presented as in Fig. 2 (C, upper panel). Expression levels of Myc-S6K1 and the different HA-tagged PKB constructs are shown
in the lower panels (A and C). (B) Myc-GSK-3B was cotransfected with the empty vector, m/p-HA-PKBa-S473A, or m/p-HA-PKBa. GSK-3 activity is presented as
a percentage of PP2A-induced activity. (D) Wild-type HA-PKBa and HA-PKBa-S473A were expressed together with S6K1. S6 kinase activity is shown in the upper
panel (Fig. 2), and expression levels are shown in the middle and lower panels, as indicated. Error bars indicate standard deviations.

(Fig. 2A). Unexpectedly, the cotransfection of the HA-PKBa-
T308D/S473D variant did not raise S6K1 values above those of
the wild-type construct and was ineffective at protecting S6K1
from inactivation by wortmannin treatment. The activation of
S6K1 is associated with increased phosphorylation of T229, in
the activation loop, and acute phosphorylation of T389 in the
linker domain (23, 46, 49), as shown for the Myc-S6K1-GST
reporter in 293 cells treated with insulin (Fig. 2B). Consistent
with the observation that the HA-PKB«a-T308D/S473D variant
had no effect on S6K1 activation, it had no effect on either
T229 or T389 phosphorylation, whereas the m/p-HA-PKBa
was nearly as potent as insulin in inducing increased phosphor-
ylation of the two sites (Fig. 2B). Thus, even though the HA-
PKBa-T308D/S473D construct is as active as insulin-induced
wild-type PKB it has no effect on S6K1 activation or on the two
critical sites of phosphorylation associated with kinase activa-
tion, T229 and T389.

Differential signaling of PKB to GSK-3. One possibility is
that HA-PKBa-T308D/S473D is not capable of signaling to
downstream effector molecules under the conditions employed
here. To determine the effectiveness of HA-PKBa-T308D/
S473D in downstream signaling, both of the activated alleles
were analyzed for their abilities to inhibit the activity of an Myc
epitope-tagged GSK-3p reporter (21). The results demonstrate
that insulin stimulation decreased Myc-GSK-3 activity to ap-
proximately 70% of the value detected in quiescent cells (Fig.
3), in good agreement with values observed by others (54).
Despite their differential effects on S6K1 activity (Fig. 2A), the
coexpression of either HA-PKBa-T308D/S473D or m/p-HA-
PKBa lowered Myc—GSK-33 activity to the same extent, an
effect which was not further potentiated by insulin (data not
shown). The coexpression of HA-PKBa was also as efficient as
that of either of the two activated constructs in lowering Myc—
GSK-3p activity, possibly reflecting the overexpression of HA-



4530 DUFNER ET AL.

wild type T308D/S473D

FIG. 5. Localization of HA-PKBa-T308D/S473D and PKBa-CaaX. Human
293 cells were transfected with 0.5 pg of the indicated HA-tagged construct per
ml or 1 pg of PKB-CaaX per ml on glass coverslips. They were then processed
for immunofluorescence as described in Materials and Methods. m/p, m/p-HA-
PKBa.

PKBa and the high affinity of the two kinases for one another
(61). However, the kinase-inactive form of PKBa, in which
K179 in the ATP binding site had been replaced by an alanine
(Fig. 1A), had no effect on Myc—GSK-3 activity (Fig. 3). Thus,
the overexpression of wild-type PKB is sufficient to induce
GSK-3B inactivation, but not S6K1 activation, and although
the double acidic mutant has no effect on S6K1 activity (Fig.
2A), it is unimpaired in its ability to signal GSK-3B (Fig. 3).
Membrane targeting of PKB. A potential explanation for
the inability of the double acidic PKB to activate S6K1, versus
m/p-HA-PKBu, is that such activation requires the constitutive
membrane targeting of PKB. To test this possibility the double
acidic mutant was constitutively targeted to the membrane by
virtue of the myristylation and palmitylation signal. However,
this form of the kinase was inactive, even in the presence of
insulin (Fig. 4A). Therefore, to resolve this issue we exploited
an m/p-HA-PKBa variant in which S473 was mutated to ala-
nine, m/p-HA-PKB«a-S473A (6). This mutant has basal activity
equal to that of HA-PKBa-T308D/S473D and is significantly
less active than the m/p-HA-PKBa parent construct (Fig. 4A
and 1B). The addition of insulin slightly raises the kinase ac-
tivity of m/p-HA-PKBa-S473A, although the level of activation
is lower than that of the wild-type enzyme in the presence of
insulin (Fig. 4A). Furthermore, this construct was as potent as
the m/p-HA-PKBa parent construct in lowering basal Myc—
GSK-3 activity (Fig. 4B). Despite the significantly lower basal
activity of m/p-HA-PKBa-S473A compared with that of m/p-
HA-PKBa (Fig. 4A), the constitutive targeting of this con-
struct to the membrane led to the full activation of coexpressed
Myc-S6K1, an effect not further augmented by insulin (Fig.
4C). To ensure that this effect was due to membrane targeting,
the same variant lacking the myristylation and palmitylation
signal, HA-PKB«a-S473A, was coexpressed with Myc-S6K1.

MoL. CELL. BIOL.

Like the double acidic mutant, HA-PKBa-S473A did not po-
tentiate S6K1 activation beyond that of wild-type HA-PKBa
(Fig. 4D). As with the double acidic mutant, we have also
found that the m/p-HA-PKBa construct harboring an alanine
at T308 is inactive and fails to induce S6K1 activation (data not
shown). Taken together the data demonstrate that full S6K1
activation is a function of the constitutive membrane localiza-
tion of active PKB rather than its specific activity.

Effect of an interfering PKB mutant on S6K1 activation.
The data above indicate that PKB-mediated S6K1 activation
requires the membrane localization of an active allele. Consis-
tent with this model and their effects on S6K1 activation (Fig.
2A), immunofluorescence data show that the double acidic
HA-PKBa-T308/S473D mutant, like wild-type HA-PKBa,
largely resides in the cytoplasm of quiescent 293 cells, whereas
the m/p-HA-PKBa construct is localized at the membrane
(Fig. 5). However, recent observations have demonstrated that
mitogen stimulation leads to the transient, wortmannin-sensi-
tive membrane translocation and activation of PKB (6), a find-
ing which would be consistent with the hypothesis that PKB
mediates insulin-induced S6K1 activation. To test this hypoth-
esis we initially analyzed the effects of a kinase-dead variant of
PKBa, HA-PKBa-K179A (Fig. 1A), and a PKBa mutant hav-
ing alanines at positions 308 and 473 (1) on insulin-induced
S6K1 activation. However, the overexpression of either con-
struct or the HA-PKBa-K179A construct having a myristyla-
tion and palmitylation signal failed to attenuate the insulin-
induced activation of an epitope-tagged reporter PKB
construct (data not shown). In recent studies it has been shown
that when PKB is targeted to the membrane by a CaaX box
from Ki-Ras it is catalytically inactive and blocks the insulin-
induced activation of an epitope-tagged reporter PKB con-
struct (61). As shown by immunofluorescence this construct is
constitutively targeted to the membrane (Fig. 5). The coex-
pression of this construct with a Myc epitope-tagged PKB or
GSK-3 reporter attenuates insulin-induced PKB activation and
GSK-3 inactivation (Fig. 6A and B) (61), whereas it had no
effect on insulin-induced S6K1 activation (Fig. 6C). These data
demonstrate that insulin-induced PKB activation is not neces-
sary for S6KI1 activation.

PKB regulation of 4E-BP1 phosphorylation. Although S6K1
and GSK-3 reside on a PI3K-dependent signaling pathway,
only the S6K1 branch of this pathway is regulated by mTOR,
the target of rapamycin (59). Recent studies have demon-
strated that the repressor of initiation factor 4E, 4E-BP1, re-
sides on the same PI3K-dependent, rapamycin-sensitive signal-
ing pathway as S6K1 (64). As with S6K1, activated alleles of
PKB lead to increased 4E-BP1 phosphorylation (27, 36, 60),
and insulin-induced 4E-BP1 phosphorylation is blocked by in-
terfering mutants of PKB (27). However, given their similar
modes of regulation, it was reasoned that 4E-BP1 should be
regulated by PKB in a manner similar to S6K1. To test this
possibility we first examined the effects of insulin on 4E-BP1
phosphorylation, as demonstrated by its reduced mobility on
sodium dodecyl sulfate-polyacrylamide gels (64), in the ab-
sence and presence of coexpressed wild-type PKBa. Although
the coexpression of wild-type PKBa slightly raised 4E-BP1
phosphorylation levels, full activation required insulin (Fig.
7A). Furthermore, in both cases, the increases in 4E-BP1 phos-
phorylation were blocked by pretreatment with wortmannin
(Fig. 7A). Surprisingly, in contrast to S6KI1 activation (Fig.
4C), HA-PKB«a-T308D/S473D alone is as potent in inducing
4E-BP1 phosphorylation as it is in the presence of insulin (Fig.
7A). Moreover, the effect of HA-PKBa-T308D/S473D on 4E-
BP1 phosphorylation is equivalent to that of the constitutively
membrane-targeted m/p-HA-PKBa variant, and neither effect
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FIG. 6. Insulin-induced PKB activation is not necessary for S6K1 activation but is required for GSK3 inhibition. (A) Human 293 cells were transiently transfected
with Myc-tagged PKBa and PKBa-CaaX or the empty vector. The serum-deprived cells were lysed directly or first were stimulated for 20 min with 1 uM insulin. Cell
extracts were analyzed by Western blotting with a polyclonal antibody (1) raised against the C terminus of PKB (upper panel). The activity of Myc-tagged PKBa was
measured as described in Materials and Methods with the monoclonal 9E10 antibody for immunoprecipitation (lower panel). Error bars indicate standard deviations.
(B) Myc-tagged GSK-3 was cotransfected with PKBa-CaaX or the empty vector. The cells were left untreated or were stimulated as in the experiment described in
panel A. GSK-3 activity was measured as described in Materials and Methods, except that the PP2A step was omitted. The expression levels of Myc—GSK-3 (upper
panel) and PKBa-CaaX (middle panel) were quantified with the 9E10 and the polyclonal PKB antibodies, respectively. Error bars indicate standard deviations. (C)
Human 293 cells were transiently transfected with Myc-tagged S6K1 and either the empty vector or PKBa-CaaX and treated as described for panel A. Cell extracts
were analyzed by Western blotting with either the 9E10 antibody to quantify S6K1 expression (upper panel) or the polyclonal anti-PKB antibody (middle panel). S6K1

activity was measured as described in Materials and Methods (lower panel).

is blocked by pretreatment with wortmannin (Fig. 7A). Con-
sistent with these findings, we found in separate studies that
the m/p-HA-PKBa-S473A variant was as potent as the two
activated PKB alleles in inducing 4E-BP1 phosphorylation and
that this effect was not blocked by wortmannin and was as
strong in the absence of insulin (Fig. 7B). Thus, 4E-BP1 phos-
phorylation is affected by the activated alleles of PKB in a
manner similar to that observed for GSK-3B. As the PKBa-
CaaX interfering mutant has no effect on insulin-induced S6K1
activation, we also examined its effect on 4E-BP1 phosphory-
lation. Again, in contrast to S6K1 activation (Fig. 4C), the
PKBa-CaaX interfering mutant blocked insulin-induced 4E-
BP1 phosphorylation (Fig. 7C). Taken together the results
demonstrate that in 293 cells PKB plays an essential role in
regulating 4E-BP1 phosphorylation and GSK-3 inactivation
but is dispensable for S6K1 activation.

DISCUSSION

The results presented here demonstrate that activated al-
leles of PKB will induce S6K1 activation only when these
alleles are constitutively localized to the membrane. The re-

sults further show that such membrane localization is not re-
quired for activated alleles of PKB to signal GSK-3 or 4E-BP1.
In the case of 4E-BP1, this was an unexpected observation, as
4E-BP1 phosphorylation is thought to be regulated by the
same rapamycin-sensitive pathway as S6K1 (64). Indeed, the
results support a model in which PKB plays a dominant role in
signaling 4E-BP1, whereas the input to S6K1 appears dispens-
able (see Fig. 8).

The finding that activated alleles of PKB, but not wild-type
PKB, mediate S6K1 activation is similar to observations of the
effects of activated alleles of Ras on S6K1 activation (10, 40).
Activated oncogenic alleles of Ras induce S6K1 activation;
however, interfering mutants of Ras do not block insulin, epi-
dermal growth factor, or PDGF activation of S6K1 (40). More-
over, PDGF-induced activation of Ras and its downstream
effector, mitogen-activated protein kinase, are unaffected in
cells expressing a mutant of the PDGF receptor lacking the
kinase insert domain, whereas S6K1 activation is abolished
(40). Similarly, fibroblast growth factor induces potent activa-
tion of endogenous Ras but has no effect on lamellipodium
formation, despite the finding that activated oncogenic Ras will
induce lamellipodium formation in the same cell type (62). It
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FIG. 7. PKB activation is necessary and sufficient for 4E-BP1 phosphorylation. (A and B) The indicated PKB constructs, as labeled in Fig. 1, were cotransfected
with HA-4E-BP1 as described in the legend to Fig. 2A. After serum deprivation cells were either left untreated, stimulated with insulin for 20 min prior to lysis, or
pretreated with 250 nM of wortmannin for 1 h prior to stimulation with insulin, as indicated. m/p, myristylation and palmitylation signal. (C) PKBa-CaaX or the empty
vector was cotransfected in human 293 cells with HA-tagged 4E-BP1, and the cells were treated as described in the legend to Fig. 6A. 4E-BP1 electrophoretic mobility
shifts were detected, as described in Materials and Methods. The upper panels show the expression of the cotransfected PKB constructs, detected with either the 12CAS
antibody (A and B) or the polyclonal anti-PKB antibody (C), as described in Materials and Methods.

has been shown that activated Ras can bind to and activate the
p110 catalytic subunit of PI3Ka (51, 52); however, endogenous
Ras does not appear to be a major route utilized by growth
factors in signaling PI3K. In the case of activated oncogenic
Ras, its increased potency in signaling is due to it being in the
constitutively highly active GTP-bound state. Likewise, in the
case of PKB, constructs targeted to the membrane are also
much more active than their wild-type counterparts (Fig. 1)
(6). However, here we demonstrate that the essential element

PI3K

Xm «4+—PKB*

PKB* ¢

Y

GSK3

S6K1 4E-BP1

FIG. 8. Model for differential PKB signaling to S6K1 and 4E-BP1. PI3K
signaling to S6K1 is PKB independent, whereas 4E-BP1 and GSK-3 phosphor-
ylation are PKB dependent. However, when PKB is constitutively targeted to the
membrane it artificially activates X, a potential mediator of the PI3K-depen-
dent signaling pathway to S6K1. Asterisk indicates active PKB. m, membrane; c,
cytoplasm.

controlling S6K1 activation is not the specific activity of PKB
but its intracellular location. Consistent with this conclusion,
recent studies have shown that myristylated PKBa or myristy-
lated PKBa-S473A induce oncogenic transformation in
chicken embryo fibroblasts and hemangiosarcomas in young
chickens (8). In contrast, cytosolic PKBa-T308D/S473D was
weakly transforming and induced no tumors, similar to wild-
type PKBa, despite the fact that its level of intrinsic PKB
activity was higher than that of the myristylated PKBa-S473A
variant (8). In the case of S6KI, it could be envisaged that
activated alleles of PKB constitutively targeted to the mem-
brane artificially induce the activation of a membrane-localized
S6K1 signaling component, leading in turn to S6K1 activation
(Fig. 8). The results demonstrate that conclusions drawn from
studies with constitutively membrane-targeted active alleles of
PKB concerning the role of endogenous PKB in downstream
signaling must be viewed with caution, as pointed out by others
3).
The findings that the insulin-induced activation of S6K1 is
not blocked by interfering mutants of PKB, despite the nega-
tive effects of this mutant on 4E-BP1 phosphorylation and
GSK-3 inactivation, strongly imply that PKB does not signal
S6K1. Similar conclusions have been drawn from experiments
carried out by Conus et al., who showed that the depletion of
intracellular stores of Ca*>" had no effect on PKB activation
but abolished S6K1 activation (20). In parallel, they demon-
strated that an increase in intracellular Ca®" results in full
S6K1 activation, which is wortmannin sensitive, but has little to
no effect on PKB. It has been shown in at least one cell type
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that a dominant interfering mutant of PKB inhibits S6K1 ac-
tivation at very similar doses to those that block PKB activation
(35). In this case, the dominant interfering mutant employed
contained alanines at T308 and S473 and was delivered to the
cell by utilizing an adenovirus infection strategy. In parallel,
these authors observed little to no effect of the same mutant on
insulin-induced S6K1 activation in a second cell type (35). As
phosphoinositide-dependent protein kinase 1 is the activation
loop kinase for both S6K1 and PKB (2, 4, 49, 57), it may be that
the effect on S6KI1 activation is accomplished not through the
inhibition of PKB but through the inhibition of a parallel
pathway. Indeed, recent results from this laboratory have
clearly demonstrated that interfering mutants of S6K1 can
affect parallel pathways (see reference 63 and below). Al-
though the results presented here do not exclude a role for
PKB in S6KI1 activation, they strongly support a model
whereby PKB resides on a pathway parallel to that of S6K1
(Fig. 8).

Rapamycin inhibits mitogen-induced 4E-BP1 and S6K1
phosphorylation (9, 18, 37, 48, 64), whereas rapamycin-resis-
tant mutants of mTOR protect both S6K1 (12) and 4E-BP1
(14, 27, 31) phosphorylation from the effects of rapamycin.
Although mTOR has significant homology with lipid kinases of
the PI3K family (11), in vitro it autophosphorylates and can
phosphorylate the rapamycin-sensitive sites in S6K1 (16) and
4E-BP1 (13). However, not all the data are consistent with the
role of mTOR as the 4E-BP1 and S6K1 kinase. First, the sites
of phosphorylation in 4E-BP1 contain a proline in the +1
position (14, 26), whereas in S6K1 the critical residue, T389, is
flanked by large aromatic residues (45). More importantly, a
mutant of S6K1 lacking both the amino and carboxy termini,
although still sensitive to wortmannin inhibition, is resistant to
rapamycin-induced T389 dephosphorylation (23). These latter
studies led to the hypothesis that rapamycin may block S6K1
activation by activating a phosphatase which is negatively reg-
ulated by mTOR (22, 23). In the case of 4E-BP1, five phos-
phorylation sites were initially identified as the targets of
mTOR in vitro and in vivo (26). More recent studies suggest
that only two of these sites may serve as in vitro targets and
that they may be highly phosphorylated in quiescent cells,
acting as priming sites for an unidentified mitogen-activated
kinase (see references 16 and 22). mTOR contains 16 36- to
47-amino-acid repeats, termed HEAT domains, which are
characterized by a series of spaced hydrophobic amino acids
(22), which have been shown in the A subunit of PP2A to serve
as a protein docking site (29). Consistent with the existence of
HEAT domains, recent studies have shown that other kinases
may be tightly associated with mTOR (43). Obviously it will be
important to identify mTOR-associated kinases and to deter-
mine whether they serve as either 4E-BP1 or S6K1 kinases.

The differential effects of PKB signaling on 4E-BP1 and
S6K1 were unexpected. As stated above, 4E-BP1 and S6K1
reside on the same PI3K-dependent signaling pathway and
both are sensitive to rapamycin. Furthermore, the overexpres-
sion of S6K1 blocks 4E-BP1 phosphorylation at the same sites
as rapamycin, suggesting that the 4E-BP1 and S6K1 signaling
pathway bifurcates just upstream of S6K1, with the most ob-
vious point of bifurcation being mTOR (63). One possible
explanation that reconciles these seemingly disparate observa-
tions is that mTOR acts as both a kinase and a scaffold for
other interacting proteins, as we have recently suggested (22).
In this case, PKB signaling to 4E-BP1 would be accomplished
through mTOR or an associated kinase, as indicated by recent
findings (43, 53), but this event would not act on the S6K1
signaling pathway. In this model, S6K1 may still require mTOR
for activation but in a PKB-independent manner. The overex-
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pression of S6K1 would sequester mTOR or a molecule which
interacts with mTOR and block 4E-BP1 phosphorylation. The
validation of this model will require more knowledge concern-
ing mTOR structure and function.
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