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Phosphorylation and Activation of
p70°¢k by PDK1

Nicholas Pullen,” Patrick B. Dennis,” Mirjana Andjelkovic,
Almut Dufner, Sara C. Kozma, Brian A. Hemmings,t
George ThomasT

Activation of the protein p70%®* by mitogens leads to increased translation of a family of
messenger RNAs that encode essential components of the protein synthetic apparatus.
Activation of the kinase requires hierarchical phosphorylation at multiple sites, culmi-
nating in the phosphorylation of the threonine in position 229 (Thr?2®), in the catalytic
domain. The homologous site in protein kinase B (PKB), Thr%8, has been shown to be
phosphorylated by the phosphoinositide-dependent protein kinase PDK1. A regulatory
link between p70%%< and PKB was demonstrated, as PDK1 was found to selectively
phosphorylate p705ek at Thr22°, More importantly, PDK1 activated p70%%* in vitro and in
vivo, whereas the catalytically inactive PDK1 blocked insulin-induced activation of

P70k,

The p70 ribosomal protein S6 kinase,
p70%°% participates in the translational con-
trol of mRNA transcripts that contain a
polypyrimidine tract at their transcriptional
start site (1). Although these transcripts
represent only 100 to 200 genes, they can
encode up to 20% of the cell’s mRNA (2),
with most of these transcripts encoding
components of the translational apparatus
(2). The p70°°F has been tentatively iden-
tified as a downstream effector of the phos-
phoinositide 3-kinase (PI3K) signaling
pathway, but the upstream kinases linking
PI3K with p70*°¢ have not been identified
(3). In addition, p70°°* activity is controlled
by the mammalian target of rapamycin
(mTOR), which appears to protect the ki-
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nase from a phosphatase (4). Activation of
p70°% is associated with increased phospho-
rylation of eight residues (Fig. 1A) (4). Of
these, three appear to be essential in regu-
lating kinase activation, including Thr??® in
the catalytic domain as well as Ser*’! and
Thr*® in the linker domain (Fig. 1A) (4,
5). All three sites are conserved in many
members of the AGC (protein kinases A,
G, and C) family of Ser/Thr kinases, includ-
ing PKB and PKC. The sequence surround-
ing Thr??? is also highly conserved in the
Ca’*- and calmodulin-dependent protein
kinase family (CaMK), the closest neighbor
to that of the AGC family (Fig. 1A) (6).
Recently, it was demonstrated that a newly
described kinase, termed PDKI1, phospho-
rylates the equivalent site to Thr?? in PKB,
Thr?% (7). Further studies have indicated
that although PDK1 is constitutively active,
its ability to phosphorylate Thr*®® is
blocked by the NH,-terminal pleckstrin ho-
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mology (PH) domain of PKB (7). Upon
mitogen stimulation, PI3K increases the
level of phosphatidylinositide-3,4,5-P,,
which binds to the PH domain of PKB,
presumably distupting its interaction with
Thr?® (8). The in vivo kinase that phos-
phorylates Thr*? in the catalytic domain of
p70°%¢ is also thought to be constitutively
active, but requires prior phosphorylation of
Thr*®, in the linker region of p70°¢* (Fig.
1A), to bring about kinase activation (9).
To investigate whether PDK1 phospho-
rylates Thr*?® in p70%%, Myc-tagged PDK1
(10) and Myc-p70%* were expressed in 293
cells. As a control, PDK1 activity was as-
sessed with an influenza hemagglutinin-
tagged PKB variant lacking the PH domain,
termed HA-APHPKB (11), which is a sub-
strate for PDK1 in the absence of phospho-
lipids (8). Myc-PDK1 phosphorylated
HA-APHPKB, whereas the catalytically in-
active variant of PDK1, Myc-PDK1-KD, did
not (Fig. 1B) (12). Incubation of Myc-PDK1
with Myc-p70*%¢ led to only a small in-
crease in the amount of phosphate incor-
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porated into Myc-p70°%* (Fig. 1C). The
phosphorylation of Thr??® appears to de-
pend on phosphorylation of Thr’®® (13),
and this reaction is facilitated by convert-
ing four (Ser/Thr)-Pro phosphorylation
sites in the autoinhibitory domain to acid-
ic residues (Fig. 1A) (14). Therefore, we
tested whether a p70°%* variant with acidic
residues placed at Thr*® and at the four
(Ser/Thr)-Pro sites (Myc-p70°*E389D,E)
(14) would serve as a better substrate for
PDK1. The Myc-p70**E389D,E protein
was more efficiently phosphorylated by
PDK1 than the wild-type enzyme or the
Myc-p70*kD;E variant, in which only the
(Ser/Thr)-Pro sites are converted to acidic
residues (Fig. 1C). Myc-PDK1-KD did not
phosphorylate Myc-p70*¢*E389D,E (Fig.
1C). To verify the site of phosphorylation,
the Myc-p70°*E389D,E variant and a mu-
tant in which Thr??® was converted to
serine (15) were phosphorylated in vitro
by Myc-PDK1 and subjected to two-di-
mensional phosphopeptide mapping (9).
In both cases, a single major phosphopep-

E389D;E
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tide was observed (Fig. 1D) that migrated
at the identical position. Amino acid anal-
ysis of the two phosphopeptides revealed
phosphothreonine in the peptide from the
Myc-p70**E389D;E mutant and phospho-
serine in the peptide from the Ser?”® mu-
tant (Fig. 1D). Thus, PDK1 selectively
phosphorylates p70%¢* at position Thr?%.

Only the active form of PDK1 phospho-
rylates and activates HA-APHPKB in vitro
(Fig. 2A) (8). In the case of Myc-p70°* and
Myc-p70*kD,E, the small increase in phos-
phorylation catalyzed by Myc-PDK1 had no
detectable effect on activity (Fig. 2B). This
finding is consistent with the inability of
Myc-PDK1 to phosphorylate Thr*®, which
appears to be an absolute requirement for
p70°% activation (9, 14). Although Myc-
p70°*E389D;E has high basal kinase activ-
ity, Myc-PDK1 further increased the activ-
ity of this variant (Fig. 2B). The catalyti-
cally inactive Myc-PDK1-KD did not acti-
vate Myc-p70*E389D,E (Fig. 2B). These
results support the hypothesis that phospho-
rylation of Thr*®® is a prerequisite for phos-
phorylation of Thr??,

The threonine residues in the catalytic
domains of p70°* and PKB appear to be
selectively phosphorylated by PDK1. Mem-
bers of CaMK family of protein kinases also
have similar amino acid sequences in their
catalytic domains (Fig. 1A) (6). The cata-
lytic domain kinase for a member of the

e m2as FoeTIEYIMAPE
N iﬁ;iimiiiﬁﬁ%ii aGc W DE E®DE CaMK family, CaMK IV, has been cloned
PKCo  VITRE*STFCGTPDY[IAPE p70% - E i . and termed CaMK kinase (16), allowing
CaMKIV mMKT“ﬂEﬁEE?c,ws CaMK PDKA A P A O
AMPK EFLRT'72SCGS[PNYAAPE POKIKD, =l e St
A 30
B : : D > 25+
PDK1» P By |
APHPKB»| - - -l B S
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Fig. 1. Site-specific phosphorylation of p70s% by L« pThr o
PDK1. (A) Schematic diagram of p705°< showing the POK1 e
catalytic domain (white), linker domain (hatched), and a PORIKD e e
autoinhibitory domain (black). Known phosphoryl- o b3 < Ori
ation sites are indicated. The sequence (20) sur- R B WT D;E E389D;E
rounding the activation loop site, Thr229, is compared o § :
with those from other kinases (6), and identities are i SG'I** - =;' .I
boxed. The four (Ser/Thr)-Pro sites, substituted with PDK1 - % = 4 = 4 =
PDKI-KD - - - = - - +

acidics in the D,E series, are noted. (B) HA-APHPKB (77), Myc-PDK1, and Myc-PDK1-KD (710) were
independently expressed in 293 cells (72). Total cell extracts expressing APHPKB (40 ng), PDK1 (2.5
rg), or PDK1-KD (2.5 pg) were mixed (72), and the immunoprecipitates were incubated with 10 pCi
[y®2P]adenosine triphosphate (ATP) (25 1M, 45 min, 30°C). The %2P-labeled proteins were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by phosphorimagery. Arrowheads de-
note the positions of Myc-PDK1 and HA-APHPKB. (C) Myc-p70%% constructs were expressed in 293
cells, and extracts (40 png) were mixed with PDK1 or PDK1-KD (2.5 pg) and treated as in (B) after
immunoprecipitation. The amount of each kinase used was equal by immunoblot analysis (40 pg,
upper); the position of phosphorylated p70%% is indicated (lower). WT, wild type. (D) Myc-
p70sSE389D,E (left panel) or Myc-p705845229 E389D,E (15) (left panel, inset) were immunoprecipi-
tated with PDK1 and treated as in (B). The **P-labeled p70%* was digested in the gel, and the released
phosphopeptides were mapped as in (9). The major phosphopeptide from each map was eluted from
the cellulose matrix for phospho-amino acid analysis (right panel). The positions of the standards (pThr
and pSer), free phosphate (P,), and origin (Ori) are indicated by arrowheads, and the activation-loop
residue for each construct is indicated under the panel.

Fig. 2. Activation of p70%% and PKB by PDK1 in
vitro. Equal amounts of either (A) HA-APHPKB or
{B) Myc-tagged variants of p70%8 were immuno-
precipitated with either Myc-PDK1 or Myc—PDK1-
KD as in Fig. 1B. The APHPKB and p70st were
activated by PDK1 by incubation with 200 pM
MgATP. The PKB activity was measured with
Crosstide (79) by fitter paper assay (A), and p70s6<
activity, with 40S ribosomal subunits (9) (B). Phos-
phorylated S6 was resolved by SDS-PAGE and
visualized by phosphorimagery. Each p705* vari-
ant used and phosphorylated S6 are indicated.
The results are representative of two independent
experiments.
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the possibility of testing the two kinases
against alternative substrates. Purified Myc-
PDK1 did not phosphorylate CaMK IV
(Fig. 3A). Similarly, CaMK kinase did not
appreciably phosphorylate either purified
glutathione S-transferase (GST)-tagged
p70°<E389D,E or HA-APHPKB (Fig. 3A).
Thus, the upstream kinases for the catalytic
domains of the AGC and CaMK protein
kinase families are apparently selective for

their respective family members.
Earlier studies indicated that the Thr?%°

Fig. 3. Specificity of catalytic domain kinases. (A)
After immunoprecipitation, HA-APHPKB and Myc-
PDK1 were eluted from immune complexes with
HA and Myc epitope peptides, respectively, in buff-
er B. Myc-p70s8<E389D,E-GST, from transfected
293 cells, was purified on glutathione-Sepharose
and then eluted with 10 mM glutathione in buffer B
(712). The purity and concentration of each kinase
were verified by SDS-PAGE and Coomassie
staining. Equal amounts (200 ng) of purified, sol-
uble HA-APHPKB, Myc-p70°5E389D,E-GST,
or CaMK IV were incubated with soluble Myc-
PDK1 or CaMK kinase (78) and Mg[y-*2P]ATP as
in Fig. 1B. Phosphorylated products were re-

kinase is constitutively active in quiescent
cells and resistant to wortmannin and rapa-
mycin, agents known to block p70°*¢ phos-
phorylation and activation (9). Consistent
with this result, the activity of PDK1 has
been reported to be constitutive (8). We
therefore immunoprecipitated Myc-PDK1
from quiescent or insulin-stimulated 293
cells treated with wortmannin or rapamy-
cin. Myc-PDK1 was then tested for its abil-
ity to phosphorylate Myc-p70°*E389D,E in
vitro. The activity of PDK1 was unaffected

A CaMKIV APHPKB E389D;E CaMKIV

= [ ~ @
PDK1 - 4+ CaMKK - + = + = 4
B E389D;E

P T T —
o

PDK1 +
Insulin -
Wortmannin
Rapamycin

11 + +
I+ 1 +
+ 1 1 +

solved by SDS-PAGE and visualized by phosphorimagery. Each substrate is indicated above and the
phosphorylating kinase is indicated below the panel. The asterisk indicates the position of autophos-
phorylated Myc-PDK1. The results are representative of two independent experiments. (B) Myc-
PDK1 was expressed in 293 cells and then either extracted immediately, stimulated with insulin (1
1M, 10 min) and extracted, or treated (30 min) with wortmannin (250 nM) or rapamycin (20 nM) and
extracted. After immunoprecipitation, Myc-PDK1 (expression, top panel) activity was measured with
purified Myc-p70S8KE389D,E-GST (200 ng) as in (A). The 32P-labeled Myc-p70s6<E389D,E-GST was
visualized after SDS-PAGE and phosphorimagery (bottom panel). The results are representative of

two independent experiments.

o RFPORTS

by insulin stimulation, and treatment of
cells with either wortmannin or rapamycin
did not inhibit PDK1 activity (Fig. 3B).
Thus, PDK1 is constitutively active and
insensitive to agents known to block insu-
lin-induced p70%% activation.

The observations above suggest that
PDK1 is the kinase responsible for regulating
p70°E389D;E activation in vivo. Expres-
sion of Myc-PDK1 slightly enhanced basal
activity of a Myc-p70°°-GST reporter, but
potently activated Myc-p70*<E389D;E-
GST, an effect that was not further aug-
mented by insulin (Fig. 4A). In contrast,
expression of catalytically inactive Myc-
PDK1-KD blocked insulin-induced activa-
tion of Myc-p70°E389D,E-GST (Fig. 4A)
as well as Myc-p70°%-GST (13). The speci-
ficity of PDK1 was further supported by the
finding that co-expression of PDK1 with the
mitogen-activated protein kinase (p44™2Pk)
had no effect on either basal or 12-O-tetra-
decanoylphorbol 13-acetate (TPA )-induced
p44™2% (Fig. 4B). In addition, Myc-PDK1
activation of Myc-p70*E389D,E was not
inhibited by wortmannin or rapamycin (Fig.
4C). Co-expression of Myc-PDKI1 also in-
creased HA-PKB activity; however, the ef-
fect on APHPKB activity was much larger
(Fig. 4D). Thus, PDK1 can increase the ac-
tivity of p70°% and PKB in vivo, if the
regulatory constraints that would normally
block access to the catalytic domain phos-
phorylation site are removed.

The results presented here are consistent

A WT E389D.E E389D,E B c E389DE
p7055k>_ s — — — — p7GsGk P — — — PDK1» p‘,.'osﬁk..- [ —E—
PDKip| = a= - = PDK1» e paqmerkp| - - w-
- PDK1» = oas o
e B R veer] S
Insulin - - 4+ - = 4+ Insulin - 4+ - + TPA A SS>| v - ‘“”l
PDK1 - + + = + 4+ PDK1-KD - - + + PDK1 S A Insulin -+ = = -
PDK1 - - - -+ + +
Fig. 4. PDK1 activation of p70s% is resistant to treatment with Wortmannin - - - + = = 4
wortmannin and rapamycin. The results are representative of at 60 D Rapamycin - - 4 = = ¢ =
least two independent transfections. (A) Myc-p70%8<-GST or £
Myc-p70°8<E389D,E-GST activity (1) after co-expression with or & 50
without Myc-PDK1 (left panel) or Myc-PDK1-KD (right panel), % 404
after treatment with or without insulin (1 M, 30 min), Expression =
of reporter p70%8« and PDK1 was determined by immunoblot (40 g‘ 30+ E PI3K
g, upper panels), and reporter activity was assessed by phos- £ 204 Wortmannin—
phorylation of S6 after precipitation with glutathione-Sepharose ; S
(lower panels). (B) HA-p44™aP* activity was measured as a func- ¥ 10 Rapamycin— mTOR PKB <& (PDK}
tion of Myc-PDK1 transfection and TPA (10 pM) treatment. Ex- 0- ! i B
pression of p44™a°k reporter and PDK1 was determined asin (A)  Insulin -+ = 4 = + = % v PPase—j !.3;_“ ¢ 389D
(upper panel), and reporter activity was assessed by in vitro  PKB AR e B s . \
phosphorylation of myelin basic protein (MBP) afterimmunopre-  APHPKB = = = = + + + + . 3 ’ 5
PDK1 - - % + = = 4+ * Inactive p70%&« Active p70%8«

cipitation (lower panel). (C) Resting 293 cells expressing Myc-
p70°°“E389D,E-GST alone or with Myc-PDK1 were either ex-
tracted directly or stimulated with insulin (1 wM) with or without pretreatment (30 min) with rapamycin (20 nM) or wortmannin (250 nM). Expression of
Myc-p70se<E389D,E-GST and Myc-PDK1 was determined (upper panel), and reporter p70s8 activity was assessed by S6 phosphorylation (lower panel) as
in (A). (D) The effect of insulin on HA-PKB and HA-APHPKB activity, with or without PDK1 co-expression, was measured with Crosstide (719); expression of
each construct was observed to be equal by immunoblot analysis (data not shown). (E) A model of p703% activation predicts Thr22® phosphorylation by PDK1
after prior phosphorylation of Thr38°, Tentative placement of other potential components in the activation scheme are indicated with a dotted line. PPase,
phosphatase.
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with PDK1 as the in vivo kinase responsible
for mediating Thr??” phosphorylation in the
catalytic domain of p70°°k. The kinases re-
sponsible for mediating activation of p70°%%
have been difficult to identify because of the
multiple and hierarchical regulatory steps re-
quired to bring about its activation (4, 9,
14). Initially, it had been suggested that
Thr?*?® phosphorylation was regulated by a
kinase that was activated directly or indirect-
ly by PI3K in a wortmannin-sensitive man-
ner (17). However, our studies indicate that
the Thr??® kinase is constitutively active,
wortmannin-resistant (9), and dependent on
prior phosphorylation of Thr**° to provide
access to Thr??? (13). These latter require-
ments are fulfilled by PDK1 (Fig. 4E) (4, 9).
Activation of p70°% appears to be first me-
diated by phosphorylation of the (Ser/Thr)-
Pro sites in the autoinhibitory domain,
which facilitates phosphorylation at Thr*%?
by disrupting the interaction of the COOH-
and NH,-termini of the kinase, thereby al-
lowing phosphorylation of Thr??® (Fig. 4E)
(4, 9). A key step in this process is Thr*®
phosphorylation, which appears to be posi-
tively regulated by a wortmannin-sensitive,
PI3K-dependent input, possibly through
PKB, and is suppressed by a rapamycin-acti-
vated Thr*® phosphatase (9), through inhi-
bition of mTOR (Fig. 4E). Many members of
the AGC family of Ser/Thr kinases share the
same -conserved catalytic domain of p70%°k
and PKB (Fig. 1A) (6), suggesting that
PDK1 may be a member of a family of ki-
nases that mediate activation-loop phospho-
rylation of AGC protein kinases. Consistent
with this possibility, we have identified a
number of PDK1-like cDNAs (18).
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Protein Kinase B Kinases That Mediate
Phosphatidylinositol 3,4,5-Trisphosphate—
- Dependent Activation of Protein Kinase B

Len Stephens,” Karen Anderson, David Stokoe,
Hediye Erdjument-Bromage, Gavin F. Painter,
Andrew B. Holmes, Piers R. J. Gaffney, Colin B. Reese,
Frank McCormick, Paul Tempst, J. Coadwell, Phillip T. Hawkins

Protein kinase B (PKB) is activated in response to phosphoinositide 3-kinases and their
lipid products phosphatidylinositol 3,4,5-trisphosphate [Ptdins(3,4,5)P,] and PtdIns(3,4)P,
in the signaling pathways used by a wide variety of growth factors, antigens, and inflam-
matory stimuli. PKB is a direct target of these lipids, but this regulation is complex. The
lipids can bind to the pleckstrin homologous domain of PKB, causing its translocation to
the membrane, and also enable upstream, Thr3°8-directed kinases to phosphorylate and
activate PKB. Four isoforms of these PKB kinases were purified from sheep brain. They
bound Ptdins(3,4,5)P, and associated with lipid vesicles containing it. These kinases
contain an NH,-terminal catalytic domain and a COOH-terminal pleckstrin homologous
domain, and their heterologous expression augments receptor activation of PKB, which
suggests they are the primary signal transducers that enable Ptdins(3,4,5)P, or Ptdins-
(3,4)P,, to activate PKB and hence to control signaling pathways regulating cell survival,

glucose uptake, and glycogen metabolism.

Phosphoinositide 3-kinases (PI3Ks) are a
diverse family of enzymes capable of 3-phos-
phorylating inositol phospholipids (1). One
subfamily can be activated. by receptors

through various signal transduction mecha-
nisms. These enzymes phosphorylate PtdIns,
PtdIns(4)P, and PtdIns(4,5)P, in vitro and
apparently preferentially phosphorylate the
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