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ABSTRACT: Phosphoinositide-dependent kinase-1 (PDK-1) is a setimeonine kinase downstream from

PI 3-kinase that phosphorylates and activates other important kinases such as Akt that are essential for
cell survival and metabolism. Previous reports have suggested that PDK-1 has constitutive catalytic activity
that is not regulated by stimulation of cells with growth factors. We now show that insulin stimulation of
NIH-3T3R cells or rat adipose cells may significantly increase the intrinsic catalytic activity of PDK-1.
Insulin treatment of NIH-3T'8 fibroblasts overexpressing PDK-1 increased both phosphorylation of
recombinant PDK-1 in intact cells and PDK-1 kinase activity in an immune-complex kinase assay. Insulin
stimulation of rat adipose cells also increased catalytic activity of endogenous PDK-1 immunoprecipitated
from the cells. Both insulin-stimulated phosphorylation and activity of PDK-1 were inhibited by wortmannin
and reversed by treatment with the phosphatase PP-2A. A mutant PDK-1 with a disrupted PH domain
(W538L) did not undergo phosphorylation or demonstrate increased kinase activity in response to insulin
stimulation. Similarly, a PDK-1 phosphorylation site point mutant (S244A) had no increase in kinase
activity in response to insulin stimulation. Thus, the insulin-stimulated increase in PDK-1 catalytic activity
may involve Pl 3-kinase- and phosphorylation-dependent mechanisms. We conclude that the basal
constitutive catalytic activity of PDK-1 in NIH-3T8 cells and rat adipose cells can be significantly
increased upon insulin stimulation.

Phosphoinositide-dependent kinase-1 (PDKisLx serine- and PI3K-dependent regulation of PDK-1 is important for
threonine kinase immediately downstream from phosphati- its ability to phosphorylate PKG-under some conditions
dylinositol 3-kinase (PI3K) that directly phosphorylates and (17). Moreover, Akt without a PH domain can still be
activates PI3K effectors including Akt, PKG-p70 S6 activated in response to insulid8). These latter studies
kinase, p90-RSK, and SGK (for reviews see refand2). suggest that products of PI3K may help to regulate PDK-1
PI3K signaling pathways are required for mediating meta- activity. In addition, Prasad et al. recently reported that
bolic and vasodilator actions of insulir8B{8) and other oxidative stress or vanadate treatment of 293T cells results
crucial biological functions regulated by growth factors and in tyrosine phosphorylation and increased catalytic activity
cytokines 0). However, the mechanisms by which PDK-1 of PDK-1 (19). Nevertheless, although $&rin human
activates downstream effectors such as Akt are complex andPDK-1 has been identified as an autophosphorylation site
not fully understood. Some studies suggest that PDK-1 is athat is required for PDK-1 activity, a number of investigators
constitutively active kinase localized to the plasma membrane have failed to detect effects of insulin, IGF-1, or wortmannin
upon binding of its PH domain to the PI3K product PI(3,4,5)- treatment to modulate either phosphorylation or catalytic
Ps; (10, 11). The PH domain of Akt also binds PI(3,4,53)P  activity of PDK-1 (12, 15, 20—22). In the present study, we
resulting in colocalization of PDK-1 and Akt and unmasking now demonstrate that insulin can stimulate increased catalytic
of the regulatory TH8 phosphorylation site in Akt1(1— activity of PDK-1 in a PI3K-dependent manner that may be
13). Similarly, while interaction of PI(3,4,5}Rvith PDK-1 linked to phosphorylation of PDK-1. Thus, in addition to
in vitro does not alter its ability to phosphorylate p70 S6 recruitment of PDK-1 to signaling complexes and modifica-
kinase or SGK, PI3K-dependent modification of these two tion of PDK-1 substrates, PI3K-dependent insulin signaling
downstream kinases makes them better substrates for PDK-Jathways may be regulated by additional mechanisms that
(14—16). In contrast, increased catalytic activity of PDK-1 enhance the intrinsic catalytic activity of PDK-1.
in the presence of PI(3,4,5%MRas been reported. {, 13),
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the 3 end. PDK1-K114A: Kinase-inactive PDK-1 (alanine PDK-1 was eluted from pelleted beads by boiling for 5 min
substituted for lysine in the ATP binding site) was derived in Laemmli buffer and immunoblotted with HA-11 or anti-
from PDK1-WT using MORPH kit (5to 3, Inc., Boulder, Akt antibody. To determine endogenous PDK-1 activity in
CO) and mutagenic oligonucleotide GCA GAG AAT ATG rat adipose cells, similar experiments were performed using
CTA TCG CGA TTC TGG AGA AAC GTC-3. PDK1- a sheep polyclonal antibody against PDK-1 for immunopre-
W538L: PH domain mutant of PDK-1 (leucine substituted cipitation (Upstate Biotechnology, catalog no. 06-637).

for tryptophan at position 538) similar to a mutant human  ajiquots of samples from experiments described above
PDK-1 with disrupted binding to PI(3,4,5FL1) was derived  \yere subjected to the kinase assay withgstP]ATP. The
from PDK1-WT using MORPH kit and mutagenic oligo-  gypernatant containing Akt was then incubated with the
nucleotide SGCT CAC AAG CTT TGC AGA AAG-3. peptide RPRAATF [6Q«M, derived from the phosphoryla-
PDK1-S244A: A myc epitope-tagged point mutant of PDK1- tjon site on GSK-3 (Upstate Biotechnology)] in a total
WT with alanine substituted for serine at position 244 was \,gjume of 50uL containing 504M ATP, 8 mM MgCh,
constructed. Akt-WT: cDNA for mouse Akt-1 was ligated 54 10uCi of [y-32PJATP for 10 min at 30C with frequent

into pCIS2 expression vectod), Akt-AA: A mutant Akt mixing. The reaction was stopped by transferring to phos-
(substitution of alanine for threonine at position 308 and phocellulose columns (Pierce Chemical Co.) and spinning
alanine for serine at position 473 to disrupt phosphorylation (1000@y, 30 s). Columns were washed twice with 1%
sites in the regulatory region) was created from AKEWT as pnosphoric acid and placed in 10 mL of scintillation fluid,
described 5). All mutant sequences were confirmed by g incorporated radioactivity was measured jncounter.
direct sequencing. GLUT4-HA: pCIS2 expression vector PDK-1 PhosphorylationNIH-3T3R cells transiently trans-

containing the cDNA coding for human GLUT4 with the . .
HA epitope tag inserted in the first exofacial loop was fecte_d with PDK—_l constructs were serum-starved overnight
constructed as describedd]. and incubated with KRB buffer (107 mM NacCl, 5 mM KCl,

3 mM CaC}, 1 mM MgSQ, 20 mM Hepes, pH 7.4, 10 mM

In Vitro PDK-1 and Akt Kinase AssayslIH-3T3 fibro- S
; ; ; lucose, 0.1% BSA, 7 mM NaHCG{for 30 min without or
lasts stably t -9 ’ EOR, :
blasts stably transfected with human insulin receptors (NIH with wortmannin (100 nM). Cells were then incubated for 3

3T3R cells) 27) were transiently transfected with pBEX or ot ! " . .

PDK-1 constructs (4g of DNA/dish) using Lipofectamaine h it 37 dCth: [ d Pl';fp?‘ (flna}tlhspe0|1;!c afg\é'ty,\;l)f gq‘q/ 37

Plus Reagent (Life Technology, Gaithersburg, MD). One day E'E:)%n I Ireae withou OrdW' |r(1jsu 'n.é q N, n;]m,

after transfection, cells were serum-starved overnight and ). Cell lysates were made as describe except_t at some
lysates were treated with 30 milliunits/mL protein phos-

th t ith ith insulin (1 M i .
en treated without or with insulin (100 nM, 3 min, 3¢) phatase type 2A (PP-2A, Upstate Biotechnology) (20 min,

In some cases, cells were treated with wortmannin (100 nM, ;< . : . .
90 min) before insulin treatment. After insulin stimulation, 30 °C). PP-2A was inactivated by treating samples with 1

cells were lysed with 80@L of buffer A [50 mM Tris, pH uM microcystin-LR for 10 min on ice. An aliquot from each
7.5, 10% glycerol, 1% NP-40, 10 mM EDTA, 300 mM NaCl group was immunoblotted with HA-11 while another aliquot

20 mM NaF, 5 mM sodium pyrophosphate, 1 mM vanadate, was immunoprecipitated with HA-11 and subjepted to SDS

1 mM benzamidine, 1 mM okadaic acid, and complete PAGE followed by Phosphqumager scanning 1o assess
protease inhibitor cocktail tablet (Boehringer Mannheim, phosphorylanon of PDK'.l' This gel was al_so |mrr.1u.noblotted
Germany)] for 30 min at 4C, and lysates were centrifuged W'th. .HA'l.l to assess immunoprecipitation efficiency. In
(600, 3 min, 4°C) to pellet cellular debris. An aliquot of addition, similar experiments were performed with unlabeled
each lysate was immunoblotted to verify overexpression of KH2PQs instead of {#°]H;PQ,, and HA-11 immunoprecipi-

PDK-1 constructs. Another aliquot (40@ fotal protein) was (&€ were used for in vitro PDK-1 kinase assays.
immunoprecipitated by incubation with 4g of anti-HA Transfection of Rat Adipose Cells and Assay for Cell
monoclonal antibody (HA-11; Berkeley Antibody Co., Surface Epitope-Tagged GLUTKolated adipose cells were
Richmond, CA) for~2 h at 4°C followed by incubation prepared from rat epididymal fat pads (CD strain, Charles
with 25 uL of washed protein G-conjugated agarose beads River Breeding Laboratories, Wilmington, MA) by collage-
(Pierce Chemical Co., Rockford, IL) f® h at 4°C on a nase digestion3) and transfected by electroporation as
rotating wheel. Inmune complexes were washed twice with described §, 28). For experiments assessing the effects of
1 mL of buffer B (20 mM Tris, pH 7.4, 0.1% NP-40, 150 insulin on translocation of GLUT4, groups of cells were
mM NacCl) and once with 1 mL of buffer C (20 mM Tris, transfected with the empty expression vector pBEX alone
pH 7.4, 150 mM NaCl) at 4C and then incubated with 0.5 (5 «g of DNA/cuvette) or cotransfected with GLUT4-HA
ug of purified unactivated Aktl protein (Upstate Biotech- (1 ug of DNA/cuvette) and either pBEX, PDK-1 constructs,
nology, Lake Placid, NY, catalog no. 14-279), ACi of or Akt constructs (4g of DNA/cuvette). For experiments
[y-*2P]JATP, and 3QuL of kinase buffer (10QuM ATP, 50 where PDK-1 and Akt constructs were coexpressed with
mM Tris, 0.1 mM EGTA, 0.1 mM EDTA, 0.1% 2-mercap- GLUT4-HA, 4 ug of DNA/cuvette for each construct plus 1
toethanol, 2.5¢M PKI, 1 uM microcystin-LR, 10 mM ng of DNA/cuvette GLUT4-HA was used. DNA for pBEX
MgCl,, 100uM phosphatidylserine, 100M phosphatidyl- was added to various groups as needed to keep the total DNA
choline) for 45 min at 30C. The kinase reaction was stopped concentration constant ag@ of DNA/cuvette. Twenty hours
by briefly centrifuging to separate the immune complex from after electroporation, adipose cells were processed as de-
the substrate solution, immediately addingub of 6x scribed B8, 26, 28) and treated with insulin at concentrations
Laemmli buffer to the supernatant, and boiling for 5 min. ranging from 0 to 60 nM at 37C for 30 min. Cell surface
Samples were subjected to 10% SEFSAGE, and phospho-  epitope-tagged GLUT4 was determined by using the HA-
rylated Aktl was detected by Phosphorimager (Molecular 11 antibody in conjunction witt3-labeled sheep anti-mouse
Dynamics, Sunnyvale, CA). In addition, immunoprecipitated 1gG as described4( 28).
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Ficure 1: Insulin stimulates increased catalytic activity of PDK-1. (A) NIH-&T8ells transfected with pBEX, PDK1-WT, or PDK1-

K114A were treated without or with wortmannin and insulin as indicated (described in Materials and Methods), and recombinant PDK-1
was immunoprecipitated from cell lysates using an anti-HA antibody. A representative autoradiogram from the in vitro kinase assay using
dephosphorylated Akt as the substrate in the presence-BPJATP is shown. (B) Anti-HA immunoblot of anti-HA immunoprecipitates
demonstrating comparable recovery of recombinant PDK-1 constructs. (C)M8&M of Phosphorimager quantification of four independent
experiments normalized for PDK-1 recovery (determined by scanning densitometry). (D) Akt was separated from the immune complex as
described in Materials and Methods and incubated with the peptide RPRAATF in the presene@RIATP to assess Akt activity.
Radioactivity incorporated into the peptide substrate was quantified and normalized for the amount of Akt protein determined by
immunoblotting (average results from two independent experiments are shown). (E) Insulin stimulates activation of endogenous PDK-1 in
rat adipose cells. Lysates of cells treated without or with insulin (1 mg total protein) underwent immunoprecipitation with a sheep polyclonal
antibody against PDK-1. The in vitro kinase assay was then performed, and immunoprecipitated samples were also immunoblotted with a
rabbit polyclonal antibody against PDK-1. A representative experiment from three independent experiments is shown.

Immunodetection of Recombinant HA-Tagged PDK-1 and variance (MANOVA) was used to compare insulin dese
GLUT4.Whole cell homogenates and membrane (particulate) response experiment@ values of less than 0.05 were
fractions were prepared from each group of transfected considered to indicate statistical significance.
adipose cells after overnight culture as describ28).(

Aliquots from each group containing 2@ of protein were RESULTS
subjected to SDSPAGE on a 10% gel. For detection of Insulin-Stimulated Actiation of PDK-1.We performed
PDK-1, samples were boiled prior to running on the gel; for “immune-complex” PDK-1 kinase assays in vitro using
detection of GLUT4-HA, samples were not boiled prior to purified unactivated Akt as a substrate and epitope-tagged
running on the gel. The contents of the gel were transferred PDK-1 immunoprecipitated from lysates of transiently trans-
to nitrocellulose, and expression of recombinant proteins wasfected NIH-3T® cells (Figure 1A). As judged by incorpora-
determined by immunoblotting with HA-11 as describ2g) ( tion of [y-*?P]JATP into Akt, wild-type PDK-1 had basal

Statistical AnalysisPairedt-tests were used to compare kinase activity that was increased?.7-fold upon insulin
individual points where appropriate. Multiple analysis of stimulation of the cells (Figure 1A,C, lanes 3, 4, 7, and 8).
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1 2 using samples from cells pretreated with wortmannin (an
A. P-Akt (Thr”) — inhibitor of PI3K). While wortmannin did not significantly
B. P-Akt (Ser”) — ) affe_ct bgsal PDI_<-1 activity, it completely blockgq the ability
' of insulin to stimulate increased PDK-1 activity (Figure
C. Akt = G— S— 1A,C, lanes 9 and 10). We next assessed kinase activity of
D PDK-1 = il the Akt substrate used in the PDK-1 kinase assay by
' Insulin: - + incubating it with the peptide RPRAATF. As expected, the
Construct  PDK1-WT kinase activity of Akt toward this substrate correlated with

FIGURE 2: Phosphorylation of Akt at both THE and Set’ is the phosphorylation of Akt by PDK-1 (Figure 1D). We
observed in immune-complex PDK-1 kinase assays derived from achieved transient transfection efficiencies e80% (as-
insulin-stimulated cells. NIH-3T8 cells were transfected with  sessed by expression of green fluorescent protein; data not
PDK1-WT and treated without or with insulin, and in vitro kinase shown). Thus, when endogenous PDK-1 levels were com-

assays as described in Figure 1 were performed in the absence o . . ) . . )
[y-32P]ATP. Samples were then immunoblotted with phospho- Bared with recombinant PDK-1 expression by immunoblot

specific antibodies against Akt phosphorylated afTHA), Ser’s ting, we estimated-12-fold overexpression of recombinant
(B) (New England Biolabs, Beverly, MA), or antibodies that PDK-1 (data not shown). Since overexpressed PDK-1 may
recognize Akt independent of phosphorylation state (C) (Upstate not behave like PDK-1 under physiological conditions, we
Biotechnology Inc.). (D) Anti-HA immunoblot of anti-HA Immu- 555 assessed activation of endogenous PDK-1 in freshly
noprecipitates. Representative blots are shown from experiments. . . ..
that were repeated independently twice. isolated untransfected rat adipose cells by immunoprecipi-
tating with an anti-PDK-1 antibody rather than an antibody
Although there was some variability in the magnitude of the against an epitope tag. Reassuringly, insulin also stimulated
response from experiment to experiment, insulin treatment ~2-fold activation of endogenous PDK-1 in a bona fide
consistently resulted in a significant increase in the kinase insulin target cell (Figure 1E). To rule out the possibility
activity of wild-type PDK-1 (Figure 1C). By contrast, no that endogenous Akt was co-immunoprecipitating with
phosphorylation of Akt by PDK1-K114A (kinase-inactive PDK-1 in our immune-complex kinase assays, we also
mutant) was observed (Figure 1A,C, lanes 5 and 6). subjected the PDK-1 immunoprecipitates to immunoblotting
Interestingly, the immunoblot of PDK1-K114A had a sharper with anti-Akt antibody. Under our experimental conditions,
band that ran slightly lower on the gel than wild-type PDK- we did not detect any co-immunoprecipitation of endogenous
1, consistent with the idea that wild-type PDK-1 may undergo Akt with PDK-1 (data not shown). Thus, in intact cells,
autophosphorylation. In vitro kinase assays were also doneinsulin stimulates increased PDK-1 kinase activity which then

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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PDK-1 — [ B e . o
Insulin: - + - - * - + - + - -+ +

Construct: PDK1-WT PDK1-WT K114A  W538L  PDK1-WT PDKI-WT  S244A pBEX
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Ficure 3: (A) Insulin-stimulated phosphorylation of PDK-1 in intact cells. NIH-&T&lls were transfected with PDK-1 constructs, labeled

with [32P]H3PO,, and treated with insulin and wortmannin as indicated. HA-tagged constructs were used in experiments shown in lanes
1-8 while myc-tagged constructs were used in experiments shown in lares €ell lysates were immunoprecipitated with anti-HA or

anti-myc antibodies to recover recombinant PDK-1 and subjected to-$B&E, and incorporated radioactivity was quantified with a
Phosphorimager. In some cases, cell lysates were treated with PP-2A (lanes 11 and 12). Representative results are shown for experiments
that were repeated independently at least three times. (B) Anti-HA immunoblot of cell lysates (fadsrlanti-myc immunoblot of

anti-myc immunoprecipitates (lanes-26) from experiments shown in panel A demonstrate comparable expression of PDK-1 constructs.

(C) Experiments similar to those in panel A were repeated with&BjH:PO,, and in vitro kinase assays as described in Figure 1 were
performed. In some cases, samples were treated with PP-2A prior to the kinase assay. Representative results are shown for experiments that
were repeated independently at least five times. Autoradiogram from a representative in vitro kinase assay performed using unactivated Akt
as the substrate in the presence)ef{P]JATP. (D) Anti-HA immunoblot of anti-HA immunoprecipitates obtained from experiments shown

in panel C demonstrate comparable recovery of PDK-1 constructs.
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presumably leads to increased phosphorylation and activation 1 2 3 4
of downstream kinases such as Akt. A.

To determine which of the known regulatory sites on Akt Akt — H #79
were phosphorylated by insulin-stimulated PDK-1, we Insulin: -+, - +,
repeated the immune-complex kinase assays described above Construct: PDK1-WT  S244A

in the absence off*?P]JATP and immunoblotted the purified

Akt substrate with phospho-specific antibodies against Akt —

phosphorylated at TP or Sef’® (Figure 2). Under basal B. PDK-1 A e G RS
conditions, when PDK1-WT was immunoprecipitated from

untreated cells, we detected phosphorylation only atThr

Interestingly, PDK1-WT recovered from insulin-treated cells C. s ey
mediated increased phosphorylation of Akt at®fhas well bl
as phosphorylation of S&?. 3 s

Relationship between PDK-1 Phosphorylation and Kinase = é
Activity. We next assessed the ability of insulin to stimulate as
phosphorylation of PDK-1 in vivo (by labeling cells with ° % 25 -
[3?P]H3sPQy) and correlated this with PDK-1 activity. Insulin ?
stimulation of transiently transfected NIH-3F&ells resulted ? /
in increased in vivo phosphorylation of PDK1-WT, but not 0 - -
PDK1-K114A or PDK1-W538L [PH domain mutant that _ _ PoKkt-wT S244h
does not bind PI(3,4,5)P(Figure 3A, lanes 1, 2, 58, 9, FIGURE 4: Sef*in the activation loop of PDK-1 is required for

. . insulin-stimulated activation of PDK-1. NIH-3T3 cells were
and 10). Pretreatment of cells with wortmannin blocked the .4 sfected with myc-tagged PDK1-WT or the S244A point mutant

ability of insulin to stimulate phosphorylation of PDK1-WT  and treated without or with insulin, and in vitro kinase assays as
(Figure 3A, lanes 3 and 4). Taken together, our data suggestescribed in Figure 1 were performed. (A) Autoradiogram from a
that insulin stimulation results in autophosphorylation of representative kinase assay using unactivated Akt as the substrate

PDK-1 (or phosphorylation of PDK-1 by other downstream 1 the presence off*?PJATP. (B) Anti-myc immunoblot of anti-
myc immunoprecipitates demonstrating comparable recovery of

kinases) in a manner that depends on PI(3,4,B)ing o ppk-1 constructs. (C) Meas: SEM of Phosphorimager quanti-
the PH domain of PDK-1. Treatment of cell lysates with fication of three independent experiments normalized for PDK-1

the serine-specific phosphatase PP-2A reversed insulin-recovery (determined by scanning densitometry).
stimulated phosphorylation of PDK1-WT (Figure 3A, lanes
11 and 12) and also inhibited the insulin-stimulated increase dose-dependent increase in cell surface GLUT4-HA with an
in kinase activity of PDK1-WT (Figure 3C, lanes 3 and 4). EDso of ~0.1 nM and a~2-fold increase upon maximal
Furthermore, the basal activity of PDK1-W538L was unaf- insulin stimulation (Figure 5A,B). Interestingly, in the
fected by treating cells with insulin (Figure 3C, lanes 5 and absence of insulin, overexpression of PDK1-WT was suf-
6). These data are consistent with the hypothesis that bindingficient to cause a significant increase in cell surface GLUT4
of lipid products of PI3K such as PI(3,4,3)® the PH (to levels~80% of those seen in control cells treated with
domain of PDK-1 is important for its increased activation a maximally stimulating dose of insulin) (Figure 5A). In these
in response to insulin. cells, insulin stimulation caused a further small increase in
Recent evidence suggests that?Sgequivalent to Séf! cell surface GLUT4 to levels similar to those observed in
in human PDK-1) may be a critical autophosphorylation site the insulin-stimulated control cells. Wortmannin pretreatment
(29). Therefore, we tested the ability of the mutant PDK1- of these cells inhibited the effects of overexpression of
S244A to undergo insulin-stimulated phosphorylation and PDK1-WT on translocation of GLUT4 (data not shown). By
activation in transfected NIH-318cells using our immune- ~ contrast with PDK1-WT, overexpression of the kinase-
complex kinase assay. By contrast with PDK1-WT, insulin inactive PDK1-K114A did not significantly change the
did not stimulate either increased phosphorylation of PDK1- insulin dose-response curve (Figure 5B). Similar results
S244A (Figure 3A, lanes 13 and 14) or increased kinase were observed with overexpression of PDK1-S244A (data
activity of PDK1-S244A (Figure 4). These results suggest not shown). Furthermore, coexpression of PDK1-K114A
that phosphorylation of PDK-1 at $ét may be involved with wild-type Akt did not impair the ability of overexpressed
with the mechanism underlying the activation of PDK-1 by Akt to recruit GLUT4-HA (data not shown). Taken together,
insulin. our results suggest that effects of overexpression of PDK-1
Role of PDK-1 in Insulin-Stimulated Translocation of to recruit GLUT4 to the cell surface are dependent upon
GLUT4.To evaluate the role of PDK-1 in insulin-stimulated  intact PDK-1 kinase activity.
translocation of GLUT4, we cotransfected rat adipose cells  Since Akt can be phosphorylated and activated by PDK-1
with GLUT4-HA and pBEX, PDK1-WT, or PDK1-K114A. (cf. Figure 1), we also investigated the effects of coexpressing
We confirmed comparable overexpression of the HA-tagged wild-type PDK-1 and a dominant inhibitory mutant of Akt.
PDK-1 constructs by immunoblotting whole cell lysates Adipose cells overexpressing PDK1-WT were compared with
derived from transfected cells with anti-HA antibody (data cells coexpressing PDK1-WT and Akt-AA (point mutations
not shown). In addition, membrane fractions were immuno- T308A and S473A in the regulatory domain of Akt) (Figure
blotted with HA-11 to demonstrate that total cellular levels 5C). Interestingly, coexpression of Akt-AA partially impaired
of GLUT4-HA were comparable in all groups (data not the ability of PDK-1 to recruit GLUT4 to the cell surface in
shown). When control cells (cotransfected with pBEX and the absence of insulin. Moreover, a partial inhibitory effect
GLUT4-HA) were stimulated with insulin, we observed a of Akt-AA on translocation of GLUT4 was also observed
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e important for regulating physiological actions of insulitv(

—+ PDK1-K114A 20, 24, 31). Many previous studies concluded that PDK-1 is
—— PDK1-WT + Akt-AA

>

a constitutively active enzyme whose catalytic activity is not
increased by growth factors that stimulate PI3K activity such
as insulin, IGF-1, or EGF1@, 15, 22, 29, 32). Moreover, in
E some studies, inhibition of PI3K activity with wortmannin
500 . does not decrease catalytic activity of PDK15,(20). Lipid
products of PI3K such as PI(3,4,3)Bind to the PH domain
of PDK-1 and may help to localize PDK-1 to signaling
N SR complexes at the cell membrangl). Indeed, stimulation
0 oot ol iy 10 of HelLa cells with insulin promotes localization of PDK-1
nsulin (nM) . s . .
to the plasma membran@&3). Direct or indirect interactions
of PI(3,4,5)R with a variety of downstream targets also
makes these molecules better substrates for PDK311Q,
14—16, 24). However, other reports suggest that PI(3,4,5)-
P; may play an additional role to directly increase catalytic
activity of PDK-1 (11, 13, 17). In keeping with these studies,
25¢ there is also evidence that the PH domain of PDK-1 may
‘ function as a negative regulator of PDK-1 activi83( 34).
0 001 01 1 10 100 Very recently, it has been demonstrated that sphingosine can
Insulin (nM) stimulate increased catalytic activity of PDK-1 [independent
of PI(3,4,5)R] (35 and that tyrosine phosphorylation of
> PDK-1 may also regulate its catalytic activit¥9). Thus, a
1 T number of separate mechanisms for regulating catalytic
I f activity of PDK-1 may exist. In the present study, we have
' demonstrated the ability of insulin to increase both phos-
phorylation and catalytic activity of PDK-1 and explored the
role of PDK-1 in translocation of GLUT4 in the physiologi-
ST T T e cally relevant rat adipose cell.
Insulin (nM) Insulin-Stimulated Actiation of PDK-1 Recombinant
Fiure 5: Insulin-stimulated recruitment of GLUT4-HA to the cell  PDK-1 derived from unstimulated cells overexpressing
surface of rat adipose cells overexpressing PDK1-WT or PDK1- PDK1-WT phosphorylated purified Akt in vitro. This in vitro

K114A. Cells were cotransfected with GLUT4-HA and pBEX phosphorylation of Akt correlated with Akt activity. In

(empty vector) ©), PDK1-WT @), PDK1-K114A @), or PDK1-  aqdition, treatment of cells with wortmannin did not affect
WT plus Akt-AA (2). GLUT4-HA at the cell surface was measured ! -
using the HA-11 antibody as described in Materials and Methods. the basal level of PDK1-WT activity. As expected, the

Data are expressed as a percentage of cell surface GLUT4 in thekinase-inactive PDK1-K114A did not phosphorylate Aktin
presence of a maximally effective insulin concentration for the our assay (in the absence or presence of insulin). Thus, it is
control group (pBEX).(A) Overexpression of PDK1-WT in the  unlikely that kinase activity in our immune-complex assay

absence of insulin significantly increased recruitment of GLUT4- ,,: R i i ini
HA to the cell surface. Results shown are the m&aBEM of five with PDK1-WT is due to some other co-immunoprecipitated

independent experiments. The difference between the —dose kinase. In_addltlon, the basal aCt'V'ty_Of PDK1-W538L [a
response curves was statistically significant by MANOWAS 1 PH domain mutant that does not bind PI(3,45b)®as

x 1079). (B) Overexpression of PDK1-K114A did not significantly ~ unaffected by treating cells with insulin. These results
affect insulin-stimulated recruitment of GLUT4-HA to the cell demonstrating constitutive kinase activi[y of PDK-1 in the

surface. Results shown are the meBrSEM of six independent 51,5006 of insulin stimulation that is independent of activa-
experiments. The difference between the dogsponse curves was

not statistically significant by MANOVA§ > 0.2). (C) Overex- tion of PI3K or inter_action o_f PI(3,4,_5»%vith the PH domain
pression of Akt-AA partially inhibits recruitment of GLUT4 caused  Of PDK-1 are consistent with previous report€,(12, 14—
by coexpression of PDK1-WT in rat adipose cells. The two dose  16). Nevertheless, when samples derived from cells treated

52%0833\ (curvels a{% 1soi)gr|1?ificar|1ttly ﬁiiﬁerent ;’r‘:he” gggﬁd by with insulin were examined, we observed a significant
P < X . Results snown are the me . . R .o
of four independent experiments. increase in PDK1-WT activity that could be blocked by

wortmannin pretreatment of the cells. Taken together, our
in the presence of insulin. These results are consistent withg_ata strongly su_ggeT_t tha_t, ml a_dd|t|on to constitutive bas_al
the hypothesis that Akt is downstream from PDK-1 and that P'Bisi activity, !nsulgnmitlr&m atuzjn causei an mcLease n
both kinases may play a role in insulin-stimulated translo- -1 activity via a -dependent mechanism that may
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cation of GLUT4 involve interaction of PI(3,4,5)with the PH domain of
’ PDK-1. Importantly, insulin treatment of freshly isolated rat
DISCUSSION adipose cells caused a significant stimulation of endogenous

PDK-1 activity. This result confirms that insulin-stimulated

Elucidation of insulin signaling mechanisms downstream activation of PDK-1 occurs not only with overexpressed
from PI3K is of great interest because PI3K plays a central recombinant PDK-1 but also with the native protein in a
role in mediating metabolic and vascular actions of insulin physiologically relevant insulin target cell. It is possible that
(3, 6—8, 30). PDK-1 directly phosphorylates and activates differences in the types of cells studied may explain why
effectors of PI3K pathways such as Akt and PR@sat are other investigators failed to observe changes in PDK-1
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activity with insulin or IGF-1 stimulation of 293 celld 2, PP-2A reversed the insulin-stimulated activation of PDK-1
15, 22, 29). (but was without effect on basal PDK-1 activity). It is
With respect to a role for PI3K in regulating PDK-1 conceivable that, similar to other serirthreonine kinases,
activity, our results are consistent with a previous report phosphorylation of regulatory sites in the activation loop of
showing that the PI3K inhibitor LY294002 blocked the the kinase domain of PDK-1 may be important for increased
ability of full-length PDK-1 to phosphorylate a kinase- catalytic activity. Indeed, recent evidence suggests that‘Ser
domain fragment of PKG-while the inhibitor had no effect  in PDK-1 is an autophosphorylation site in the activation
on the ability of a kinase-domain fragment of PDK-1 to loop that is critical for PDK-1 activity29). In the present
phosphorylate full-length PKG-(17). Similarly, PI1(3,4,5)- study, we have demonstrated that the S244A point mutant
P; has been reported to enhance the ability of PDK-1 to of PDK-1 is unable to increase its activity in response to
phosphorylate an Akt mutant lacking a PH domdi8) (vhile insulin stimulation. Thus, in addition to localizing PDK-1
PH domain mutants of PDK-1 have a greatly decreased to appropriate signaling complexes and inducing changes in
ability to activate Akt in vitro in the presence of PI(3,4,5)P downstream substrates as previously suggested by others
(11). Our data are also consistent with studies demonstrating(10—13), insulin-stimulated activation of PI3K may result
that the PH domain of PDK-1 is a negative regulator of in conformational changes in PDK-1 that are induced by
PDK-1 catalytic activity 83, 34). binding of PI(3,4,5)Rto the PH domain of PDK-1, rendering
Intriguingly, a recent report suggests that interaction of it a better substrate for phosphorylation (either by itself or
PDK-1 with a region of protein kinase C-related kinase-2 by another as yet unidentified kinase). Phosphorylation of
(PRK2) converts PDK-1 into an enzyme that is capable of Sef** (and possibly other sites) may then lead to increased
phosphorylating both the previously defined ¥Aregulatory catalytic activity. In agreement with our results, Casamayor
site on Akt and the Séfsite that is the target of a putative et al. found that phosphorylation of $&rin human PDK-1
PDK-2 (36). Moreover, the acquired PDK-2 activity of was important for catalytic activity?®). However, they also
PDK-1 appears to be stimulated by PI(3,45)Phas also  found that IGF-1 stimulation of 293 cells activated Akt
been suggested that $&iis an autophosphorylation site for ~ without altering phosphorylation of Sétor other residues
Akt (37). While both of these mechanisms for phosphoryl- in PDK-1. Our findings of increased phosphorylation and
ating Akt on Set’® may exist, data from mouse embryonic activation of PDK-1 in response to insulin stimulation were
stem cells lacking PDK-1 also suggest that other kinases inobserved not only in NIH-3T3 fibroblasts overexpressing
addition to PDK-1 are capable of phosphorylating*Sen insulin receptors but also in physiologically relevant rat
a PI3K-dependent fashior8§). When we used phospho- adipose cells in primary culture. It remains possible that
specific antibodies to examine the ability of insulin- phosphorylation of PDK-1 at other sites in addition to?3er
stimulated PDK-1 to phosphorylate Akt, we observed may also contribute to increased catalytic activity in response
increased phosphorylation at both ¥rand Set” of Akt. to insulin stimulation. Thus, phosphorylation of PDK-1 may
Thus, our data are consistent with the possibility that the be required for its increased catalytic activity, and this may
increased PDK-1 activity we observed in response to insulin represent a general mechanism for regulation of PDK-1
stimulation may include acquired PDK-2 activity. Alterna- activity by a variety of upstream inputs.
tively, we cannot completely rule out the possibility that there  Role of PDK-1 in Translocation of GLUT©verexpres-
may be another kinase that is activated upon insulin sion of wild-type PDK-1 in rat adipose cells was sufficient
stimulation that co-immunoprecipitates in our immune to cause an increase in translocation of GLUT4 in the absence
complex. However, this seems unlikely because, under of insulin and is consistent with the hypothesis that PDK-1
similar conditions, PDK-1 mutants PDK1-K114A, PDK1- plays a role in mediating metabolic effects of insulin such
W538L, and PDK1-S244A did not phosphorylate Akt in as increased glucose transport. These results are in agreement
response to insulin in our in vitro kinase assay (Figures 1A,C, with published studies where PDK-1 was overexpressed in
3B, and 4A,C). rat adipose cellsy 39). We have previously demonstrated
Relationship between PDK-1 Phosphorylation and PDK-1 that the downstream substrates of PDK-1, Akt and RKC-
Activity. To further investigate the mechanism of insulin- both play a role in mediating effects of insulin to promote
stimulated activation of PDK-1, we examined the relationship translocation of GLUT4 in rat adipose cell, 6, 25). It is
between phosphorylation of PDK-1 and PDK-1 activity by likely that there is a small signal upstream from PDK-1 in
labeling intact cells witl¥?P. Since only PDK1-WT, but not  the absence of insulin that can be amplified by overexpres-
the kinase-inactive PDK1-K114A, showed increased phos- sion of PDK-1. It is also possible that the basal constitutive
phorylation in response to insulin, it is likely that insulin  activity of PDK-1 is sufficient to mediate translocation of
stimulation results in autophosphorylation of PDK-1 (or GLUT4 when overexpressed at high levels. However, this
phosphorylation of PDK-1 by other downstream kinases). seems less plausible because wortmannin pretreatment of
Wortmannin pretreatment blocked insulin-stimulated phos- cells overexpressing PDK1-WT completely blocked the
phorylation of PDK1-WT. Furthermore, the PH domain translocation of GLUT4 in the absence of insulin without
mutant PDK1-W538L did not undergo phosphorylation in blocking the basal kinase activity of PDK-1. Thus, the effects
response to insulin. These data are consistent with theof PDK-1 on translocation of GLUT4 depend, at least in
hypothesis that binding of lipid products of PI3K such as part, on activity of PI3K. The fact that the kinase-inactive
PI1(3,4,5)R to the PH domain of PDK-1 may be important mutant of PDK-1 (PDK1-K114A) had no effect on translo-
for its phosphorylation in response to insulin. Increased cation of GLUT4 suggests that catalytic activity of PDK-1
phosphorylation of PDK-1 in intact cells corresponded to is necessary for its actions to mediate recruitment of GLUTA4.
an increase in its kinase activity in vitro. Moreover, dephos- However, PDK1-K114A did not block insulin-stimulated
phorylation of PDK-1 with the serine-specific phosphatase translocation of GLUT4 even when overexpressed at high
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levels. Moreover, coexpression of PDK1-K114A with wild-
type Akt (a known downstream effector of PDK-1) did not
interfere with effects of overexpressed wild-type Akt to
mediate recruitment of GLUT4. Thus, while PDK1-K114A
is inactive, it does not inhibit endogenous PDK-1 under our
experimental conditions. Overexpression of the S244A
mutant yielded results that were similar to overexpression
of PDK1-K114A suggesting that the S&ris critical for
PDK-1 activity. There are conflicting reports in the literature
regarding the inhibitory ability of kinase-inactive mutants
of PDK-1. Some studies find that these mutants can inhibit
endogenous PDK-1 activity b, 31, 40) while others do not
(22, 33). It is possible that differences in cellular context
resulting from the use of different cell types and experimental
conditions may explain, in part, these conflicting findings.
We also coexpressed PDK1-WT with a mutant Akt (Akt-
AA) missing the regulatory phosphorylation sites that are
targets of PDK-1 and -2. This mutant has been shown to
function in a dominant inhibitory manner in other contexts
(41) and causes a small inhibition of insulin-stimulated
translocation of GLUT4 when overexpressed in rat adipose
cells 5). This is similar to what is observed with overex-
pression of kinase-inactive Ak#l). Interestingly, coexpres-
sion of Akt-AA partially inhibited the effects of PDK1-WT

to recruit GLUT4 to the cell surface, consistent with the fact
that Akt is downstream from PDK-1. However, the Akt-AA
mutant did not completely inhibit an insulin response in either
the presence or absence of PDK1-WT. Our results are in
agreement with previous studies using different Akt mutants
that suggest Akt may play a partial role in mediating the
effects of insulin on translocation of GLUT44,(25, 42).
The partial inhibition of PDK-1 effects caused by coexpres-
sion of Akt-AA implies that either the mutant is not
completely effective at inhibiting endogenous Akt or that
other effectors downstream of PDK-1 may also contribute
to insulin-stimulated translocation of GLUT4. Indeed, recent
studies have suggested that the atypical RK&d 4 (also
substrates for PDK-1) may play significant roles in this
process 25, 41, 43, 44).

Conclusions We conclude that PDK-1 has basal kinase
activity that can be stimulated further by insulin in a PI3K-
dependent manner in intact cells. Importantly, insulin-
stimulated phosphorylation of PDK-1 is correlated with its
activity, suggesting a general mechanism for upstream inputs
to regulate PDK-1 activity. Sé&*is a critical autophospho-
rylation site in the activation loop of PDK-1 that is necessary
for insulin-stimulated activation. Finally, insulin-regulated
PDK-1 activity may play an important role in mediating
metabolic effects of insulin by propagating signaling from
PI3K to downstream effectors such as Akt, PKCand
PKC-A.
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