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L6 myoblasts stably transfected with a GLUT4 cDNA harboring an exofacial myc epitope tag (L6-GLUT4myc
myoblasts) were used to study the role of protein kinase B alpha (PKBa)/Akt1 in the insulin-induced
translocation of GLUT4 to the cell surface. Surface GLUT4myc was detected by immunofluorescent labeling of
the myc epitope in nonpermeabilized cells. Insulin induced a marked translocation of GLUT4myc to the
plasma membrane within 20 min. This was prevented by transient transfection of a dominant inhibitory
construct of phosphatidylinositol (PI) 3-kinase (Dp85a). Transiently transfected cells were identified by
cotransfection of green fluorescent protein. A constitutively active PKBa, created by fusion of a viral Gag
protein at its N terminus (GagPKB), increased the cell surface density of GLUT4myc compared to that of
neighboring nontransfected cells. A kinase-inactive, phosphorylation-deficient PKBa/Akt1 construct with the
mutations K179A (substitution of alanine for the lysine at position 179), T308A, and S473A (AAA-PKB)
behaved as a dominant-negative inhibitor of insulin-dependent activation of cotransfected wild-type hemag-
glutinin (HA)-tagged PKB. Furthermore, AAA-PKB markedly inhibited the insulin-induced phosphorylation of
cotransfected BAD, demonstrating inhibition of the endogenous PKB/Akt. Under the same conditions, AAA-
PKB almost entirely blocked the insulin-dependent increase in surface GLUT4myc. PKBa with alanine
substitutions T308A and S473A (AA-PKB) or K179A (A-PKB) alone was a less potent inhibitor of insulin-
dependent activation of wild-type HA-PKB or GLUT4myc translocation than was AAA-PKB. Cotransfection of
AAA-PKB with a fourfold DNA excess of HA-PKB rescued insulin-stimulated GLUT4myc translocation.
AAA-PKB did not prevent actin bundling (membrane ruffling), though this response was PI 3-kinase depen-
dent. Therefore, it is unlikely that AAA-PKB acted by inhibiting PI 3-kinase signaling. These results outline an
important role for PKBa/Akt1 in the stimulation of glucose transport by insulin in muscle cells in culture.

Translocation of GLUT4 from an intracellular compartment
to the plasma membrane largely accounts for the stimulation
of glucose transport by insulin in skeletal muscle (16, 31, 38),
cardiac muscle (48), and adipose cells (23, 24). Two insulin-
responsive cell lines also express this transporter: L6 rat skel-
etal myotubes (34, 40) and 3T3-L1 mouse adipocytes (24).
Transfection of a molecularly engineered form of this trans-
porter containing an exofacial epitope tag between the first and
second transmembrane domains allows for the detection of
surface transporters in intact cells. GLUT4 molecules with an
exofacial epitope tag have been heterologously expressed in rat
adipose cells (44, 51), 3T3-L1 adipocytes (26), CHO cells (12,
26), H9c2 cardiomyocytes (55), and rat 3Y1 cells (22). We have
recently shown that stable expression of GLUT4myc in L6
myoblasts (L6-GLUT4myc myoblasts) mimics the response to
insulin seen with endogenous GLUT4 in differentiated myo-
tubes (29, 60).

Insulin-induced translocation of GLUT4 to the plasma
membrane requires the activity of phosphatidylinositol (PI)
3-kinase (47) in rat adipocytes (43, 45), 3T3-L1 adipocytes (8,
9, 21, 27, 39, 51), L6 muscle cells (53), and rat skeletal muscle
(62). Moreover, treatment of intact 3T3-L1 adipocytes with a
cell-permeant PI 3,4,5-triphosphate [PI (3,4,5)-P3] compound,
which is converted into a product of PI 3-kinase once inside the

cell, partly rescued the inhibition of insulin-stimulated glucose
transport by wortmannin (25). It is unclear how the lipid prod-
ucts of PI 3-kinase relay the insulin signal to the glucose trans-
porters, but the serine/threonine kinase protein kinase B
(PKB)/Akt interacts with the lipid products of PI 3-kinase (19),
and activation of PKB/Akt by insulin is prevented by inhibitors
of PI 3-kinase (1). To date, three isoforms of PKB/Akt have
been identified: PKBa, -b, and -g (Akt1, -2, and -3) (17). In
skeletal muscle and L6 muscle cells, PKBa and PKBg, but not
PKBb, are stimulated by insulin (59). Full activation of PKB/
Akt by insulin requires hierarchical phosphorylation on two
residues, Thr308 (Thr309 and Thr305 in the case of PKBb and
-g, respectively) and Ser473 (Ser474 in the case of PKBb;
PKBg lacks an equivalent site) by 3-phosphoinositide-depen-
dent protein kinase 1 (PDK-1) and PDK-2, respectively (1–3,
14, 50).

Recent reports have suggested that activation of PKB/Akt
may mediate the stimulation of glucose transport by insulin,
since stable overexpression of wild-type PKBa/Akt1 or consti-
tutively active mutants of PKBa/Akt1 increased glucose trans-
port and translocation of GLUT4 to levels similar to or greater
than those achieved with insulin in rat adipocytes (52), 3T3-L1
adipocytes (33, 56), and L6 muscle cells (20, 56). Stimulation of
glucose uptake was also observed in 3T3-L1 adipocytes ex-
pressing a conditionally active membrane-targeted PKBa/
Akt1-mutant estrogen receptor fusion protein that displays
PKB activity only upon addition of tamoxifen (32). Finally,
treatment of isolated rat adipocytes with insulin increased the
presence of PKBb/Akt2 protein on immunopurified GLUT4
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vesicles (7, 37), leading to phosphorylation of GLUT4 vesicle
proteins (37). Definitive proof that PKB/Akt participates in
insulin-dependent GLUT4 translocation, however, requires
demonstration that ablation of the kinase activity precludes the
arrival of GLUT4 at the cell surface. Two recent reports ap-
proached this question in rat adipocytes or 3T3-L1 adipocytes
but yielded opposite results. In the first study, transient over-
expression of a kinase-inactive mutant of PKBa/Akt1 (with a
substitution of alanine for lysine at position 179 [K179A]) in
isolated rat adipocytes reduced the sensitivity and the maximal
response of the GLUT4 response to insulin (11). The second
study showed that adenovirus-driven overexpression of a phos-
phorylation-deficient PKBa/Akt1 mutant (T308A S473A) did
not alter the stimulation of glucose transport and GLUT4
translocation by insulin, despite markedly inhibiting endoge-
nous PKBa/Akt1 activation (30). Hence, the necessity for the
stimulation of GLUT4 translocation in two adipose cell types is
controversial.

In the present study, we examined the possible role of PKB
in the stimulation of GLUT4 translocation by insulin in muscle
cells. L6 myoblasts expressing GLUT4myc were transiently
transfected with a PKBa/Akt1 construct that combines the
mutations seen in the kinase-inactive and phosphorylation-
deficient mutants of PKBa/Akt1. We demonstrate that this
construct has a dominant inhibitory action and that it markedly
inhibits insulin-induced GLUT4 translocation without inhibit-
ing insulin-stimulated, PI 3-kinase-dependent actin remodeling.

MATERIALS AND METHODS

Materials. Minimum essential medium a, fetal bovine serum, and other tissue
culture reagents were purchased from Life Technologies/GIBCO (Burlington,
Ontario, Canada). Human insulin (Humulin R) was obtained from Eli Lilly
Canada Inc. (Toronto, Ontario, Canada). pcDNA3 was purchased from Invitro-
gen. pEGFP was purchased from Clontech (Palo Alto, Calif.). pEBG-mBAD and
antibodies to BAD (Bcl-associated death promoter) and phospho(Ser136)-BAD
proteins were purchased from New England Biolabs (Mississauga, Ontario, Can-
ada). Effectene transfection kits and plasmid DNA purification columns were
purchased from Qiagen (Mississauga, Ontario, Canada). Restriction enzymes,
ligase, and polymerase were purchased from New England Biolabs. Oligonucle-
otides were purchased from Life Technologies/GIBCO. Protein A-Sepharose
and protein G-Sepharose were from Pharmacia (Uppsala, Sweden). Polyclonal
anti-Akt1 (raised to 20 C-terminal amino acids), rabbit polyclonal anti-protein
kinase C zeta (anti-PKCz; raised to 20 C-terminal amino acids), and monoclonal
anti-myc (9E10) antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, Calif.). Anti-hemagglutinin (anti-HA) antibody (HA.11) was pur-
chased from Babco (Berkeley, Calif.). Indocarbocyanine (Cy3)-conjugated goat
anti-mouse immunoglobulin G (IgG) and horseradish peroxidase (HRP)-conju-
gated secondary antibodies were obtained from Jackson ImmunoResearch (West
Grove, Pa.). PKB/Akt substrate peptide (Crosstide) was from Upstate Biotech-
nology (Lake Placid, N.Y.). Enhanced chemiluminescence (ECL) reagent and
[g-32P]ATP (6,000 Ci/mmol) were purchased from Amersham (Oakville, On-
tario, Canada). Wortmannin and myelin basic protein were obtained from Sigma
(St. Louis, Mo.). Microcystin and okadaic acid were from Biomol (Plymouth
Meeting, Pa.). Rhodamine-phalloidin and Antifade mounting compound were
purchased from Molecular Probes (Leiden, The Netherlands). All electrophore-
sis equipment and polyvinylidene difluoride membranes were purchased from
Bio-Rad (Mississauga, Ontario, Canada). All other reagents were of the highest
analytical grade.

Plasmids, cells, and transfections. GLUT4myc cDNA was constructed by
inserting the human c-myc epitope (14 amino acids) into the first ectodomain of
GLUT4, subcloned into the pCXN2 vector, and stably transfected into L6 myo-
blasts (26, 29). The open reading frame of the bovine PKB cDNA was cloned into
the eukaryotic expression vector pcDNA3 (Invitrogen) and in the process was
fused to an N-terminal HA tag (recognized by the HA.11 antibody). HA-PKB
K179A was obtained by mutagenesis as described earlier (6) and was employed
as a template for additional point mutations using the pALTER-1 plasmid
(Promega). The oligonucleotides 59-TCC CCC AGT TCG ACT ACT CGG CTA
GCG CGA CGG CC-39 and 59-TCC CCC AGT TCG CCT ACT CGG CTA
GCG CGA CGG CC-39 were used to insert the T308A and S473A changes,
respectively. Mutations were confirmed by DNA sequencing. The construct
pcDNA3 GagPKB (6) was a kind gift from Paul J. Coffer (University Hospital,
Utrecht, The Netherlands). The construct pSG5p85aDSH2-N, commonly re-
ferred to as Dp85a, the dominant-negative mutant of the type I PI 3-kinase (46),
was a kind gift from Julian Downward (Imperial Cancer Research Fund, United

Kingdom), and the cDNA insert was subcloned into pcDNA3 for experimenta-
tion. The wild-type, HA-tagged PKCz construct subcloned into plasmid
pCDNA3 was a kind gift from Robert Farese (University of South Florida).

Parental L6 cells and L6-GLUT4myc myoblasts were maintained in minimal
essential medium-a supplemented with 10% fetal bovine serum in a humidified
atmosphere containing 5% CO2 and 95% air at 37°C (41). Transfections were
performed in six-well plates according to the Effectene product manual (Qia-
gen). L6 myoblasts were seeded at a density of 2 3 105 cells/well and incubated
overnight. DNA complexes were made at an 8:1 enhancer/DNA ratio in all cases.
However, in transfections that utilized less than 1 mg of DNA per well, the
Effectene reagent was used at 6 ml per condition. DNA was introduced to the
cells at the start of the day for 5 h and then removed, and the cells were
maintained for ca. another 43 h until experimentation. For single-cell analysis of
GLUT4myc translocation or actin rearrangements, PKB or Dp85a constructs
were cotransfected with 0.4 mg of pEGFP into L6-GLUT4myc myoblasts grown
on coverslips as indicated in the figure legends. For PKB/Akt activity assays or
expression of glutathione S-transferase (GST)–BAD protein, transfections were
also performed in six-well plates as described in the figure legends.

Immunoprecipitation and assay of PKB/Akt kinase activity. Immunoprecipi-
tation of HA-PKB and the kinase assay were performed as described previously
(49). Cells were disrupted by addition of a lysis buffer containing 50 mM HEPES
(pH 7.6), 150 mM NaCl, 10% (vol/vol) glycerol, 1% (vol/vol) Triton X-100, 30
mM sodium pyrophosphate, 10 mM NaF, 1 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, 1 mM Na3VO4, 1 mM dithiothreitol
(DTT), and 100 nM okadaic acid. For each condition, HA antibody (3 mg) was
precoupled (16 h) to a mixture of protein A- and protein G-Sepharose beads.
These anti-HA–bead complexes were washed twice with phosphate-buffered
saline (PBS) and once with lysis buffer (4°C). HA-PKB was immunoprecipitated
by incubating 200 mg of total cellular protein with the anti-HA–bead complexes
for 2 to 3 h with constant rotation (4°C). HA-PKB immunocomplexes were
washed four times with 1 ml of wash buffer (25 mM HEPES [pH 7.8], 10%
[vol/vol] glycerol, 1% [vol/vol] Triton X-100, 0.1% [wt/vol] bovine serum albumin
[BSA], 1 M NaCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 1 mM
microcystin, and 100 nM okadaic acid) and twice with 1 ml of kinase buffer (50
mM Tris-HCl [pH 7.5], 10 mM MgCl2, and 1 mM DTT). The immunocomplexes
were incubated with constant agitation for 30 min at 30°C with 30 ml of reaction
mixture (kinase buffer containing 5 mM ATP, 2 mCi of [g-32P]ATP, and 100 mM
Crosstide). Following the reaction, 30 ml of the supernatant was transferred onto
Whatman p81 filter paper and washed four times for 10 min each time with 3 ml
of 175 mM phosphoric acid and once with distilled water for 5 min. The filters
were air dried and then subjected to liquid scintillation counting.

Immunoprecipitation and assay of atypical PKC activity. Immunoprecipita-
tion of PKCz and assay of its kinase activity were performed as described above
for PKB with some modifications. Two types of assays were used: immunopre-
cipitation of endogenous PKCz from L6 myotubes, and immunoprecipitation of
wild-type HA-tagged PKCz expressed in L6 myoblasts (generated by transfecting
0.4 mg of HA-PKCz or pcDNA3 vector into L6 myoblasts and assaying activity
48 h later). Cell lysates were prepared from transfected or untransfected cells by
using the lysis buffer described above. To isolate wild-type PKCz, anti-PKCz
antibody (C-20) or an irrelevant rabbit IgG was precoupled to protein A-Sepha-
rose beads by incubating 2 mg of antibody per condition with 40 ml of the protein
A-Sepharose beads (100 mg/ml) for a minimum of 2 h. To isolate HA-tagged
PKCz, anti-HA antibody was precoupled to a 1:1 mixture of protein A- and
protein G-Sepharose beads. Antibody-bead complexes were washed twice with
ice-cold PBS and once with ice-cold lysis buffer. PKCz was isolated and washed
as described above for Akt. The PKCz immunocomplex was then incubated with
constant agitation for 10 min at 30°C with 30 ml of reaction mixture (kinase buffer
containing 25 mM ATP, 5 mCi of [g-32P]ATP, and 5 mM myelin basic protein).
Following the reaction, 30 ml of the supernatant was transferred onto Whatman
p81 filter paper and washed four times for 10 min each time with 3 ml of 175 mM
phosphoric acid and once with distilled water for 5 min. The filters were air dried
and then subjected to liquid scintillation counting.

Immunoblotting. Equal amounts of proteins were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and electrotransferred onto polyvi-
nylidene difluoride filters as described previously (49). Immunoreactive bands
were visualized either with HRP-conjugated sheep anti-mouse IgG for mono-
clonal antibodies or with horseradish peroxidase-conjugated goat anti-rabbit IgG
for polyclonal antibodies (as indicated in the figure legends), using an ECL
detection technique. Developed films were scanned and quantitated by using
NIH Image software (National Institutes of Health, Bethesda, Md.). Cellular
protein content was measured by the bicinchoninic acid method (5).

Indirect immunofluorescence and measurement of GLUT4myc translocation.
Subconfluent L6-GLUT4myc myoblasts were grown on 25-mm-diameter glass
coverslips in six-well plates and transfected as described above. Cells were de-
prived of serum in culture medium for 5 h prior to incubation with 100 nM
insulin (20 min, 37°C). The following steps were performed at 4°C unless indi-
cated otherwise. Cells were rinsed once with PBS prior to being incubated with
3% paraformaldehyde in PBS for 3 min and then PBS plus 100 mM glycine for
10 min. The cells were blocked with PBS containing 5% goat serum and 3% BSA
(PBS-BSA plus GS) for 30 min. To detect GLUT4myc, coverslips were incubated
with anti-myc antibody (9E10, 1:100) for 60 min, rinsed four times with PBS-BSA
plus GS, and incubated with secondary antibody (Cy3-conjugated goat anti-
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mouse IgG, 1:1,000) for 30 min. The cells were rinsed four to six times in PBS
and fixed in 3% paraformaldehyde for 30 min while shifting from 4°C to room
temperature. The cells were incubated with PBS plus 100 mM glycine for 10 min,
rinsed with PBS, and then rinsed with water before the coverslips were mounted
and immediately analyzed by fluorescence microscopy with a Leica TCS 4D laser
confocal fluorescence microscope.

Actin filament visualization. Subconfluent L6-GLUT4myc myoblasts were
grown on 25-mm-diameter glass coverslips in six-well plates and transfected as
described above. Cells were deprived of serum in culture medium for a total of
5 h prior to incubation with 100 nM insulin (5 min, 37°C) or, where indicated, 100
nM wortmannin (15-min pretreatment before addition of insulin and maintained
during the insulin incubation). The cells were rinsed once with PBS (4°C) and
then fixed with 3% paraformaldehyde for 30 min at room temperature followed
by a 10-min wash in PBS plus 100 mM glycine. The cells were permeabilized with
0.1% (vol/vol) Triton X-100 in PBS for 10 min and rinsed twice with PBS. The
cells were incubated with 0.2 U of rhodamine-phalloidin for 30 min prior to being
rinsed four to six times with PBS and then with water before being mounted and
immediately analyzed by fluorescence microscopy with a Leica inverted fluores-
cence microscope.

RESULTS

AAA-PKB acts as a dominant-negative inhibitor of PKBa/
Akt1. A dominant-negative PKBa/Akt1 was created by substi-
tuting alanine residues at the two major regulatory phosphor-
ylation sites of PKBa/Akt1 (Thr308 and Ser473) and the
phosphate transfer residue in the catalytic site (Lys179) (AAA-
PKB) (25a). To demonstrate that AAA-PKB was kinase inac-
tive, HA epitope-tagged AAA-PKB and wild-type PKB (HA-
AAA-PKB and HA-PKB, respectively) were transiently
expressed in L6-GLUT4myc myoblasts, independently. After
48 h, cells were either treated with 100 nM insulin for 10 min
or left untreated. HA-AAA-PKB and HA-PKB were immuno-
precipitated from cell lysates with an anti-HA epitope mono-
clonal antibody, and the samples were processed for an in vitro
PKB/Akt kinase assay. HA-PKB immunoprecipitated from in-
sulin-treated cells showed a mean increase in kinase activity 6
standard error (SE) of 18-fold 6 3-fold relative to untreated
(basal) cells (Fig. 1A). In contrast, the kinase activity associ-
ated with HA-AAA-PKB was not elevated by insulin, as pre-
dicted (Fig. 1A).

To determine the effect of mutant AAA-PKB on HA-PKB
activation, the cDNA of AAA-PKB (untagged) was cotrans-
fected with the HA-PKB construct at a 10:1 DNA ratio. Forty-

FIG. 1. AAA-PKB acts as a dominant-negative mutant of PKB. (A) L6-
GLUT4myc myoblasts grown in six-well plates were transiently transfected with
HA-tagged wild-type PKBa/Akt1 (HA-PKB; 0.4 mg per well) or with HA-tagged
AAA-PKBa/Akt1 (HA-AAA-PKB; 0.4 mg per well) and incubated for 48 h in
culture. Cells were serum deprived for 5 h and were left untreated (basal) or
treated with 100 nM insulin for 10 min (insulin). Cell lysates were prepared,
HA-tagged proteins were immunoprecipitated with anti-HA antibodies (3 mg),
and PKB kinase activity in the immune complexes was measured as described in
Materials and Methods. The basal activity of HA-PKB was assigned a value of
1.0; all other activities were expressed relative to this value. The results represent
the means 6 SE of data from three independent experiments. (B) Cells were
transfected with HA-PKB (0.4 mg per well) in combination either with pcDNA3
vector alone (4 mg per well) or with untagged AAA-PKB in pcDNA3 (4 mg per
well) as indicated. Cells were treated with insulin as indicated, and lysates were
prepared and processed for the PKB/Akt kinase assay as described for panel A.
The basal activity of HA-PKB cotransfected with pcDNA3 was assigned a value
of 1.0; all other activities were expressed relative to this value. The results
represent the means 6 SE of data from five independent experiments.

FIG. 2. Insulin-stimulated phosphorylation of GST-BAD is inhibited by co-
expression of AAA-PKB. L6-GLUT4myc myoblasts grown in six-well plates were
transiently transfected with pEBG-mBAD (0.4 mg per well) in combination with
either pcDNA3 vector alone or HA-AAA-PKB (0.4 mg per well) and incubated
for 48 h in culture. Cells were serum deprived for 5 h and were left untreated (2)
or treated with 100 nM insulin (1) for 10 min. Cells were lysed in detergent-
containing buffer as described in Materials and Methods and then immunoblot-
ted (IB) with anti-BAD (a-BAD; 1:500) or anti-phospho(Ser136)-BAD (a-
pBAD; 1:500) antibodies. (A) Representative immunoblots for GST-BAD
protein (BAD, upper panel) or Ser136-phosphorylated GST-BAD (pBAD, lower
panel). The positions of molecular mass markers are indicated on the right side
of the gel in kilodaltons. (B) Autoradiographs of four experiments were densi-
tometrically scanned, and the results were plotted as phosphorylated BAD
(pBAD)/BAD protein ratios for each set of conditions (insulin-treated [insulin]
or untreated [basal] cells) relative to the ratio calculated for basal cells trans-
fected with pEG-mBAD and pcDNA3, with the latter being assigned a value of 1.

4010 WANG ET AL. MOL. CELL. BIOL.



eight hours later, cells were either treated with 100 nM insulin
for 10 min or left untreated. The in vitro PKB kinase activity of
immunoprecipitated HA-PKB in untreated cells cotransfected
with HA-PKB and a 10-fold excess empty vector was assigned
a value of 1, and all other measurements were expressed rel-
ative to this value. Insulin stimulated HA-PKB activity by 19-
fold 6 4-fold (Fig. 1B). In contrast, the insulin stimulation of

HA-PKB was almost completely prevented by coexpression of
AAA-PKB (amounting to only a 7.9% 6 3.9% stimulation by
insulin relative to that of HA-PKB plus pcDNA3 alone).
Hence, in L6 muscle cells, AAA-PKB acts as a dominant-
negative PKBa/Akt1.

BAD, a proapoptotic protein, is one of only a few well-
characterized substrates of PKB. Growth factors stimulate

FIG. 3. Transient transfection of Dp85a PI 3-kinase inhibits, and GagPKB
potentiates, insulin-stimulated translocation of GLUT4myc in muscle cells. L6-
GLUT4myc myoblasts were transiently transfected with GFP (0.4 mg) (A) and
cotransfected with HA-PKB (0.4 mg) (B), dominant-negative Dp85a (0.4 mg)
(C), or GagPKB (0.4 mg) (D) and incubated for 48 h in culture. (A) Cells were
left untreated (basal) or treated with 100 nM insulin for 20 min (insulin) and then
processed for cell surface GLUT4myc detection with anti-myc antibody (1:100)
followed by Cy3-conjugated goat anti-mouse antibody as indicated in Materials
and Methods. Each pair of panels (upper and lower) shows the same field of
cells. In the lower panels, GFP fluorescence in transfected cells (arrowheads) is
shown. The upper panels show the cell surface GLUT4myc density under basal
conditions (a) or with insulin treatment (b). Arrowheads indicate the positions of
the transfected cells. Results shown are representative of at least five experi-
ments. (B) Cells were fixed and processed for indirect immunofluorescence with
anti-HA antibody (a-HA; 1:1,000) followed by detection with a Cy3-conjugated
goat anti-mouse antibody. The panel on the left shows the number of cells in the
field seen by phase-contrast microscopy. The middle and right panels show the
GFP-positive cells and the HA-PKB-positive cells, respectively, in the same field.
The results indicate complete overlap of GFP- and HA-PKB-positive cells.
Results shown are representative of three experiments. (C) Cells were treated as
described for panel A. The upper panels show the cell surface GLUT4myc
density under basal conditions (a) or with insulin treatment (b). Arrowheads
indicate the positions of cells transfected with Dp85a. Results shown are repre-
sentative of three experiments. (D) Cells were treated as described for panel A.
The upper panels show the cell surface GLUT4myc density under basal condi-
tions (a) or with insulin treatment (b). Arrowheads indicate the positions of cells
transfected with GagPKB. Results shown are representative of three experiments.
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phosphorylation of BAD on Ser136 by a PKB-dependent
mechanism (13, 42), and this response can be monitored with
antibodies that specifically recognize phosphorylated Ser136
on BAD. L6-GLUT4myc myoblasts were transiently trans-
fected with a GST-BAD fusion construct. Insulin treatment led
to a rapid elevation in Ser136 phosphorylation of BAD (by
5.5-fold 6 0.4-fold) (Fig. 2). Cotransfection of AAA-PKB and
GST-BAD markedly diminished the ability of insulin to stim-
ulate Ser136 phosphorylation of BAD (attaining an increase in
phosphorylation of only 2.2-fold 6 0.8-fold). This suggests that
AAA-PKB can effectively inhibit the activation of endogenous
PKB molecules by insulin. Together, the results shown in Fig.
1 and 2 indicate that AAA-PKB is a dominant-negative inhib-
itor of the activation of wild-type PKB by insulin.

Characterization of a single-cell assay for GLUT4myc trans-
location in L6 myoblasts. L6-GLUT4myc myoblasts were used
to establish a single-cell assay for GLUT4 translocation. The
myc epitope is on the first extracellular segment of GLUT4,
facilitating recognition of cell surface transporters by extracel-
lular labeling without the need to perform subcellular fraction-
ation, exofacial photolabeling, or plasma membrane lawn
preparation. We recently reported that L6-GLUT4myc myo-
blasts respond to insulin by translocating GLUT4myc to the
plasma membrane in a wortmannin-sensitive manner (60). In-
sulin caused a twofold increase in cell surface content of
GLUT4myc and in glucose transport activity in L6-GLUT4myc
myoblasts (60). Moreover, in these cells about 50% of the
GLUT4myc protein was located intracellularly in a unique
compartment enriched in the insulin-regulated aminopepti-
dase vp165 and relatively depleted of GLUT1 (56a). Thus, in
L6 myoblasts, ectopic expression of GLUT4 generates an in-
sulin-responsive phenotype.

To determine the effects of transient transfection of various
cDNA constructs on the translocation of GLUT4myc to the
cell surface, cotransfection with green fluorescent protein
(GFP) cDNA was performed to facilitate recognition of trans-
fected cells. Essentially, its use alleviated the need to perme-

abilize the cells to identify the expression of the transfected
proteins. However, preliminary experiments were necessary to
rule out the possibility that GFP expression itself interferes
with insulin-stimulated GLUT4 translocation. Transfection of
GFP alone (Fig. 3A, lower panels) did not alter cell surface
GLUT4myc levels in either unstimulated cells (Fig. 3A, upper
left panel) or cells treated with 100 nM insulin for 20 min
(upper right panel) compared to untransfected neighboring
cells. We next determined that GFP expression was a good
indicator of coexpression of other DNA constructs. Equal
amounts of GFP and HA-PKB DNA constructs were cotrans-
fected into L6 myoblasts and processed for indirect immuno-
fluorescence of the HA epitope. The left panel in Fig. 3B
indicates the total number of cells present in the entire field of
one representative experiment. The other panels in Fig. 3B
illustrate that all of the GFP-positive cells (middle panel) in
this field of cells were also positive for HA-PKB expression
(right panel).

Inhibition of insulin-stimulated GLUT4 translocation by
dominant-negative PI 3-kinase in L6-GLUT4myc myoblasts.
Expression of a dominant-negative construct of the p85a reg-
ulatory subunit of PI 3-kinase lacking the region that binds to
the p110 catalytic subunit (Dp85a) inhibits insulin-induced
GLUT4 translocation in rat fat cells and 3T3-L1 adipocytes
(35, 45). Transient transfection of Dp85a in L6 myoblasts did
not alter the level of cell surface GLUT4myc in untreated
(basal) cells compared to that in untransfected neighboring cells
(Fig. 3C, panel a). However, Dp85a transfection completely
blocked the insulin-stimulated translocation of GLUT4myc to
the cell surface (Fig. 3C, panel b). This experiment confirmed
the dependence of GLUT4myc translocation on PI 3-kinase
activity in L6 myoblasts.

A constitutively active PKBa/Akt1 stimulates GLUT4myc
translocation. Expression of constitutively active forms of
PKBa/Akt1 in L6 muscle cells results in an increase in glucose
transport and in the amount of GLUT4 present at the plasma
membrane (20, 56). Here we coexpressed GFP with a consti-

FIG. 4. AAA-PKB inhibits insulin-induced translocation of GLUT4myc in muscle cells. L6-GLUT4myc myoblasts were cotransfected with GFP and HA-AAA-PKB
(0.4 mg each) and incubated for 48 h in culture. Cells were serum deprived for 5 h, left untreated or treated with 100 nM insulin for 20 min (insulin), and then processed
for cell surface GLUT4myc detection with anti-myc (1:100) antibody followed by Cy3-conjugated goat anti-mouse antibody as indicated in Materials and Methods. Each
pair of panels (upper and lower) shows the same field of cells. In the lower panels, GFP fluorescence in transfected cells is shown (arrowheads). The upper panels show
the cell surface GLUT4myc density under basal conditions (a) or with insulin treatment (b) for three separate experiments. Arrowheads indicate the positions of cells
transfected with HA-AAA-PKB in the upper panels. Results shown are representative of at least five experiments.
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tutively active PKBa/Akt1 that has a viral Gag protein with its
N-terminal membrane-targeting myristoylation motif fused in
frame to the N terminus of PKBa (6). The resulting PKB
protein is located almost exclusively at the plasma membrane
and has a very high basal activity level (57). Expression of
GagPKB augmented the cell surface density of GLUT4myc in
the absence of insulin treatment (Fig. 3D, panel a) compared

to the surrounding, untransfected cells. Insulin treatment of
cells expressing GagPKB slightly increased the translocation of
GLUT4myc to the cell surface compared to neighboring, un-
transfected cells (Fig. 3D, panel b). Expression of wild-type,
HA-tagged PKBa/Akt1 had no effect on either basal or insulin-
dependent surface exposure of GLUT4 (results not shown).

Expression of AAA-PKB inhibits GLUT4 translocation. The
elevation of surface GLUT4myc levels in the L6 myoblasts
expressing GagPKB suggested that this kinase might be part of
the signal transduction pathway utilized by insulin to stimulate
glucose transport. To further investigate the role of PKBa/
Akt1 in the stimulation of glucose transport by insulin, cells
were transiently transfected with HA-AAA-PKB, the domi-
nant-negative inhibitor of PKB activation by insulin. The effect
of HA-AAA-PKB on insulin-induced translocation of GLUT4
to the cell surface is illustrated in Fig. 4 (upper panels). The
transfected cells were identified by their expression of GFP
(shown in the lower panels). HA-AAA-PKB had no detectable
effect on the basal amount of GLUT4myc on the cell surface
compared to that of the surrounding, untransfected cells (Fig.
4a). However, insulin could not stimulate GLUT4myc translo-
cation in cells that expressed HA-AAA-PKB compared to that
of the surrounding, untransfected cells (Fig. 4b).

AAA-PKB is a more effective inhibitor of GLUT4 transloca-
tion than AA-PKB or A-PKB. Two kinase-inactive mutants of
PKBa/Akt1 have been suggested to have dominant inhibitory
activity over the activation of endogenous PKB by insulin or

FIG. 5. Comparison of AAA-PKB, AA-PKB, and A-PKB with regard to
insulin-stimulated GLUT4myc translocation and activation of HA-PKB by insu-
lin. (A) L6-GLUT4myc myoblasts were cotransfected with GFP (0.4 mg) and
HA-AAA-PKB, HA-AA-PKB, or HA-A-PKB (0.4 mg each) and incubated for
48 h in culture. Cells were serum deprived for 5 h, left untreated (basal) or
treated with 100 nM insulin for 20 min (insulin), and then processed for detec-
tion of cell surface GLUT4myc with anti-myc antibody (1:100) followed by
Cy3-conjugated goat anti-mouse antibody as indicated in Materials and Meth-
ods. The intensity of the fluorescent label of cell surface GLUT4myc was quan-
titated by using NIH Image soft ware. The pixel intensity of GLUT4myc staining
per cell was measured in similar numbers of transfected and nontransfected cells.
A value of 100% was assigned to nontransfected, insulin-stimulated cells within
each field. The pixel intensity of the transfected cells in the same field was then
calculated as a fraction of this value. The pixel intensity in parallel coverslips of
unstimulated cells transfected with pcDNA3 and GFP only was also measured
and is indicated by the dotted line. The results are means 6 SE of data from at
least three independent experiments under each set of conditions. (B) L6-
GLUT4myc myoblasts were cotransfected with HA-PKB (0.4 mg) and empty
pcDNA3 vector, untagged AAA-PKB, AA-PKB, or A-PKB (4.0 mg each) and
incubated as described for panel A prior to analysis. Cells were left untreated
(basal) or treated with 100 nM insulin for 10 min (insulin). Cell lysates were
prepared, HA-tagged proteins were immunoprecipitated with anti-HA antibody
(3 mg), and PKB kinase activity in the immune complexes was measured as
described in Materials and Methods. The basal activity of HA-PKB cotransfected
with pcDNA3 was assigned a value of 1.0. All other activities were expressed
relative to this value. The results represent the means 6 SE of data from three
experiments under each set of conditions.

FIG. 6. Coexpression of wild-type PKB with AAA-PKB rescues the inhibi-
tion of insulin-stimulated GLUT4 translocation. L6-GLUT4myc myoblasts were
cotransfected with GFP (0.4 mg), HA-AAA-PKB (0.4 mg), and pcDNA3 (1.6 mg)
(a) or with GFP (0.4 mg), HA-AAA-PKB (0.4 mg), and HA-PKB (1.6 mg) (b) and
incubated for 48 h in culture. Cells were serum deprived for 5 h, left untreated
or treated with 100 nM insulin for 20 min, and then processed for cell surface
GLUT4myc detection as indicated in Materials and Methods. Untreated cells
are not shown. Each pair of panels (upper and lower) shows the same field of
cells. In the lower panels, GFP fluorescence in transfected cells is shown (ar-
rowheads). The upper panels show the cell surface GLUT4myc density for the
transfection of AAA-PKB plus pcDNA3 vector alone (a) or the transfection of
AAA-PKB with excess wild-type (WT) PKB (b). Arrowheads indicate the posi-
tions of transfected cells. Results shown are representative of at least three
experiments.
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other growth factors. One of these mutants has a K179A sub-
stitution (A-PKB) and has been referred to as kinase dead
since it cannot bind ATP or phosphorylate substrates (11, 18).
A nonactivatable mutant was also generated by alanine substi-
tutions T308A and S473A (AA-PKB) (30). This mutant cannot
receive activating inputs from the upstream kinases PDK-1 and
PDK-2, and so it cannot be stimulated by growth factor recep-
tor signals. We compared the effectiveness of A-PKB and AA-
PKB in inhibiting the stimulation of GLUT4myc translocation
and the activation of HA-PKB by insulin in L6-GLUT4myc
myoblasts with that of AAA-PKB. L6-GLUT4myc myoblasts
were transfected with 0.4 mg of either AAA-PKB, AA-PKB, or
A-PKB cDNA and then processed for GLUT4myc transloca-
tion as described in the legend to Fig. 4. The intensity of the
fluorescent label of cell surface GLUT4myc was quantitated by
using NIH Image software. The pixel intensity of GLUT4myc
staining per cell was measured in similar numbers of trans-
fected and nontransfected cells. A value of 100% was assigned
to nontransfected, insulin-stimulated cells within each field.
The pixel intensity of the transfected cells in the same field was
then calculated as a fraction of this value. At least three ex-
periments using each of the PKB/Akt mutants were quanti-
tated, and the averaged results are shown in Fig. 5A. The pixel
intensity in parallel coverslips of unstimulated cells transfected
with pcDNA3 and GFP only was also measured and is indi-
cated by the dotted line. Insulin caused a 1.9-fold increase in
GLUT4myc above that in unstimulated cells (Fig. 5A). This
degree of stimulation was not affected by the transfection of
pcDNA3. AAA-PKB significantly reduced the ability of insulin
to recruit GLUT4myc to the cell surface, so that the hormone
caused only a 0.6-fold increase (above that in unstimulated
cells). Transfected AAA-PKB was significantly more effective
than either AA-PKB or A-PKB at inhibiting GLUT4 translo-
cation. In fact, neither AA-PKB nor A-PKB affected the in-
crease in surface GLUT4myc in response to insulin relative to
untransfected or pcDNA3-transfected cells (Fig. 5A).

The relative potency of these constructs in inhibiting wild-
type HA-PKB activity was determined. HA-PKB (0.4 mg of
DNA) was cotransfected along with a 10-fold excess (4 mg) of
either pcDNA3 or one of the three untagged versions of the
mutant constructs (AAA-PKB, AA-PKB, or A-PKB). The in-
sulin-dependent stimulation of HA-PKB activity in cells trans-

fected with pcDNA3 alone was assigned a value of 100%. The
insulin-stimulated activity of HA-PKB was almost completely
abolished by AAA-PKB (to 7.5% 6 2.8%) and was less effec-
tively decreased by AA-PKB (to 19% 6 10%) and A-PKB
(27% 6 9.5%). These data demonstrate that, under similar
experimental conditions, AAA-PKB is a more effective inhib-
itor of PKB activation by insulin than either A-PKB or AA-
PKB.

Coexpression of wild-type PKBa with AAA-PKB restores
GLUT4 translocation. To further investigate whether the in-
hibitory action of AAA-PKB was realized through its action on
the PKB pathway, cells were cotransfected with HA-AAA-
PKB and HA-PKB at a DNA ratio of 1:4, with the rationale
that excess wild-type PKB would restore insulin-stimulated
GLUT4 translocation. The results of these experiments are
shown in Fig. 6. Cells expressing GFP are identified by arrow-
heads. As seen above, insulin could not stimulate the translo-
cation of GLUT4myc in cells that expressed HA-AAA-PKB
(Fig. 6a). However, HA-AAA-PKB had no inhibitory effect on
insulin-induced GLUT4myc translocation in cells that were
cotransfected with four times more HA-PKB cDNA (Fig. 6b).
These data strongly support the hypothesis that AAA-PKB
prevented GLUT4myc translocation by inhibiting insulin acti-
vation of endogenous PKB.

PI 3-kinase-dependent actin reorganization is not affected
by AAA-PKB. It is conceivable that the inhibition of GLUT4
translocation was a consequence of the ability of AAA-PKB to
sequester PI 3-kinase products, independent of its ability to
inhibit PKB activation. To examine this possibility, we deter-
mined the effect of AAA-PKB on insulin-induced actin fila-
ment reorganization, a phenomenon that requires activation of
PI 3-kinase in L6 muscle cells and 3T3-L1 adipocytes (39, 54).
By comparison, the reorganization of the actin cytoskeleton
stimulated by platelet-derived growth factor is also PI 3-kinase
dependent but is also known to be PKBa independent in por-
cine aortic endothelial cells (15), pig aortic endothelial cells
(61), and SKF5 neuroectodermal cells (58). To explore the
relationship between PKB/Akt and actin reorganization in
muscle cells, L6-GLUT4myc myoblasts cotransfected with
HA-AAA-PKB and GFP were treated for 5 min with insulin or
were left untreated. Cellular filamentous actin was then la-
beled with rhodamine-conjugated phalloidin. Under basal con-

FIG. 7. PI 3-kinase-dependent actin remodeling is not affected by AAA-PKB. L6-GLUT4myc myoblasts were cotransfected with GFP (0.4 mg) and Dp85a (0.4 mg)
(a and b) or with GFP (0.4 mg) and AAA-PKB (0.4 mg) (c to f) and incubated for 48 h in culture. Cells were serum deprived for 5 h and left untreated (basal) or treated
with 100 nM insulin for 5 min (insulin). Cells in panels e and f were pretreated with wortmannin for 15 min before treatment with insulin (or no further treatment).
All cells were processed for detection of actin with rhodamine-phalloidin as indicated in Materials and Methods. Each pair of panels (upper and lower) shows the same
field of cells. In the lower panels, GFP fluorescence in transfected cells is shown (arrowheads). The upper panels show filamentous actin in untreated cells (basal) (a
and c), cells pretreated with wortmannin (Wort.) (e), insulin-treated cells (insulin) (b and d), or wortmannin pretreated, insulin-treated cells (Wort. 1 Ins.) (f).
Arrowheads indicate the positions of transfected cells. Results shown are representative of at least three experiments.
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ditions, phalloidin labeled a large number of distinct actin
filaments (Fig. 7a). Insulin treatment resulted in a dramatic
reorganization of actin, manifested as extensive bundling of
actin structures at the cell periphery and in distinctive actin
spikes within the cells (Fig. 7b, small arrowheads). In trans-
fected cells (indicated by large arrowheads), Dp85a had no
effect on the organization of actin in unstimulated cells but was
able to completely block the insulin-stimulated bundling of
actin at the cell periphery and the formation of actin spikes
(Fig. 7a and b). Cells expressing HA-AAA-PKB (Fig. 7c and d,
arrowheads) did not have altered actin filament organization in
unstimulated cells. Nor did HA-AAA-PKB interfere with in-
sulin-induced actin bundling compared with that observed in
untransfected neighboring cells (Fig. 7c and d). The actin fil-
ament reorganization induced by insulin was prevented by
wortmannin in all cells regardless of the presence or absence of
AAA-PKB (Fig. 7e and f). These results demonstrate that
activation of PKBa/Akt1 is not required for actin bundling and
furthermore suggest that the inhibitory actions of AAA-PKB
on GLUT4myc translocation are due to the ability of this
mutant to prevent the activation of endogenous PKB and are
not attributable to inhibition of PI 3-kinase.

Measurement of atypical PKC activity. L6 muscle cells ex-
press atypical protein PKCz (28) as detected with a polyclonal
antibody that also reacts with the l isoform. To assess whether
PKCz was activated by insulin, the endogenous enzyme was
immunoprecipitated from parental L6 myotubes with the same
antibody. In vitro kinase activity of the immunoprecipitates
toward myelin basic protein was measured. Immunoprecipi-
tates from control cells showed substantial activity above the
background measured in irrelevant-IgG immunoprecipitates.
The background activity was only 7% of the activity in PKCz
immunoprecipitates. Immunoprecipitates from L6 myotubes
treated with insulin for 5 min did not show any further increase
in PKCz activity relative to immunoprecipitates from control
cells (control, 1.00; insulin, 0.96 6 0.08 [mean 6 SE of data
from six independent experiments]). The PKCz activity of HA-
tagged wild-type PKCz transfected into L6-GLUT4myc myo-
blasts was also determined. The transfected cells were incu-
bated with insulin for 5 min, and HA-tagged proteins were
immunoprecipitated for in vitro PKCz activity assays. As in the
case of the endogenous kinase, the exogenous enzyme was
already active in immunoprecipitates from control cells (the
background amounted to only 25% of the activity) and insulin
stimulation did not increase the activity further (control, 1.00;
insulin, 0.98 6 0.005 [mean 6 standard deviation of two inde-
pendent experiments]). Similar results were obtained when
cells were incubated with insulin for up to 15 min. Thus, con-
trary to a previous report (4), we could not demonstrate insu-
lin-dependent activation of PKCz in parental L6 myotubes or
in L6-GLUT4myc myoblasts.

DISCUSSION

Inhibition of GLUT4myc translocation by AAA-PKB. The PI
3-kinase dependence of insulin stimulation of glucose trans-
porter translocation has been clearly demonstrated in a variety
of insulin-responsive tissues and cell lines (47). How the PI
3-kinase lipid products mediate this translocation is still a point
of debate. Recent evidence indicates that the PH domain of
the serine/threonine kinase PKBa/Akt1 binds PI (3,4)-P2 and
PI (3,4,5)-P3 in membranes and that full stimulation of this
enzyme by insulin requires phosphorylation by the upstream
kinases PDK1 and PDK2 (2, 3, 50). Hence, the question of
whether PKBa/Akt1 activation is required for the stimulation
of glucose uptake by insulin and other metabolic actions of the

hormone has been raised. Processes such as amino acid up-
take, glycogen synthesis, and glucose uptake were elevated in
cells expressing constitutively or conditionally active versions
of PKBa/Akt1 (20, 32, 33, 52). The use of a conditionally active
PKBa/Akt1 chimera was the most informative of these ap-
proaches because the kinase could be activated by tamoxifen
with a time course closely resembling that of the activation of
the endogenous PKBa/Akt1 by insulin (32). Although these
studies provide important insight into the function of PKBa/
Akt1, they do not directly prove the participation of PKBa/
Akt1 in the insulin-dependent regulation of these metabolic
functions.

In the present study, we examined the participation of
PKBa/Akt1 in the regulation of insulin-stimulated GLUT4
translocation in L6-GLUT4myc myoblasts by transiently ex-
pressing the AAA-PKBa/Akt1 mutant, which cannot be phos-
phorylated by PDK1 or PDK2 and is itself kinase inactive. We
demonstrated that in L6-GLUT4myc myoblasts this mutant
acts as a dominant-negative inhibitor of insulin-stimulated
PKBa/Akt1, since it could block the activation of HA-tagged
wild-type PKBa/Akt1 in cotransfection experiments as well as
insulin-stimulated phosphorylation of ectopically expressed
BAD protein. These two approaches are complementary; the
first demonstrates that AAA-PKB can completely inhibit acti-
vation of PKB when the mutant is in excess of the wild-type
enzyme, while the second approach shows that AAA-PKB can
markedly inhibit the activation of endogenous PKB under a
defined set of transfection conditions. Therefore, the AAA-
PKB mutant was tested for its ability to interfere with insulin-
dependent GLUT4myc translocation under the same condi-
tions. Measuring the insulin-stimulated arrival of GLUT4myc
at the cell surface, we observed marked inhibition of this action
of insulin in cells transfected with AAA-PKB (Fig. 4 and 5A).
Importantly, expression of excess wild-type PKB could reverse
the inhibitory effect of AAA-PKB (Fig. 6). This latter result
suggests that the AAA-PKB construct did not exert nonspecific
effects, e.g., irreversibly binding to upstream or downstream
signaling molecules and blocking their function.

To underscore the suggestion that AAA-PKB does not in-
hibit PI 3-kinase activation or signaling, we analyzed the effects
of AAA-PKB on the insulin-dependent rearrangement of actin
filaments in L6 myoblasts. Insulin stimulates actin bundling
under the plasma membrane (referred to as membrane ruf-
fling) in a PI 3-kinase-dependent manner (39). In this study, we
showed that inhibition of PI 3-kinase by wortmannin or by
expression of a dominant-negative Dp85a inhibitory molecule
of PI 3-kinase abolished insulin-stimulated actin rearrange-
ments in L6-GLUT4myc myoblasts. Recently, actin rearrange-
ments associated with membrane ruffling were shown to be
PKB/Akt independent in other cells treated with platelet-de-
rived growth factor (15, 58, 61). We observed that AAA-PKB
did not prevent the wortmannin-sensitive actin bundling elic-
ited by insulin. These results extend PKB independence to
insulin-induced actin bundling and demonstrate that PI 3-kinase
functions normally in the presence of AAA-PKB. Thus, AAA-
PKB likely prevented GLUT4myc translocation by inhibiting the
activation of endogenous PKB/Akt.

Effect of other PKB mutants on GLUT4 translocation. At-
tempts to inhibit the endogenous PKB/Akt activation and as-
sess glucose transport regulation were made in two recent
studies with different types of adipose cells. In the first study,
cDNA encoding kinase-inactive A-PKB was introduced into
rat adipocytes by electroporation and its effects on the appear-
ance of cotransfected HA-tagged GLUT4 were tested after
20 h (11). In the second study, a cDNA encoding AA-PKB was
introduced into 3T3-L1 adipocytes by adenovirus gene transfer

VOL. 19, 1999 MUTANT PKB/Akt INHIBITS GLUT4 TRANSLOCATION 4015



and its effects were tested after 48 h (30). A-PKB caused a
decrease in the sensitivity of insulin-stimulated HA-GLUT4
translocation and a partial (20%) reduction in the maximal
mobilization of HA-GLUT4 to the cell surface of rat adipo-
cytes (11). In contrast, AA-PKB did not prevent the stimula-
tion of glucose transport by insulin or the translocation of the
endogenous GLUT4 to the cell surface, despite preventing
stimulation of protein synthesis by insulin (30). Unfortunately,
due to experimental limitations, the former study could not
demonstrate that the A-PKB mutant prevented PKB/Akt ac-
tivation in rat adipocytes (11). On the other hand, AA-PKB
was shown to significantly inhibit a large portion of the endog-
enous PKB/Akt activity on the basis of the reduced kinase
activity remaining in the supernatant of lysates from cells trans-
fected with HA-AA-PKB following the quantitative removal of
HA-AA-PKB by immunoprecipitation (30). While this evi-
dence is compelling, it is important to point out that approxi-
mately 15% of the insulin-stimulated activity of the endoge-
nous PKB remained even at the highest dose of AA-PKB
infection in that study (30). This represented a threefold in-
crease in PKB activity above basal values. It is conceivable that
this residual activation of PKB sufficed to stimulate glucose
transport. The results from our study support this possibility.
AA-PKB caused about an 80% inhibition of cotransfected
HA-PKB but did not inhibit GLUT4myc translocation in L6
GLUT4myc myoblasts (Fig. 5). A more drastic inhibition of
HA-PKB activity by AAA-PKB correlated with a substantial
inhibition of GLUT4myc translocation. A-PKB was even less
effective than AA-PKB at inhibiting HA-PKB activity, and like
AA-PKB it was also unable to inhibit GLUT4myc transloca-
tion. We interpret these collective results to indicate that PKB
activity may have to be inhibited substantially in order to result
in an inhibition of GLUT4 translocation.

How is it envisaged that different PKB mutant forms have
different dominant-negative effects? PKB forms multimeric
complexes (possibly trimers) that are held in an inactive con-
formation by intermolecular interactions (10). PKB has no
autokinase activity; its activation depends on phosphorylation
of Thr308 and Ser473 by PDK1 and PDK2, which releases the
inhibitory effect on a partnering PKB molecule (10). We pre-
dict that AAA-PKB would function as a complete inhibitor
when two molecules of AAA-PKB complex with one wild-type
PKB molecule. In this model, a complex consisting of two
molecules of the other mutant, AA-PKB, and one wild-type
PKB molecule could still retain up to one-third of its activity.
That is, PDK phosphorylation of the wild-type PKB molecule
in such a complex would derepress the activity of one of the
AA-PKBs, allowing it to engage substrates.

The mechanism described above lends support to the con-
clusion that the different PKB mutants reported in the litera-
ture and in the present study lead to different degrees of
inhibition of wild-type PKB and that only when a nearly com-
plete inhibition of the endogenous PKB is achieved is glucose
transport inhibited. In addition, it is possible that different cell
types have different levels of requirement for PKB in the stim-
ulation of glucose transport, and part of this may be due to the
requirement for specific PKB isoforms. In L6 muscle cells and
skeletal muscle, the PKBb/Akt2 isoform is not activated by
insulin to any measurable extent (59), whereas the PKBb/Akt2
isoform is more robustly activated by insulin than is PKBa/
Akt1 in rat adipocytes (59). In addition to inhibiting the en-
dogenous PKBa/Akt1 in 3T3-L1 adipocytes to a large but
incomplete degree, the AA-PKB mutant reduced the endoge-
nous activity of PKBb/Akt2 also to an incomplete degree (a
twofold stimulation in response to insulin was still observed)
(36). Clearly, sorting out the cell-specific, isoform-specific, and

activity threshold requirements of PKB will be essential to our
understanding of the precise mechanism of action of insulin.

While the manuscript was under review, Kasuga and col-
leagues reported compelling evidence that a dominant-nega-
tive version of the atypical PKCl reduced the insulin-stimu-
lated glucose uptake in 3T3-L1 cells by 50% (36). The possible
contribution of atypical PKC to GLUT4 translocation in L6-
GLUT4myc myoblasts remains to be determined. However, we
were unable to show significant stimulation by insulin of either
endogenous atypical PKCz/l or transfected HA-tagged PKCz,
even though a significant level of basal activity was measured.
These results may underscore cell type-dependent engage-
ments of the PKB and PKC pathways.

It is quite possible that both types of targets of PI 3-kinase,
namely, the PKBs and atypical PKCs, contribute to the full
translocation of GLUT4 and stimulation of glucose uptake.
The relative participation of each pathway may be cell context
dependent, and this context may include the relative amounts
and proportions of the different isoforms within the two fam-
ilies. Ambient factors such as the state of differentiation of the
cell or tissue and the action of concomitant stimuli may also be
important. It is conceivable that PKBs and PKCs provide the
cells with a certain degree of redundancy and that their inter-
play confers fine tuning of the insulin response.

In conclusion, the results presented here strongly suggest
that PKBa/Akt1 participates in the stimulation of GLUT4
translocation in muscle cells. Conversely, stimulation of actin
remodeling by insulin, which requires activation of PI 3-kinase,
could be dissociated from the activation of PKBa/Akt1. The
PKBa/Akt1 mutant described here has potent dominant inhib-
itory actions that will be useful in explorations of the regulation
of other physiological responses.
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