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Summary

We have investigated the role of protein kinase B (Akt) in
the insulin-stimulated translocation of vesicles containing
the insulin-responsive isoform of glucose transporter
(GLUT4) to the plasma membrane of adipocytes. Previous
reports have suggested that protein kinase B can bind to
intracellular GLUT4 vesicles in an insulin-dependent
manner, but the functional consequence of this
translocation is not known. In this study we have artificially
targeted constitutively active and kinase-inactive mutants
of protein kinase B to intracellular GLUT4 vesicles by
fusing them with the N-terminus of GLUT4 itself. We
examined the effect of these mutants on the insulin-
dependent translocation of the insulin-responsive amino

peptidase IRAP (a bona fide GLUT4-vesicle-resident
protein). A kinase-inactive protein kinase B targeted to
GLUT4 vesicles was an extremely effective dominant-
negative inhibitor of insulin-stimulated IRAP translocation

to the plasma membrane. By contrast, a kinase-inactive
protein kinase B expressed in the cytoplasm did not have
an effect. The results suggest that protein kinase B has an
important functional role at, or in the vicinity of, GLUT4
vesicles in the insulin-dependent translocation of those
vesicles to the plasma membrane of adipocytes.
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Introduction on Ser473. PKB can be rendered constitutively active by
A major physiological effect of insulin is the rapid stimulation Substitution of Thr308 and Ser473 for aspartic acid residues,
of glucose uptake into its target tissues, namely muscle anhich mimic phosphorylation [PKBID] (Alessi et al., 1996)],
fat. This occurs via the ability of insulin to promote theOr by insertion of a myristoylation signal sequence frosncc-
translocation of intracellular vesicles containing the insulinat the N-terminus [Myr-PKB (Andjelkovic et al., 1997)]. The
responsive glucose transporter isoform 4 (GLUT4) to thdatter allows constitutive membrane localisation and thus
plasma membrane (James and Piper, 1994; Kandror and PilgHiosphorylation on Thr308 and Ser473 (Andjelkovic et al.,
1996; Holman and Kasuga, 1997). A detailed moleculat997).
description of how insulin promotes this translocation is Constitutively active mutants of PKB mimic the ability of
presently lacking, although some of the components that at@sulin to promote glucose uptake and GLUT4 translocation in
likely to be involved have been identified. muscle and adipose cells (Kohn et al., 1996; Tanti et al., 1997),
It is well established that phosphoinositide 3-kinase (Psuggesting that this protein kinase may be a crucial mediator
3-kinase) is pivotally involved in insulin-induced glucose of insulin’s effect on glucose transport. Studies using a kinase-
uptake (Kanai et al., 1993; Okada et al., 1994; Hara et aifactive PKB mutant (Cong et al., 1997), in which the PDK1
1994), although a parallel Pl 3-kinase-independent pathwagnd PDK2 phosphorylation sites were additionally mutated
comprising CAP, Chl, C3G and TC10, has also been propos¢dKB-AAA (Wang et al., 1999)], and inhibitory anti-PKB
to play a role (Baumann et al., 2000; Chiang et al., 2001). Thentibodies (Hill et al., 1999) were found to block insulin-
mechanism by which Pl 3-kinase mediates the effect of insulistimulated glucose uptake. This is consistent with a role for
on GLUT4 translocation is controversial. Two protein kinase$’KB in mediating insulin-stimulated GLUT4 translocation.
that lie downstream of Pl 3-kinase have received considerabfeurthermore, adipocytes isolated from diabetic rats or humans
attention, namely protein kinase B (PKB) and the atypicaéxhibited a parallel defect in insulin-stimulated glucose uptake
protein kinase C-family membegsandA (PKCZ and PKQ\). and PKB activation and phosphorylation (Carvalho et al.,
PKB is composed of an N-terminal pleckstrin homology2000a; Carvalho et al., 2000Db).
domain (PH domain), a protein kinase domain and a C-terminal Equally, there is evidence against a role for PKB and this
regulatory domain containing the phosphorylation site Ser47@cludes a report that a dominant-negative PKB failed to
(reviewed in Vanhaesebroeck and Alessi, 2000). Binding ablock insulin-stimulated glucose uptake in adipocytes under
phosphoinositide-3,4,5-trisphosphate [PtdIins(3R5)0 the  conditions where endogenous PKB activation was severely
PH domain allows recruitment of PKB from the cytoplasm tocompromised (Kitamura et al., 1998). Also, we (L.M.F. and
the plasma membrane, where it is phosphorylated and activatédM.T., unpublished) (see Results) and others (Wang et al.,
by PDK1 on Thr308 and, by an as yet ill-defined kinase1999) have been unable to demonstrate inhibitory effects of a
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cytosolic kinase-inactive PKB on insulin-stimulated GLUT4 inactive PKB[Lys179Ala] (PKBKD]) and (v) PKB lacking the PH-
translocation. domain (PKBAPH]; i.e. a deletion of amino acid residues

Constitutively active forms of PKiCand PK(, in which ~ Metl-Alal17) were kindly provided by D. Alessi (University of

; ; ; ; e PKB sequences included an N-terminal HA-tag. A kinase-inactive
GLUT4 translocation and glucose uptake in adipocytes in thig tant of Myr-PKB (Myr-PKBKD]) and a kinase-inactive PKB

absence of insulin (Bandyopadhyay et al., 1997; Standaert Etking the PH domainAPH-PKBIKD]) were constructed by site-

al., 1997; Bandyopadhyay et. al., ]?999), (L.M.F. and ‘J'M'T'directed mutagenesis (thus introducing a K179A substitution) using

unpublished). Furthermore, kinase-inactive mutants of PKCyhe quikchange site-directed mutagenesis kit (Stratagene Cloning

and PKE have been reported to block insulin-stimulatedsystems, La Jolla, CA) and the plasmids Myr-PKB or PAEB]

GLUT4 translocation. These data argue in favour of amlescribed above as templates, respectively.

additional role for the atypical PKCs in insulin action on PKB mutants were fused to the N-terminus of GLUT4 as follows.

glucose uptake. PKB[KD]-GLUT4 and PKBPD]-GLUT4 were constructed by
Growth factors have been reported to induce a translocatidicR amplification of fragments of pPKI&D] and pPKBPD],

of PKB from the cytosol to the plasma membrane and then fgsSpPectively, between bases 550 and 1638 using the prirhers 5
the nucleus (Meier et al., 1997; Goransson et al. 19gséTTTAAGCTTGACGAGATGTATCCTTACGACGTCCCCGACTA-

. : . . GCCAGTCTGATGGACTTCCGGTCG*Znd B-TTTTGGATCC-
Interestingly, insulin has also been reported to stimulate GCCGTGCTGCTGGC-3an N-terminal HA-tag is thus introduced
recruitment of PKB .to GLUT4-containing vesicles (Calerainto each construct. The resulting PCR product was cloned into the
et al., 1998; Kupriyanova and Kandror, 1999). In theyingi) and BanHI restriction sites of the plasmid pGFP-GLUT4
current study, therefore, we have examined the functiongbopson et al., 1996), such that the PKB sequence replaces the GFP
consequences of targeting kinase-inactive and constitutiveBequence at the’ %end of full-length GLUT4 in the plasmid
active mutants of PKB to GLUT4 vesicles by fusion with pcDNAI/Neo. Thus the PKB sequences within PKB[-GLUT4 and
GLUT4 itself. Our results suggest that PKB may indeed havBKB[DD]-GLUT4 lack the PH domain. 3
an important functional role in GLUTA4 vesicle translocation by The human FKHR sequence (bases 386-2353) was amplified

acting at, or within the vicinity of, the GLUT4 vesicles by PCR from HEK293 cDNA using t’he primers’-BITT-
themselves. CTCGAGATGGCCGAGGCGCCTCAGGT@ and 3-TTTTGT-

CGACTCAGCCTGACACCCAGCTATG3 and was cloned into
pGEM-TEasy (Promega). Att recombination sites were subsequently
. added by PCR at the &nd 3 extremities of the FKHR cDNA and
Materials and Methods the product cloned downstream of EGFP (Clontech) in pCI-Neo using
Cells and reagents the GatewalM Cloning System (Life Technologies).
The murine 3T3-L1 fibroblast clone was obtained from ATCC (CL-
173; Manassas, VA, USA). Tissue culture reagents were from GIBCO ) ) o o
BRL (Paisley, Scotland) or the Sigma Chemical Co. (Dorset, UK)Cell culture, adipocyte differentiation and microinjection
Mouse monoclonal anti-haemagglutinin (HA) antibodies were fron3T3-L1 fibroblasts were grown on coverslips, differentiated into
Berkley Antibody Co. (Richmond, USA), mouse monoclonal anti-adipocytes and microinjected with plasmid DNA as previously
GFP antibodies were from Roche (East Sussex, UK) and transferridescribed (Oatey et al., 1997). Plasmids were injected at 30 to 150
Alexa568 was from Molecular Probes (Oregon, USA). Unlessug/ml, and then the cells were then incubated in DMEM containing
otherwise stated, all other reagents were obtained from the Signi®% (v/v) myoclone-plus foetal calf serum for 16-24 hours. The cells
Chemical Co. The GFP mutant used in this study was kindly providediere serum starved for 2 hours prior to any further manipulations.
by Jon Pines (Wellcome/CRC, Cambridge, UK) and has beeWhere appropriate, 100 nM insulin was added for 30 minutes prior to
previously described by us (Oatey et al., 1997). fixation.

Plasmids Immunofluorescence analysis

The plasmid pIRAP-GFP comprises IRAP tagged at the C-terminugells were fixed and permeabilised using 4% paraformaldehyde and
with GFP and was generated from a partial IRAP cDNA clone kindlyl% Triton X-100 in phosphate-buffered saline (PBS), respectively.
provided by S. Keller (Dartmouth Medical School, Hanover, USA).For IRAP detection, the cells were incubated for 45 minutes with a
An IRAP fragment (bases 66-533) was generated by PCR using500 dilution of anti-IRAP antiserum (a gift from S. Keller,
the primers STTTTAAGCTTGCGAAGATGGAGACC-3 and 53 University of Dartmouth, New Hampshire, USA) and then for 30
TTTTGGATCCAATCGGCTGAATGAG-3. The resulting PCR minutes with TRITC-conjugated anti-rabbit 1gG. All antibody
product was cloned into thélindlll and BanHIl sites of the dilutions were in 3% bovine serum albumin in PBS. The presence of
mammalian expression vector pcDNA3 (Invitrogen, Carlsbad, USAPKB expression was detected usingug@ml of monoclonal anti-HA
to produce pcDNAS3-IRAP. GFP was subcloned at trend of IRAP  antibody (Berkley Antibody Co. Richmond, USA) followed by
by first amplifying using PCR a GFP fragment using the primlers 5 incubation with TRITC-conjugated anti-mouse IgG as described
TTTTGGATCCAGTAAAGGAGAAGAAGAA-3' and B-TTTTCT- previously (Foran et al.,, 1999). For transferrin-Alexa568 uptake
CGAGTTACCTCAGGTCCTCCTCCGAGATCAGCTTCTGCATTT- assays, the cells were serum starved and placed in medium containing
TGTATAGTTCATC-3; this incorporates a Myc-epitope tag at the 20 pg/ml transferrin-Alexa568 for 1 hour at 37°C and then fixed in
3'end of the GFP moiety, arBanHI and Xhd sites at the 'Gand 3 4% paraformaldehyde for subsequent immunofluorescence analysis as
ends of the PCR product, respectively. This PCR fragment was thetescribed above.
subcloned into thBanH| andXhd sites of pcDNA3-IRAP. The GFP
moiety in the resulting plasmid essentially replaces the lumenal amino ) ] o )
peptidase domain of IRAP. Confocal microscopy, image and statistical analysis

Plasmids (pCMV5) containing (i) wild-type PKB (PKB-WT), (ii) Laser-scanning confocal microscopy of fixed cells was performed
constitutively active PKB[Thr308Asp/Serd73Asp] (PKED]), (iii) with a Leica SP2 inverted Confocal Imaging Spectrophotometer
constitutively active myristoylated PKB (Myr-PKB), (iv) kinase- controlled with Leica Confocal Software (Leica, Heidelberg,
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Germany). Visualisation of GFP was achieved by excitation with an cortical actin (Oatey et al., 1997), and it is of interest that
488 nm laser and collection of fluorescence using a 500-530 niHannigan and co-workers have recently found that PKB
emission window. Detection of TRITC-conjugated antibody stainingcolocalises with F-actin at the leading edge of chemotactic
was achieved by excitation with a 543 nm laser, and collection Qheytrophils (Hannigan et al., 2002). The constitutively active
emitted fluorescence was achieved by using a 570-620 nm W'ndOWKB mutant containing an N-terminal myristoylation signal

Adipocytes were classified as exhibiting IRAP-GFP translocation t ?quence (Myr-PKB) was expressed both within the plasma

the plasma membrane by the visual presence of a well defined ring b fthe adi d al tensively in int lul
GFP fluorescence around the plasma membrane as previou mbrane of the adipocyte and also extensively in intracellular

described (Foran et al., 1999: Thurmond and Pessin, 2000). Th&Sicles (Fig. 1D). )

results were validated by double-blind analysis by two independent Placing a 27 kDa green fluorescent protein (GFP) tag at the
workers and are expressed as meanzs.d. of the percentage of insuldrterminus of GLUT4 appears not to perturb the distribution
responsive cells (i.e. the proportion of cells that displayed ar trafficking of GLUT4 relative to that expected of the native
translocated phenotype) in three independent experiments, with eaphotein (Oatey et al., 1997; Fletcher et al., 2000). By contrast,
data point comprising a minimum of 50 cells. In some experimentplacing GFP at the C-terminus of GLUT4 causes mistargeting,
further quantification was achieved using Metamorph by drawing @t |east in some cells (L.M.F. and J.M.T., unpublished). We
region of interest around the ‘outer’ and ‘inner’ faces of the plasm?easoned therefore, that in order to target PKB mutants to
membrane and determining the total integrated ﬂuorescen(él_u-l-4 vésicles we,should place the PKB moiety at the N-

intensities enclosed by each of these regioRgte( and linner . X
respectively). The amount of IRAP-GFP in the plasmamembranewa“é'rmInus of GLUT4. Furthermore, the PH domain was

taken as 100utertine)/louter as previously described by us (Foran removed from the PKB moiety to prevent inadvertent targeting
et al, 1999). For quantification of FKHR translocation, theOf the construct to the plasma membrane.
fluorescence intensities were calculated within =

region of interest drawn around the entire cell

another inside the nuclear envelopgdearandl celluiar, A C
respectively). The amount of FKHR in the nucl

as a percentage of the total, was taker

100(|nuclea/|cellular)-

Results

Subcellular localisation of targeted PKB PKB[WT] PKBI[KD] PKB[DD]
mutants expressed in 3T3-L1 adipocytes

Wild-type PKB (PKBWT]) and the kinast

inactve PKB mutant (PKB{D]) transienty  PKB[DD]-GLUT4: mucei—ic Sl .
expressed in 3T3-L1 adipocytes by microinjec _ - g e ;
were expressed predominantly within the cyt B s, ¥ 5

(Fig. 1A,B respectively). The constitutively act _ : :

PKB[DD] mutant was expressed within E = s S

plasma membrane and is concentrated in a r il B .2

that immediately underlies the plasma memk ' IRAP

(Fig. 1C). This region of 3T3-L1 adipocytes is |

Fig. 1. Subcellular localisation of PKB mutantsin £ " £ '

3T3-L1 adipocytes. 3T3-L1 adipocytes were R

microinjected with plasmids encoding wild-type PKB 4 ’

(A; PKB[WT]), kinase-inactive PKB (B; PKB{D]), _ Tf-Alexa

constitutively active PKB (C; PKE]D]),
constitutively active myristoylated PKB (D; Myr-

PKB), constitutively active PKB fused to the N- ) - . GLUT4 .
terminus of GLUT4 (E,F; PKE)D]G4) and kinase- PKB[KD]-GLUT4:
inactive PKB fused to the N-terminus of GLUT4
(G,H; PKBIKD]G4). 16 hours later the cells were
serum starved for 2 hours and then incubated in the

absence (A-E,G) or presence (F,H) of transferrin- G ? 2 R o . b
Alexa568 for 30 minutes (as indicated by ‘Tf-Alexa’) = |

and then fixed and stained with anti-HA antibodies to s IRAP

visualise the PKB construct (as indicated in the panel) ~a

and anti-IRAP antibodies (as indicated by ‘IRAP’), as I - ] oL
required. A merged image is also provided of the 7 P . ’
regions indicated by the yellow box. Bars, . R T R - A e

The schematic of the PKB-GLUT4 fusion proteins H " b v i

illustrate the position of the N-terminal HA-tag (red), wl T

PKB (blue), GLUT4 (cyan) and the activatory T-Alexa -

(T308D/S473D) and inhibitory (K179A) mutations.
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Control Insulin recycling endosomes to equilibrium with transferrin-Alexa568.
Both PKBDD]-GLUT4 and PKBKD]-GLUT4 displayed a
partial colocalisation with transferrin receptors with significant
targeting to vesicles that exclude the fluorescent dye (Fig.

PKB[DD]- 1F,H) as exhibited by native GLUT4. Taken together, these

GLUT4 data demonstrate that PKB mutants can be efficiently targeted
to bona fide GLUT4/IRAP vesicles in 3T3-L1 adipocytes by
fusion at the N-terminus of GLUTA4.

We next examined whether insulin was capable of inducing
a translocation of the PKBP]-GLUT4 and PKBKD]-

PKB[KD]- GLpT4 fusion constructs to the plasma membrane as it does

GLUT4 native GLUT4. The PKBPD]-GLUT4 and PKBKD]-GLUT4

constructs were expressed in 3T3-L1 adipocytes, which were

then treated with or without insulin for 30 minutes. Insulin
induced a translocation of PKBD]-GLUT4 to the plasma

Fig. 2.Insulin induces the translocation of PKED]-GLUT4 butnot ~membrane as we have previously demonstrated for a GFP-

PKB[KD]-GLUT4 to the plasma membrane of 3T3-L1 adipocytes. tagged GLUT4 (Fig. 2A) (Oatey et al., 1997; Foran et al.,

3T3-L1 adipocytes were microinjected with plasmids encoding 1999). By contrast, insulin appeared to be incapable of

constitutively active PKB fused to the N-terminus of GLUT4 (A; promoting a translocation of the PKED]-GLUT4 fusion

PKB[DD]-GLUT4) and kinase-inactive PKB fused to the N-terminus protein to the plasma membrane (Fig. 2B).

of GLUT4 (B; PKBKD]-GLUT4). 16 hours later the cells were

serum starved for 2 hours and then incubated, as required, in the

presence or absence of insulin (30 minutes at 100 nM), as inc_iicatedl. AP-GFP is a suitable surrogate marker for GLUT4
The cells were fixed and stained with anti-HA antibodies and 'mage?lr:f’;lfficking in 3T3-L1 adipocytes
by confocal microscopy.
We next wanted to examine the effect of the fusion proteins on
insulin-dependent translocation of endogenous GLUTA4.
The PKBDD]-GLUT4 (Fig. 1E,F) and PKB{D]-GLUT4 However, as we were already overexpressing GLUT4 in the
(Fig. 1G,H) constructs were expressed in 3T3-L1 adipocytesells and because we are unable to distinguish native GLUT4
by microinjection, and the cells were then either fixed androm the transfected PKBD]-GLUT4 and PKBKD]-GLUT4
stained with antibodies to the GLUT4-vesicle-resident proteingonstructs, we examined the translocation of IRAP instead.
IRAP (Fig. 1E,G), or the cells were incubated prior to fixation To visualise IRAP translocation in transfected cells, we used
in the presence of transferrin-Alexa568 to fluorescently labedn IRAP-GFP fusion protein in which the GFP moiety was
recycling endosomes to equilibrium (Fig. 1FH). placed at the C-terminus such that the GFP effectively replaced
It is well established that GLUT4 and IRAP
colocalise in adipocytes, and IRAP can
considered to be an excellent surrogate GL
vesicle marker (Kandror and Pilch, 19 . RN v 5
Martin et al., 1997). Given that the PI _ A AL B . et

constructs were tagged to GLUT4 we could A i e Ty 4 e B »d
examine their distribution relative to nat . : ~ v
GLUT4. For this reason, we examined 3 9 'sLbTs

colocalisation of the targeted PKB constr
with  endogenous IRAP. The rest
demonstrate that, in the basal state, HXBJF
GLUT4 and PKBKD]-GLUT4 were targete B
to intracellular vesicles that also cont
endogenous IRAP, as would be expecte ' s,
native GLUT4 (see Fig. 1E for PKBP]- s " Merge
GLUT4 and Fig. 1G for PKB{D]-GLUT4).
Indeed, the colocalisation of the PKB-GLU
constructs and endogenous IRAP
extremely high. C
GLUT4 and IRAP co-exist within a high
specialised intracellular membrane pool
adipocytes called ‘GLUT4 storage vesicl

[GSVs (Rea and James, 1997).]' .BOth prOt?”'ﬁbsence (A,C) or presence (B) of transferrin-Alexa568 for 30 minutes. In C, the cells
however, are also foynd W'th'n_ recyClmg\/vere incubated for 30 minutes in the absence or presence of insulin, as indicated. The
endosomes that contain transferrin receptogg|is were then fixed and stained with anti-GLUT4 antibodies (A, as indicated with
and GLUT1. To examine the degree to whiclsLUT4) as required. The images show the distribution of IRAP-GFP (visualised as
the PKB-tagged GLUT4 constructs weresFP fluorescence), GLUT4 immunofluorescence or Ti-Alexa labelling, as indicated. A
excluded from the endosomal pool we labellesherged image is also provided.

Fig. 3.IRAP-GFP is a good surrogate
marker for GLUT4 vesicles in 3T3-L1
adipocytes. 3T3-L1 adipocytes were
microinjected with a plasmid
encoding IRAP-GFP. 16 hours later
the cells were serum starved for 2
hours and then incubated in the
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the lumenal amino peptidase domain (see Materials ar
Methods). This IRAP-GFP fusion protein almost completely
colocalised with endogenous GLUT4 (Fig. 3A) and showe(
only a partial overlap in expression with transferrin-Alexa56¢
labelled recycling endosomes (Fig. 3B). The construc
translocates to the plasma membrane in response to insulin (F
3C) and re-internalises efficiently after the withdrawal of the
insulin signal (L.M.F. and J.M.T., unpublished). This makes
IRAP-GFP an excellent surrogate marker for GLUT4 vesicle
distribution in these studies. Indeed, it appears to be ¢
improvement on our previously reported GFP-GLUT4
construct (Oatey et al., 1997), which we find does not efficientl
re-internalise upon insulin withdrawal (Powell et al., 1999).

Effects of PKB-tagged GLUT4 fusion proteins on IRAP
translocation to the plasma membrane

Cong et al. reported that a PKB[K179A] mutant has &
dominant-negative effect on insulin-stimulated GLUT4
translocation in rat adipose cells (Cong et al., 1997). Howeve
we have been consistently unable to demonstrate ar
significant dominant-negative effect of a PIKEB]] mutant on
insulin-stimulated IRAP-GFP translocation (Fig. 4A, Fig.
5A,B) or on GFP-GLUT4 translocation (P. Oatey and J.M.T.
unpublished) in 3T3-L1 adipocytes.

In contrast to the apparent lack of a dominant-negative effe:
of the PKBKD], when this mutant was targeted to GLUT4
vesicles by fusion with GLUT4 (i.e. PKRD]-GLUT4), we
found an unexpectedly profound inhibition of insulin- Fig. 4.PKB[KD]-GLUT4 and Myr-PKBKD] act as dominant-
stimulated IRAP-GFEP translocation to the plasma membrarigegative inhibitors of insulin-stimulated IRAP-GFP translocation in

; e .+ 3T3-L1 adipocytes. 3T3-L1 adipocytes were microinjected with
S?Ieg'nt?%bvgrect)?erre\évsogg%rgmceedll;h?FESSp;)E)Seo?yW%Zttehrer?lr\]llvn lasmids encoding IRAP-GFP (A-C) and either kinase-inactive PKB
; . I ' /- ; PKB[KD]), kinase-inactive PKB fused to the N-terminus of
determined it more quantitatively by establishing the amoung '\ ;14 (B; PKBKDJ-Glut4) or kinase-inactive myristoylated PKB

of IRAP-GFP residing at the plasma membrane (Fig. 5B). Thigc; myr-PKB[KD]). 16 hours later the cells were serum starved for 2
was consistent with the fact that the PKBJ]-GLUT4  hours and then incubated in the presence of insulin at 100 nM for 30
construct itself did not translocate to the plasma membrane inutes. The cells were then fixed and stained with anti-HA
response to insulin (Fig. 2B). We also found that a mutant PKBntibodies to visualise the PKB constructs (as indicated). Bars,
possessing an N-terminal myristoylation signal sequence ari@pm. The arrow in C indicates a cell that expresses IRAP-GFP but
a Lys179Ala mutation, which renders it kinase-deficient (Myrittle detectable Myr-PKB{D] and which still responds to insulin,
PKB[KD]), also had a dominant-negative effect on insulin-unlike its neighbour which co-expresses significant amounts of Myr-
stimulated IRAP-GFP translocation (Fig. 4C; Fig. 5A,B). PKB[KD].

The PKBKD]-GLUT4 construct differs from the PKEBD]
in two respects; (i) it is targeted to the GLUT4 vesicle, and (iilhucleus (Fig. 6A,C). The ability of insulin to promote FKHR
it lacks the PH domain. To ensure that it was the targeting @fanslocation out of the nucleus was unaffected by the presence
PKB[KD] to GLUT4 that induced dominant-negativity, rather of the PKBKD]-GLUT4 construct (Fig. 6B,C).
than the removal of the PH domain, we next examined the We next examined the effect of expressing constitutively
effect of a untargeted PKRP] mutant in which the PH active PKB mutants on IRAP-GFP translocation in 3T3-L1
domain was deleted. When this mutant was co-expressed witldipocytes. Others have previously demonstrated that
IRAP-GFP it exhibited no apparent dominant-negative effecmembrane-targeted constitutively active PKB mutants promote
(Fig. 5C), thus demonstrating that dominant-negativity ofan increased GLUT4 translocation and glucose uptake in both
PKB[KD]-GLUT4 was indeed the result of targeting the PKBadipose and muscle cells (Tanti et al., 1997; Hajduch et al.,
moiety to GLUT4 vesicles. 1998). We have previously demonstrated that a PKB mutant,

To determine whether the PKIBD]-GLUT4 blocked any rendered constitutively active by virtue of replacement of both
other effects of insulin we examined the ability of insulin toits regulatory Thr308 and Ser473 phosphorylation sites with
induce the translocation of the Forkhead transcription factogspartic acid residues (PKBP]), also causes constitutive
FKHR, out of the nucleus, an effect which is PKB-dependentranslocation of GLUT4 in the absence of insulin (Foran et al.,
and has been proposed to underlie the ability of insulin t€999). This was also confirmed to be the case for IRAP-GFP
repress the expression of several metabolic genes in liver ce{Big. 7A,D). Indeed, as we have previously noted for GFP-
(Guo et al., 1999; Rena et al., 1999). We overexpressed a GRRgged GLUT4, the PKE]D] mutant promoted a visible
tagged FKHR in 3T3-L1 adipocytes and found that, adranslocation of IRAP-GFP in approximately 60% of the 3T3-
expected, insulin caused a pronounced exit of FKHR out of thel adipocytes that co-expressed PRB] and IRAP-GFP

PKB[KD]-Glutd  ins

Myr-PKB[KD] IRAP-GFP
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8

Fig. 5. Quantitative analysis of the dominant-negative effect of
80 PKB[KD]-GLUT4 and Myr-PKBKD]. In A and C, cells were scored
70 for the visual presence of IRAP-GFP in the plasma membrane by

50 double blind analysis by two independent workers as discussed in the
o Materials and Methods. The results shown represent meanszs.d. for
30 * z three independent experiments with each condition being represented
fg by a minimum of 50 cells.P<0.01 versus the vector only injected
0 cells incubated in the presence of insulin. In B the amount of IRAP-

- + - + - + - +

GFP residing in the plasma membrane was calculated as a percentage
Vector PKB[KD] PKB[KD]- Myr-PKB of the total expressed IRAP-GFP in that cell for each condition. The
GLUT4  [KD] results are displayed as meanszs.d. for a minimum of 10 cells for

each condition, and they were collected from at least three separate
experiments. *No significant difference from the control without
B ] insulin incubation. In C, adipocytes were microinjected with

= plasmids encoding IRAP-GFP and either kinase-inactive PKB
(PKBI[KD]), kinase-inactive PKB lacking the PH domalxiPH-
PKB[KD]) or kinase-inactive PKB fused to the N-terminus of
GLUT4 (PKB[KD]-GLUT4). 16 hours later the cells were serum
starved for 2 hours and then incubated in the absence or presence of
insulin for 30 minutes. The cells were then scored for the presence of
IRAP-GFP in the plasma membrane as discussed in the Materials
and Methods. The results shown represent meanszs.d. for three
independent experiments, with each condition being represented by a
minimum of 50 cells. P<0.01 versus the PKBD]-injected cells

Cells exhibiting IRAP-GFP
translocation (% of total)
th
(=]

401

30

201

PM fluorescence (% total)

-

10-

fsulin = %+ * % incubated in the presence of insulin.
a a2 g
X x5 X
2 g3
& é‘ plasma membrane as well as to the nucleus in response to a
variety of extracellular stimuli (Andjelkovic et al., 1997; Meier
c %g'““ et al.,, 1997; Goransson et al.,, 1998). Additionally, PKB
05 90 . . .
%% 80 appears to be recruited to GLUT4 vesicles in response to
Eg 70 insulin (Calera et al., 1998; Kupriyanova and Kandror, 1999).
b 60 . . .
£ 50 The functional consequence of this targeting has not been
£g o . previously addressed. In the current study, we have examined
223 the consequence of artificially targeting kinase-inactive and
8% 10 ’_L- constitutively active mutants of PKB to GLUT4 vesicles by
T, . . fusion at the N-terminus of GLUT4 itself. The PKB-GLUT4

5
0
=4
=)

: fusions were efficiently targeted to GLUT4 vesicles as
PEEL’;T' PKBIKD] P:;[':(D] demonstrated by their almost complete colocalisation with
endogenous IRAP and partial colocalisation with a recycling
endosome marker (Fig. 1E-H). Furthermore, a HXBf
(Fig. 7D). This effect was indistinguishable from that of GLUT4 fusion protein exhibited insulin-stimulated
insulin alone (Fig. 7D). The remaining 3T3-L1 adipocytestranslocation to the plasma membrane (Fig. 2A). Thus GLUT4
(approximately 40%) appear to be considerably less sensitiggppears to be able to tolerate the presence of PKB fused at the
to the actions of insulin and to the plasma-membrane-localiséd-terminus, which is consistent with the ability of GLUT4 to
PKB[DD] mutant such that IRAP-GFP cannot be visiblytolerate a 27 kDa GFP moiety in this position (Oatey et al.,

detected at the cell surface. 1997; Thurmond and Pessin, 2000; Lampson et al., 2000;
In contrast to the effect of PKBP], when PKBPD] was  Fletcher et al., 2000).
targeted to GLUT4 vesicles (PKBP]-GLUT4; Fig. 7B,D), it In the current study, we visualised GLUT4 vesicle

had a weak insulin-like effect on IRAP-GFP translocationtranslocation using IRAP, a well established bona fide GLUT4
(translocation occurring in approximately 25% of the cellsvesicle-resident protein, tagged with GFP (Kandror and Pilch,
(Fig. 7D), and this effect was additive with insulin. However,1994; Martin et al., 1997). The GFP moiety of IRAP-GFP is
we consistently found that those cells that exhibited a visiblexpressed either within the vesicle lumen or on the
translocation of IRAP-GFP also had high levels of expressioaxtracellular face of the plasma membrane after translocation
of the PKBPD]-GLUT4 mutant (data not shown). although, despite the fact that GFP fluorescence is reported to
The constitutively active Myr-PKB had a profound effect onbe pH sensitive (Miesenbock et al., 1998), we do not find any
IRAP-GFP translocation, such that approximately 80% of theletectable change in fluorescence intensity of the GFP moiety
cells responded, but the additional presence of insulin had muring exocytosis (data not shown). As we have previously
further effect (Fig. 7C,D). shown for GFP-tagged GLUT4 (Oatey et al., 1997; Fletcher et
al.,, 2000), IRAP-GFP expressed in 3T3-L1 adipocytes
) ) exhibited colocalisation with endogenous GLUT4, partial
Discussion colocalisation with transferrin-Alexa568-labelled recycling
Several groups have reported that PKB translocates to tledosomes and a translocation to the plasma membrane in
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Control Insulin insulin effect was only approximately 20% (Cong et al., 1997).
In 3T3-L1 adipocytes, we have consistently found no
significant effect using a similar PKB mutant (PKERJ])
construct that appears to be expressed predominantly within
the cytosol (Fig. 1B, Fig. 4A), although small amounts were
also found in the plasma membrane. The fact that insulin
stimulated the translocation of PKBD]-GLUT4, but not
PKB[KD]-GLUT4, to the plasma membrane gave us our first
clue that PKBKD]-GLUT4 may act as a dominant-negative
protein capable of blocking GLUT4/IRAP vesicle
translocation.

Our further investigations demonstrated that a R{H[
mutant targeted to the GLUT4 vesicle (PKBI]-GLUT4; Fig.
4B) had a potent dominant-negative effect on IRAP-GFP
translocation (Fig. 5A,B). Furthermore, a kinase-inactive PKB
containing a myristoylation signal sequence (Myr-PKB]),
which was expressed both at the plasma membrane and within
intracellular vesicles containing endogenous IRAP (Fig. 4C),
was also a potent dominant-negative inhibitor of IRAP-GFP
translocation (Fig. 4C, Fig. 5A,B). As both PKE)]-GLUT4
and Myr-PKBKD] are targeted to intracellular vesicles
c containing IRAP, we concluded that PK&)] must be
targeted to intracellular membranes to exhibit a dominant-
negative effect on insulin-stimulated GLUT4/IRAP vesicle
translocation.

Interestingly, the dominant-negative effect of this GLUT4
vesicle-targeted PKB[D] mutant was specific to blocking

Nuclear FKHR (% total)

20 L IRAP translocation, as the insulin-dependent translocation of
15 | FKHR out of the nucleus was not inhibited by the construct
10 * (Fig. 6). As the ability of insulin to promote FKHR
5 translocation is dependent on the activation of PKB, this
0 strongly suggests that PKB activation, and by inference Pl 3-
Insulin - + - + kinase and PDK1 activation, are largely intact in cells
expressing the PKBD]-GLUT4 construct. Thus the ability of
PKB[KD]- the PKBKD]-GLUT4 construct to inhibit IRAP translocation
GLUT4 is likely to be the result of a localised inhibition of
phosphorylation of a specific PKB substrate that resides at or
Fig. 6.Lack of a dominant-negative effect of PKE)]GLUT4 on close to the GLUT4 vesicle.

insulin-stimulated Forkhead translocation out of the nucleus of 3T3- GLUT4 continuously recycles between the cell interior and
L1 adipocytes. 3T3-L1 adipocytes were microinjected with a plasmidyissma membrane (Yang and Holman, 1993; Holman et al
encoding a GFP-tagged human FKHR in the absence (A) or preseng®gy Althouah we do not detect an of’the PK'B _GLUT4 v
(B) of the PKBKD]-GLUT4 plasmid. After 24 hours the cells were fusior){ proteir(]J in the plasma mem)émrane it is Ipossible that

serum starved and treated without (left-hand panels) or with (right- L A
hand panels) insulin for 30 minutes as indicated. The cells were fixe'aKB[KD]'GLU-I_4 and Myr-PKBKD] exhibit dominant-

and examined for the distribution of the FKHR-GFP by confocal ~ Negative effects only when they reside in the plasma
microscopy. In C, the amount of nuclear FKHR was quantified as membrane. This is unlikely, however, because we find that the

described in the Materials and Methods. The results shown represeKB[KD] mutant, which is clearly visible in the plasma
meanszs.d. for at least three independent experiments with each membrane in some cells, is without any detectable dominant-

condition represented by a minimum of 11 cell<6.001 versus negative effect on IRAP-GFP translocation in those cells.
con?rol ir)cubated without insulin an.d no significant difference from Our data may provide an explanation for the inability of
the insulin-stimulated cells expressing PKB]-GLUT4. “No some groups to observe a dominant-negative effect of PKB

significant difference from control in the absence of RKBF

GLUTA, mutants on GLUT4 translocation and glucose uptake. In

studies where a dominant-negative effect has been observed
(e.g. Cong et al.,, 1997; Wang et al., 1999), but not others
response to insulin (Fig. 3); these are all characteristigKitamura et al., 1998), the PKB mutants may have been
expected of native IRAP and are also observed with thexpressed at a level sufficient for the endogenous PKB
PKB[DD]-GLUT4 construct. IRAP-GFP was, therefore, usedassociated with GLUT4 vesicles to be inhibited. In the study
as a surrogate marker for the localisation for GLUT4/IRAP-of Kitamura and colleagues (Kitamura et al., 1998), the
containing vesicles. dominant-negative PKB mutant (Akt-AA) potently (>80%)

It has been previously reported that a PKB[K179A] mutanblocked the stimulation of endogenous PKB. However, this
has a dominant-negative effect on insulin-stimulated GLUT4nutant may have lacked a dominant-negative effect on GLUT4
translocation in rat adipose cells, although the inhibition of théranslocation because it did not block the activation of the
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Fig. 7. The effect of constitutively active PKB constructs on IRAP-
. GFP translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes were
5% T microinjected with plasmids encoding IRAP-GFP (A-C) and either

*ing
f, % i\ constitutively active PKB (A; PKBDD]), constitutively active PKB
A e N l e fused to the N-terminus of GLUT4 (B; PKBPD]-Glut4) or a
L_ } constitutively active myristoylated PKB (C; Myr-PKB). 16 hours
) S later the cells were serum starved for 2 hours and then fixed and

stained with anti-HA antibodies to visualise the PKB constructs (as
PKB[DD] Basal || IRAP-GFP Basal indicated). Panels A-C show the distribution of the HA-tagged PKB
constructs and GFP fluorescence resulting from the expression of the
IRAP-GFP construct. Bars, 10n. In D, cells were scored for the
presence of IRAP-GFP in the plasma membrane after incubation in
the absence or presence of insulin for 30 minutes as discussed in the
Materials and Methods. The results shown represent meanszs.d. for
three independent experiments with each condition being represented
by a minimum of 50 cells.P<0.01 versus the vector only injected

cells incubated in the presence of insulin.

PKB[DD]-Glut4 Basal | IRAP-GFP

plasma membrane in response to insulin as a result of a
™ proposed block in the final fusion step (EImendorf et al., 1999).

b o T Sme 3 : Our data suggest that PKB does not act at this fusion step, since
M"@ ™ g we do not observe IRAP-GFP vesicles accumulating under
,‘.-. A, SO 4 b Y ‘s the plasma membrane in insulin-treated cells expressing
s PKB[KD]-GLUT4. As we observe no difference in IRAP-GFP
Myr-PKB Basal distribution between non-injected and PKB[-GLUT4-
expressing cells, the dominant-negative PKBJ-GLUT4
must act on the initial mobilisation of GLUT4/IRAP vesicles
by insulin.

Dominant-negative ~PKBD]-GLUT4 may act by
preventing the phosphorylation of substrates by endogenous
PKB in the vicinity of the GLUT4/IRAP vesicle. Indeed,

' z partially purified PKH/Akt2 has been reported to
'. phosphorylate several integral components of the GLUT4
| vesicle (Kupriyanova and Kandror, 1999), although the identity
1 and function of these substrates are currently not known.
: Alternatively, the dominant-negative PKED]-GLUT4 could
. act by sequestering upstream activators such as PDK1, thus
[ 1 preventing the activation of endogenous RPKBnd PKES.

-+ - + -+

Thus, although we have used PKB our constructs, it may
Insulin = * be able to block the activation of PRBy this mechanism.
Vector PKB[DD] PKB[DD]- Myr-PKB This is considered unlikely, however, as the PKB[-GLUT4
GLUT4 mutant did not block the PKB-dependent translocation of
FKHR out of the nucleus, suggesting that PKB activation is
largely intact (Fig. 6). The dominant-negative PKBJ-
GLUT4-resident pool of PKB, which may make up the residualGLUT4 may act by interfering with the stimulation of atypical
(20%) activity that remained. PKCs{/A by insulin in the vicinity of the GLUT4 vesicles, as
A logical conclusion from our data is that PKB plays athese are also phosphorylated and activated by PDK1 and are
crucial role at, or in the vicinity of, GLUT4 vesicles. In our reported to play a role in insulin-stimulated glucose uptake
study we used PK® (Aktl) in the fusion constructs, although (Bandyopadhyay et al., 1997; Kotani et al., 1998). However,
others have reported that PERBAkt2) localises to GLUT4 again we would consider this to be unlikely as the insulin-
vesicles. Although Akt¥~ knockout mice exhibit normal stimulated translocation of FKHR from the nucleus also
whole body glucose tolerance and disposal (Cho et al., 2001agquires Pl 3-kinase and PDK1 activation (both of which are
arole for PKRx (Aktl) in adipose tissue glucose uptake cannotequired for PKE activation), and our data suggest that these
be excluded as (i) insulin-stimulated glucose uptake intevents must also be largely intact in cells expressing the
adipocytes of the mice was not measured and (i) the defect PKB[KD]-GLUT4 construct.
insulin-stimulated glucose uptake into adipocytes (and muscle) A constitutively active PKBDD] fully mimics the effect of
from Akt2-—mice was only partial (Cho et al., 2001b). Thusinsulin causing a visible translocation of IRAP-GFP in
it remains possible that PKBand PKE play redundant roles approximately 60% of the cells (Fig. 7A,D), although the effect
in insulin-stimulated GLUT4 translocation. of PKBIDD] and insulin were not additive. By contrast,
Lowering the temperature of 3T3-L1 adipocytes to 23°CPKB[DD] targeted to GLUT4 vesicles appears to only partially
causes an accumulation of GLUT4 vesicles underneath tmaimic the effect of insulin on IRAP-GFP translocation (Fig.
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7B,D). Careful examination of many confocal images revealed defines a second signalling pathway required for insulin-stimulated glucose

that the cells that exhibit a high level of PKE)]-GLUT4 transportNature407, 202-207. _
expression also contain significant amounts of IRAP-GFP ifyd/¢'a M. R., Martinez, C,, Liu, H. Z., ElJack, A. K., Bimbaum, M. J.

. and Pilch, P. F.(1998). Insulin increases the association of akt-2 with Glut4-
the plas_ma membrane; at lower levels _Of PBB[-GLUT4 containing vesiclesl. Biol. Chem273 7201-7204.
expression, both PKBID]-GLUT4 expression and IRAP-GFP  carvalho, E., Eliasson, B., Wesslau, C. and Smith, 2000a). Impaired
are exclusively intracellular. This suggests that F[NB]E phosphorylation and insulin-stimulated translocation to the plasma

GLUT4 does not promote IRAP-GFP translocation unless. asmembrane of protein kinase B/Akt in adipocytes from Type Il diabetic

- . . subjectsDiabetologia43, 1107-1115.
a result of overexpression, sufficient PI(E'.[]-GLUT4 leaks Carvalho, E., Rondinone, C. and Smith, U(2000b). Insulin resistance in fat

out to the plasma membrane from where it promotes celis from obese Zucker rats—evidence for an impaired activation and
GLUT4/IRAP vesicle translocation. This would be consistent translocation of protein kinase B and glucose transportévich. Cell.
with the fact that PKHPD] causes insulin-independent Biochem206, 7-16.

GLUT4/IRAP vesicle transiocation and is predominantly©"iang. S. ri. Baumann C. A, Kanzaki, M., Thurmond, o C-i.WlatSO“'
d within the plasma membrane (Fi 7A D) The effectR' T., Neu auer, C L., Macara, I. G., Pessin, J E. an _Satle, A R.
expressed wi p g. /A,D). (2001). Insulin-stimulated GLUT4 translocation requires the CAP-

of exclusive plasma membrane localisation of active PKB, dependent activation of TC1Bature410, 944-948.
using a K-Ras CAAX-targeting motif for example, is difficult Cho, H., Thorvaldsen, J. L., Chu, Q., Feng, F. and Bimbaum, M. J.

to assess as this mutant has been reported to exhibit dominan20012). Akt/PKBalpha is required for normal growth buf dispensable for
negative rather than constitutive activity (van Weeren et al., fugis oce O 9lucose omeostasis in ciol. Chem276, 38349-

1998_)-_ _|t should also be nOt?d that we cannot exclude thgno, H., Mu, J., Kim, J. K., Thorvaldsen, J. L., Chu, Q., Crenshaw, E. B.,
possibility that the PKB)PD] moiety tethered to GLUT4 lacks  Kaestner, K. H., Bartolomei, M. S., Shulman, G. I. and Birnbaum, M.
dominant-negative activity because it has restricted access to- (2001b). Insulin resistance and a diabetes mellitus-like syndrome in mice

the putative substrate located on the vesicle as a result of Egi;k'fgl\}hecﬂg’:‘e'ﬂ k'L”ia\S(e ?ﬁffﬁ%fgﬁgﬁgﬁ v 2%3;1'8 | and

orientation away from the vesicle surface. ~ Quon, M. J. (1997). Physiological role of Akt in insulin-stimulated
In conclusion, we propose a model in which PKB activation translocation of GLUT4 in transfected rat adipose cédisl. Endocrinol.

at, or close to, the GLUT4 vesicle is necessary but not 11, 1881-1890. )
sufficient to induce GLUT4 vesicle translocation to the plasm&©Pson. S. P., Livingstone, C., Gould, G. W. and Tavaré, J. M1996).

. . Dynamics of insulin-stimulated translocation of GLUT4 in single living
membrane. PKB activation must also occur in the plasma cells visualised using green fluorescent proteEBS Lett393 179-184.

membrane to promote efficient GLUT4.Ve_5iC|e trarﬁS|OC'ationElmendorf, J. S., Boeglin, D. J. and Pessin, J. EL999). Temporal separation
as suggested by the fact that a constitutively active plasma-of insulin-stimulated GLUT4/IRAP vesicle plasma membrane docking and

membrane-localised PKB (|e the Pm] mutant) can fusion in 3T3L1 adipocyted. Biol. Chem274, 37357-37361.

; PR ; ;. Fletcher, L. M., Welsh, G. |., Oatey, P. B. and Tavaré, J. M(2000). Role
stimulate GLUT4/IRAP translocation in the absence of insulin. for the microtubule cytoskeleton in GLUT4 vesicle trafficking and in the

Identification of the intracellular protein(s) and/or substrates reguiation of insulin-stimulated glucose uptaBiochem. J352, 267-
with which PKBKD]-GLUT4 interacts to prevent GLUT4  27e.
vesicle translocation will provide important clues as to howroran, P. G. P., Fletcher, L. M., Oatey, P. B., Mohammed, N., Dolly, J. O.

insulin stimulates GLUT4 translocation in adipose cells. and Tavaré, J. M. (1999). Protein kinase B stimulates the translocation of
P GLUT4 but not GLUT1 or transferrin receptors in 3T3-L1 adipocytes by a

. . pathway involving SNAP-23, synaptobrevin-2, and/or cellubre¥irBiol.
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