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Insulin-stimulated translocation of the glucose
transporter GLUT4 to the plasma membrane in
muscle and fat cells depends on the phosphatidy-
linositide 3-kinase/Akt pathway. The down-
stream target AS160/TBC1D4 is phosphorylated
upon insulin stimulation and contains a TBC do-
main (Tre-2/Bub2/Cdc16) that is present in most
Rab guanosine triphosphatase-activating pro-
teins. TBC1D4 associates with GLUT4-containing
membranes under basal conditions and dissoci-
ates from membranes with insulin. Here we show
that the association of TBC1D4 with membranes
is required for its inhibitory action on GLUT4
translocation under basal conditions. Whereas
the insulin-dependent dissociation of TBC1D4

from membranes was not required for GLUT4
translocation, its phosphorylation was essential.
Many agonists that stimulate GLUT4 translocation
failed to trigger TBC1D4 translocation to the cy-
tosol, but in most cases these agonists stimu-
lated TBC1D4 phosphorylation at T642, and their
effects on GLUT4 translocation were inhibited by
overexpression of the TBC1D4 phosphorylation
mutant (TBC1D4-4P). We postulate that TBC1D4
acts to impede GLUT4 translocation by disarming a
Rab protein found on GLUT4-containing-mem-
branes and that phosphorylation of TBC1D4 per se
is sufficient to overcome this effect, allowing
GLUT4 translocation to the cell surface to proceed.
(Molecular Endocrinology 22: 2703-2715, 2008)

LUCOSE UPTAKE INTO fat and muscle cells is
Gtriggered by insulin and exercise. The insulin-
sensitive glucose transporter, GLUT4, is expressed in
these tissues. Upon stimulation, GLUT4 translocates
from intracellular vesicles to the plasma membrane (1).
The Ser/Thr kinase Akt/PKB plays a key role in this
process, at least in part, by phosphorylating the Rab
guanosine triphosphatase-activating protein (GAP)
AS160/TBC1D4 (Akt substrate of 160 kDa hereafter
referred to as TBC1D4) (2-5). Insulin triggers TBC1D4
phosphorylation on five sites: Ser®'®, Ser®’°, Ser®®®,
Thr®%2, and Thr”®'. Other agonists that stimulate
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GLUT4 translocation, such as muscle contraction and
AMP-activated protein kinase (AMPK) activators, also
induce TBC1D4 phosphorylation (6-12). Phosphoryla-
tion of TBC1D4 at Thr®*? induces 14-3-3 binding (13),
and overexpression of a TBC1D4 mutant with four
phosphorylation sites mutated to Ala (TBC1D4-4P) in-
hibits insulin-stimulated GLUT4 translocation to the
plasma membrane in 3T3-L1 adipocytes, whereas the
overexpression of the wild-type TBC1D4 (TBC1D4-wt)
has no effect (4). A simultaneous mutation in the GAP
domain (TBC1D4-4P,R/K) overcomes the inhibitory ef-
fect on GLUT4 translocation, indicating that GAP ac-
tivity is required for this inhibition. Furthermore, the
inhibitory effect of TBC1D4-4P is abolished when a
constitutive 14-3-3 binding peptide sequence is in-
serted into the TBC1D4-4P protein, suggesting that
14-3-3 binding to Thr®*? in TBC1D4 is involved in this
inhibitory process (13). TBC1D4 displays in vitro GAP
activity toward several Rab proteins including Rab2A,
8A, 10, and 14, which is of interest because Rabs 10,
11, and 14 have been found on purified GLUT4 vesi-
cles (14, 15). Overexpression of constitutively active
mutants encoding Rabs 8A and 14 in L6 myoblasts
overcomes the inhibitory effect of the TBC1D4-4P mu-
tant on insulin-stimulated GLUT4 translocation,
whereas constitutively active Rab10 had no effect (16).
Intriguingly, it has been shown (17, 18) that constitu-
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tively active Rab10 enhanced cell surface levels of
GLUT4 in the absence of insulin, and knockdown of
Rab10 inhibited insulin-stimulated GLUT4 transloca-
tion. Collectively these data support a model whereby
TBC1D4 controls the GTP loading of a subset of Rabs
that control trafficking of GLUT4 to the plasma
membrane.

The question is how does insulin regulate the GAP
activity of TBC1D4. Two models have been proposed.
The first model is based on the observation that
TBC1D4 binds to GLUT4 vesicles in the absence of
insulin and dissociates in the presence of insulin (5, 14,
19). These data suggest that the GAP activity is reg-
ulated simply by localization. The second model is
based on phosphorylation of TBC1D4 whereby in a
manner analogous to tuberin (20), phosphorylation
may regulate GAP activity per se. Distinguishing be-
tween the models is a major goal of the present study.

In this study, we investigated the requirement for the
association/dissociation of TBC1D4 with GLUT4 ves-
icles in mediating its effects on the trafficking of
GLUT4 in adipocytes. Our findings indicate that
TBC1D4 association with GLUT4 vesicles is required
to facilitate its inhibitory effect on GLUT4 translocation
in the basal state. Intriguingly, dissociation of TBC1D4
from GLUT4 vesicles was not necessary to promote
GLUT4 translocation. Moreover, many agonists that
stimulate GLUT4 translocation to the cell surface
[endothelin-1, IL-6, 5-aminoimidazole-4-carboxam-
ide-1-B-p-ribofuranoside (AICAR), adiponectin, or ber-
berine] appear to require TBC1D4 for this action but,
unlike insulin, many of these do not result in a detect-
able release of TBC1D4 from GLUT4 vesicles into the
cytosol. These data implicate an important role for
TBC1D4 phosphorylation per se in insulin action.

RESULTS

Insulin-Induced TBC1D4 Translocation to the
Cytosol Is Phosphorylation Dependent

We have previously shown that TBC1D4 associates
with GLUT4-containing membranes under basal con-
ditions and dissociates from vesicles upon insulin
stimulation (14). The model in which TBC1D4 inacti-
vates the Rab, thus preventing fusion of GLUT4 vesi-
cles with the cell surface, would require association of
the GAP with the vesicles. A fundamental observation
in formulating this model is that overexpression of
TBC1D4-4P inhibits insulin-stimulated GLUT4 translo-
cation in 3T3-L1 adipocytes, and mutation of the GAP
activity overcomes this inhibitory effect (4). One pre-
diction from the model is that the TBC1D4-4P mutant
may remain associated with GLUT4 vesicles even in
the presence of insulin, thus acting in a dominant-
negative manner. Flag-tagged wild type-TBC1D4
(TBC1D4-wt) and TBC1D4-4P were expressed in
3T3-L1 adipocytes either by electroporation or retro-
viral transduction. Cells were then incubated in the
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absence or presence of insulin, followed by subcellular
fractionation. The amount of TBC1D4-wt in the cytosol
increased when the cells were stimulated with insulin
(Fig. 1). However, TBC1D4-4P failed to translocate
into the cytosol upon insulin stimulation. Whereas
TBC1D4 was concentrated in the low-density micro-
some (LDM) fraction isolated form basal cells, we
failed to observe an insulin-dependent change in
TBC1D4 levels in this fraction (Fig. 1C). We have pre-
viously reported that the LDM fraction comprises both
membranes and polypeptide complexes (21). Hence
we next used glycerol gradient sedimentation analysis
to resolve these components. As shown in Fig. 1D, the
LDM fraction could be resolved into GLUT4-contain-
ing membranes (2 to 7) and free protein (10 to 12) as
indicated by the use of anti-14-3-3 labeling. TBC1D4
was found in both peaks, indicating that it is localized
both to membranes consistent with our previous find-
ings (14) and to a polypeptide component. In addition,
some TBC1D4 is also found at the bottom of the
gradient that contains additional membrane markers
such as cation-independent mannose G-phosphate
receptor (data not shown). In response to insulin we
observed a redistribution of TBC1D4 from membranes
to the protein peak. The distribution of TBC1D4-4P
was similar to TBC1D4-wt under basal conditions (Fig.
1D), although the membrane peak was considerably
broader for TBC1D4-4P compared with TBC1D4-wt.
Importantly, insulin had no demonstrable effect on the
distribution of TBC1D4-4P in the glycerol gradient.

Targeting the TBC1D4 GAP Domain to GLUT4
Vesicles Inhibits GLUT4 Translocation

Next we wanted to determine whether association of
TBC1D4 with GLUT4-containing membranes was suf-
ficient to mediate its inhibitory effect. To investigate
this we localized the TBC1D4 GAP domain to GLUT4
vesicles by fusing the GAP domain [amino acids (aa)
865-1299] to the C terminus of hemagglutinin (HA)-
tagged GLUT4 (G4-1D4GAP-wt) (Fig. 2A). We chose
this approach to minimize the effect of other functional
domains in TBC1D4 such as insulin-regulated amino-
peptidase (IRAP) binding, 14-3-3 binding, calmodulin
binding, or phosphorylation sites (4, 13, 14, 19, 22).
When this construct was expressed in Chinese ham-
ster ovary (CHO)-IR-IRS-1 cells, it produced a protein
product of the predicted size (Fig. 2C). The GLUT4-
TBC1D4GAP-wt chimera showed considerable colo-
calization with IRAP similar to the GLUT4 control con-
struct. This indicates that the fusion protein localizes
to GLUT4-containing membranes, because IRAP is a
well-known marker for this compartment (Fig. 3A). We
next examined the insulin response of this fusion
protein in adipocytes. As shown in Fig. 2, A and B,
insulin caused a 7-fold increase in plasma mem-
brane (PM) levels of the control GLUT4 construct. In
contrast, insulin had no significant effect on GLUT4-
TBC1D4GAP-wt. To exclude misfolding or mistarget-
ing of the fusion protein in adipocytes, we abolished
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Fig. 1. TBC1D4-4P Does Not Translocate to the Cytosol in Response to Insulin

A, 3T3-L1 adipocytes were transfected with either Flag-TBC1D4-wt or Flag-TBC1D4-4P by electroporation. Cells were
incubated with or without 100 nm insulin for 20 min and lysed, and the cytosol fraction was obtained by differential
centrifugation. A representative Western blot incubated with anti-Flag-antibody is shown. B, Quantification of seven
experiments is shown (*, P < 0.05). C, Populations of 3T3-L1 adipocytes were selected for expression of GFP by FACS after
retroviral transfection of the bicistronic pMIG vector alone, pMIG-Flag-TBC1D4-wt, or pMIG-Flag-TBC1D4-4P. Cells were
propagated and differentiated into 3T3-L1 adipocytes. Cells were incubated in DMEM for 2 h and then incubated in the
absence or presence of 100 nm insulin for 20 min. Cells were lysed and cytosol, PM, and LDM fractions were obtained by
differential cell fractionation. Representative Western blots stained for TBC1D4 and GLUT4 are shown. D, The LDM fractions
for TBC1D4-wt and TBC1D4-4P obtained in panel C were loaded on top of 5-25% glycerol gradients on top of a 50%
sucrose cushion. Equal volumes of each fraction were subjected to SDS-PAGE and Western blotting with anti-Flag,
anti-GLUT4, and anti 14-3-3 antibodies. Vec., Vector.

the GAP activity in this construct by mutating the We next wanted to determine whether the observed
catalytic arginine to an alanine (GLUT4-1D4GAP-RA). effect was specific for the GAP domain of TBC1DA4.
In this fusion protein the inhibitory effect was almost Therefore, an unrelated GAP domain from TBC1D16
completely reversed, and the fusion protein was trans- (aa 381-765) was fused to GLUT4 (G4-1D16GAP).
located to the PM when the adipocytes were stimu- This GAP domain displayed 27% homology with the
lated with insulin (Fig. 2, A and B). These results indi- TBC domain from TBC1D4. In contrast to that ob-
cate that targeting of the functional TBC1D4 GAP served with GLUT4-1D4GAP, insulin stimulated the
domain alone to GLUT4 vesicles is sufficient to inhibit translocation of GLUT4-1D16GAP to the cell surface
GLUT4 translocation. to a similar extent as GLUT4 (Fig. 2, A-C). This exper-
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Fig. 2. Fusion of TBC1D4 GAP Domain to GLUT4 Inhibits GLUT4 Translocation

A, HA-GLUT4-1D4GAP-wt, HA-GLUT4-1D4GAP-RA, HA-GLUT4-Flag control, and HA-GLUT4-1D16GAP constructs were
electroporated into 3T3-L1 adipocytes. Cells were incubated with or without 200 nm insulin for 20 min and were labeled with HA
antibody for surface levels (surface) and with Flag antibody for total levels (total) of the fusion construct. Images of insulin-
stimulated cells are depicted, and electroporated cells are marked with an arrow. Scale bars, 30 um. B, Quantification of three
to four experiments (A) is shown (**, P < 0.005, *, P < 0.05). Gray bars represent basal conditions, and black bars represent
insulin-stimulated conditions. A, CHO-IR/IRS-1 cells were transfected with vector, HA-GLUT4-1D4GAP-wt and RA (110 kDa), and
HA-GLUT4-1D16GAP (104 kDa) constructs. Cells were lysed, and the fusion proteins were immunoprecipitated with Flag
antibody, followed by Western blotting with GLUT4 antibody. IP, Immunoprecipitation; WB, Western blot.

iment shows that some of the specificity of TBC1D4
for GLUTA4 trafficking is encoded in its GAP domain.
To evaluate the importance of the localization of the
GAP domain to GLUT4 vesicles for its inhibition of
GLUT4 translocation, we overexpressed the TBC1D4
GAP domain alone (aa 865-1299) in 3T3-L1 adipo-
cytes. As expected, the GAP domain alone was local-
ized to the cytosol and did not colocalize with IRAP, as
it does not contain the IRAP-interacting domain (sec-
ond PTB domain), which localizes TBC1D4 to GLUT4-
containing membranes (Fig. 3B) (19). To measure its
effect on GLUT4 translocation, the myc-tagged GAP
domain was than coelectroporated with HA-GLUT4-
green fluorescent protein (GFP) into adipocytes. The
cells were incubated with or without insulin, fixed, and
stained for surface HA to measure GLUT4 transloca-
tion. After permeabilization the cells were stained for
intracellular myc to identify cells expressing the myc-

GAP construct. The surface HA-GLUT4-GFP vs. total
GFP (HA-GLUT4-GFP) ratio was determined in trans-
fected cells expressing HA-GLUT4-GFP alone or in
cells expressing both myc-GAP and HA-GLUT4-GFP.
The GAP domain alone did not have any detectable
effect on insulin-stimulated GLUT4 translocation, indi-
cating that the association of the GAP activity of
TBC1D4 with GLUT4 vesicles is required for its inhib-
itory role (Fig. 4).

TBC1D4 Dissociation from GLUT4 Vesicles Is Not
Required for GLUT4 Translocation

The above data indicate that the localization of the
TBC1D4 GAP activity to GLUT4 vesicles is required for
this protein to inhibit insulin-stimulated GLUT4 trans-
location to the PM and that phosphorylation of
TBC1D4 somehow overcomes this effect. This poses
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Fig. 3. Colocalization of GLUT4-Fusion Constructs with IRAP

GLUT4 fusion constructs or myc-GAP were electroporated
into 3T3-L1 adipocytes. Cells were incubated in DMEM with-
out serum for 2 h, fixed, permeabilized, and labeled with IRAP
antibody (red) and HA antibody (green) for the GLUT4 fusion
construct in panels A and C or myc antibody (green) for
myc-GAP-wt in panel B. Scale bar, 5 um.

several new questions. How does phosphorylation
regulate the activity of TBC1D4? What is the role of
phosphorylation in the release of TBC1D4 from mem-
branes, and does this encode the major effect of in-
sulin on this protein? We reasoned that if the release of
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TBC1D4 from membranes is required for insulin action
that simply fusing the TBC1D4-wt protein to GLUT4
should be sufficient to inhibit GLUT4 translocation.
Hence we next produced a fusion protein comprising
GLUT4 and full-length TBC1D4-wt. The GLUT4-
TBC1D4-4P mutant was used as a control in this
study. When these constructs were expressed in
CHO-IR-IRS-1 cells, they produced protein products
of the predicted size (Fig. 5A). These fusion proteins
were then electroporated into 3T3-L1 adipocytes, and
they colocalized to a considerable extent with IRAP
(Fig. 3, A and C). Electroporated adipocytes were
incubated in the presence or absence of insulin,
followed by surface HA staining. The fusion of
TBC1D4-4P to GLUT4 inhibited the insulin-stimulated
translocation of this fusion protein to the cell surface
(Fig. 5, B and C). Interestingly, the GLUT4-TBC1D4-wt
fusion protein underwent insulin-dependent transloca-
tion to the PM, albeit to a lesser extent than GLUT4-
GFP (Fig. 5, B and C). Both constructs showed a slight
increase in PM levels under basal conditions. This may
be due to some steric effects of the TBC1D4 fusion on
the exposure and therefore effectiveness of the C-
terminal retention signal sequences of GLUT4. These
data indicate that release of TBC1D4 from membranes
is not required for the insulin-dependent regulation of
the protein. Hence the functional effects of insulin on
TBC1D4 must be mediated via an alternate function.
Based upon the dominant-negative effect of the
TBC1D4-4P, but not the TBC1D4-wt protein, when
fused to GLUT4, we predicted that this additional
functionality is likely mediated by phosphorylation of
TBC1D4 per se. We tested whether the GLUT4-
TBC1D4-wt fusion protein was phosphorylated upon
insulin stimulation by expressing the construct in
CHO-IR/IRS-1 cells, which were incubated in the pres-
ence and absence of insulin. The fusion proteins were
immunoprecipitated, subjected to SDS-PAGE, and
immunoblotted with the p642 TBC1D4-specific anti-
body, to determine the phosphorylation at Thr®42,
which is the major 14-3-3 binding site in TBC1D4 (13).
Insulin stimulation increased phosphorylation at the
642 site in the GLUT4-TBC1D4-wt fusion protein to a
similar extent as that observed for wt TBC1D4 (Fig.
5A). Collectively, these results support a model in
which phosphorylation of TBC1D4 per se is sufficient
to inactivate its GAP activity, and dissociation from
GLUT4 vesicles is not required for this function.

Alternate Agonists of GLUT4 Translocation Do
Not Trigger TBC1D4 Translocation into the
Cytosol in L6 Muscle Cells

Because TBC1D4 dissociation from GLUT4-contain-
ing membranes was not required for fusion, it was of
interest to determine whether TBC1D4 dissociation
was specific for insulin or if other agonists had the
same effect. A number of other agonists have been
reported to stimulate GLUT4 translocation, particularly
in skeletal muscle. These include the traditional Chi-
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Fig. 4. Free TBC1D4 GAP Does Not Inhibit Insulin-Stimulated GLUT4 Translocation

Adipocytes were coelectroporated with myc-GAP-wt (GAP-wt) and HA-GLUT4-GFP (G4-GFP). Cells were incubated with or
without (basal) 200 nm insulin for 20 min, fixed, and labeled with HA antibody to label surface GLUT4 only and with myc antibody
after permeabilization to label cells expressing free GAP (GAP-wt). Cells expressing HA-GLUT4-GFP alone (arrows) and cells
coexpressing HA-GLUT4-GFP and myc-GAP (arrowhead) were analyzed. A, Shown are representative images of four separate
experiments. Scale bar, 30 um. B, Quantification of data in panel A where the ratio of cell surface GLUT4 to total GLUT4 was
quantified in cells with or without myc-GAP. Gray bars represent basal conditions, and black bars represent insulin-stimulated

conditions (*, P < 0.05; **, P < 0.005).

nese medicine berberine (23), the AMPK agonist,
AICAR (9), the G protein-coupled receptor agonist
endothelin-1 (24, 25), the cytokine IL-6 (26), and the
adipokine adiponectin (27, 28). Intriguingly, the effects
of agonists such as AICAR, berberine, endothelin-1, or
IL-6 on GLUT4 translocation are mainly phosphatidy-
linositide 3-kinase (PI3K)-independent, and it has re-
cently been reported that activation of the AMPK path-
way also leads to phosphorylation of TBC1D4 (9, 12).
We next developed a model system that would enable
us to test the effects of some of these PI3K-indepen-
dent agonists on TBC1D4 function. Insulin stimulated
cell surface levels of GLUT4 by 5.8-fold in L6 myo-
tubes, and this effect was almost completely inhibited
by the PI3K inhibitor wortmannin, consistent with pre-
vious studies (Fig. 6A) (29). Strikingly, AICAR, adi-
ponectin, endothelin-1, IL-6, and berberine also stim-
ulated GLUT4 translocation by 3.3- to 5-fold. Notably
whereas insulin-stimulated GLUT4 translocation was
almost completely inhibited by wortmannin, this was
not the case for the other agonists (Fig. 6A). In agree-
ment with previous studies in 3T3-L1 adipocytes (5,
14), insulin stimulated the translocation of TBC1D4
into the cytosol in L6 myotubes (Fig. 5, B and C).
However, other agonists tested did not trigger trans-
location of TBC1D4 into the cytosol (Fig. 6, B and C).

Most Agonists Induce Phosphorylation of the
Thr642 Site of TBC1D4 in L6 Myotubes

One possible interpretation of these data (Fig. 6, B and
C) is that TBC1D4 may only participate in insulin-
stimulated GLUT4 translocation particularly in view of
the specific effects of wortmannin (Fig. 6A). To test this

we first examined phosphorylation of TBC1D4 in L6
myotubes stimulated with the alternate agonists. L6
myotubes were stimulated with or without agonists,
lysed, and subjected to immunoblotting analysis with
pThr642 TBC1D4 and pSer588 TBC1D4 antibodies,
which specifically recognized the phosphorylation
sites in TBC1D4. To enhance the sensitivity of
pTBC1D4 detection, we used L6 myotubes that ex-
pressed Flag-tagged TBC1D4. A population of L6 cells
that overexpressed TBC1D4 was obtained by cell
sorting, and cells were differentiated into myotubes.
Insulin increased the phosphorylation of TBC1D4 at
Thr®42 and Ser®®® by 5-fold (Fig. 7, A and B). Insulin
also enhanced Akt pSer473, GSK3 pSer21/9, and
ERK1/2 pThr202/Tyr204 phosphorylation but had no
significant effect on AMPK phosphorylation. AICAR,
berberine, and adiponectin stimulated TBC1D4
phosphorylation at the 642 site but not the 588 site.
Moreover, these agonists stimulated AMPK phos-
phorylation but had no effect on Akt and GSKS3
phosphorylation. Only insulin was able to significantly
stimulate ERK phosphorylation. Intriguingly, we were
unable to observe any significant effect of either
endothelin-1 or IL-6 on TBC1D4 phosphorylation at
either the 588 or the 642 site (Fig. 7, A and B). To
confirm this latter observation, we performed an ad-
ditional study using a subset of agonists, but in this
case we examined endogenous TBC1D4 phosphory-
lation using an immunoprecipitation approach. As ob-
served in Fig. 7, insulin, AICAR, and berberine signif-
icantly increased phosphorylation at 642, whereas
only insulin increased phosphorylation at 588. Endo-
thelin-1 had no significant effect on either phosphor-
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Required for GLUT4 Translocation

A, CHO-IR/IRS-1 cells were transfected with GLUT4-
TBC1D4 (G4-TBC1D4-wt, -4P) constructs. Cells were incu-
bated with (I) or without (B) 200 nm insulin for 20 min and
lysed, and the fusion proteins were immunoprecipitated, fol-
lowed by Western blotting with phospho-642 antibody and
GLUT4 antibody. B, HA-GLUT4-GFP (G4-GFP), HA-GLUT4-
TBC1D4-wt (G4-TBC1D4-wt), and HA-GLUT4-TBC1D4-4P
(G4-TBC1D4-4P) were electroporated into 3T3-L1 adipo-
cytes. Cells were labeled for surface levels (surface) and total
levels (total) of the fusion construct. Shown are representative
images of insulin-stimulated cells of three separate experi-
ments. Scale bar, 10 um. C, Quantification of data in panel B.
Gray bars represent basal conditions, and black bars repre-
sent insulin-stimulated conditions (*, P < 0.05; **, P < 0.005).
IP, Immunoprecipitation; vec, vector; WB, Western blot.
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Fig. 6. Only Insulin Causes Translocation of GLUT4 to the
Cell Surface as Well as Cytosol Translocation of TBC1D4 in
L6 Myotubes

A, L6 myotubes overexpressing HA-GLUT4 were incu-
bated with 100 nm insulin, 2 mm AICAR, 2 pg/ml adiponectin,
10 nm endothelin-1, 100 ng/ml IL-6, or 10 um berberine for 30
min after a 10-min preincubation in the absence or presence
of 100 nm wortmannin. Relative HA-GLUT4 surface levels
were determined by a 96-well plate fluorescence-based HA-
GLUT4 translocation assay using anti-HA surface vs. total HA
staining. (*, P < 0.05; **, P < 0.005; n = 3). B, L6 myotubes
were incubated for 20 min with 100 nm insulin, 2 mm AICAR, 2
pg/ml adiponectin, 10 nm endothelin-1, or 10 um berberine.
Cells were lysed, and the cytosol fraction was obtained by
differential cell fractionation. A representative Western blot
stained for TBC1D4 is shown. C, Quantification of three experi-
ments shown in panel B (*, P < 0.02). Adip, Adiponectin; bas,
basal; Berb, berberine; ET, endothelin-1; ins, insulin; AIC, AICAR.

ylation site. Interestingly berberine also had a significant
effect on Ser588 phosphorylation; however, it amounted
to only 20% of the effect observed with insulin.

Overexpression of the TBC1D4-4P Mutant in L6
Cells Inhibits Stimulation of GLUT4 Translocation
by All Agonists

TBC1D4 phosphorylation at 642 may only regulate cell
surface levels of GLUT4 in response to certain ago-
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Fig. 7. Differential Phosphorylation of TBC1D4 on T642 and S588 by Agonists in L6 Myotubes

A, L6 myotubes overexpressing TBC1D4 at a medium level were incubated with 100 nwm insulin, 2 mm AICAR, 2 pg/ml
adiponectin, 10 nm endothelin-1, 100 ng/ml IL-6, or 10 um berberine for 20 min. Cells were lysed, and 10 ug of protein per lysate
was loaded onto SDS-PAGE and analyzed by Western blotting. B, Quantification of three experiments shown in panel A. C, L6
myotubes were incubated as in panel A, cells were lysed, and endogenous TBC1D4 was immunoprecipitated, and the precipitates
were analyzed by Western blotting. D, Quantification of four experiments shown in panel C (*, P < 0.05; **, P < 0.005). bas, Basal;

Berb, berberine; ET, endothelin-1; ins, insulin; gAd, adiponectin.

nists. In particular, TBC1D4 might not mediate the
effects of endothelin-1 and IL-6 on GLUT4 translocation,
because both agonists failed to stimulate TBC1D4 phos-
phorylation at 642. To test this we examined the effects
of overexpressing the TBC1D4-4P mutant on agonist-
mediated GLUT4 translocation in L6 myotubes.
TBC1D4-wt and TBC1D4-4P were expressed in HA-
GLUT4 expressing L6 cells using a retroviral expression
plasmid that also expressed GFP as a reporter. Cells
were sorted for GFP expression using fluorescence-
activated cell sorting (FACS), and populations of high
expressing cells were selected. These cells were stim-
ulated with the different agonists, and GLUT4 translo-
cation was monitored by the HA-GLUT4 translocation
assay (30). Interestingly, TBC1D4-4P, but not TBC1D4-
wt, inhibited the ability of all agonists to stimulate GLUT4
translocation, including the two agonists, which failed to
phosphorylate TBC1D4 (Fig. 8). The degree of inhibition
of the TBC1D4-4P (~50%) was similar for each agonist,
consistent with the observed impairment of contraction-
stimulated glucose uptake in mouse tibialis anterior mus-
cles electroporated with TBC1D4-4P (8). This indicates a

fundamental role for TBC1D4 in many forms of agonist-
stimulated GLUT4 translocation.

DISCUSSION

Our laboratory has previously shown that TBC1D4
associates with GLUT4-containing membranes in the
absence of insulin and dissociates in the presence of
insulin (14). However, it was not known whether the
association and/or dissociation of TBC1D4 was re-
quired for basal intracellular sequestration of GLUT4
and/or insulin-stimulated GLUT4 translocation, re-
spectively. Our model, which was an adaptation of the
original model proposed by Lienhard and colleagues
(4) proposed that TBC1D4 is localized to GLUT4-con-
taining membranes to maintain the Rab substrate in
an inactive state, thus preventing GLUT4 transloca-
tion. Insulin-stimulated dissociation of TBC1D4 from
GLUT4 membranes would then allow GTP loading and
activation of the Rab, thereby facilitating fusion of
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Fig. 8. TBC1D4-4P Blocks Agonist-Induced GLUT4 Trans-
location in L6 Myotubes

Populations of L6 myoblasts were selected for high ex-
pression of GFP by FACS after retroviral transfection of the
bicistronic pMIG vector alone, pMIG-TBC1D4-wt, or pMIG-
TBC1D4-4P. Cells were propagated and differentiated into
myotubes, and relative HA-GLUT4 translocation (surface vs.
total HA-GLUT4) was measured after addition of 100 nm
insulin, 2 mm AICAR, 2 pg/ml adiponectin, 10 nm endothe-
lin-1, 100 ng/ml IL-6, or 10 um berberine for 30 min. Results
from a total of seven experiments are shown using L6 cells
obtained from three independent rounds of FACS selection
(*, P < 0.05; **, P < 0.005; n = 3). Adip, Adiponectin; AIC,
AICAR; bas, basal; Berb, berberine; ET, endothelin; Ins, insulin.

GLUT4 vesicles with the PM. This model suggests that
TBC1D4 localization to GLUT4 membranes is required
in the absence of insulin for its role as a negative
regulator of GLUT4 translocation. Overexpression of
the TBC1D4-4P mutant in adipocytes inhibits insulin-
stimulated GLUT4 translocation (4). We show in this
study that the inhibitory TBC1D4-4P mutant failed to
dissociate from GLUT4 vesicles upon insulin stimula-
tion, supporting this hypothesis. Furthermore, we
demonstrated that the TBC1D4 GAP domain fused to
GLUT4 was sufficient to inhibit the insulin-stimulated
translocation of this fusion construct to the PM and
that this inhibitory effect was dependent on the GAP
activity of TBC1D4. Interestingly, the TBC1D16 GAP
domain fused to GLUT4 was unable to inhibit insulin-
stimulated GLUT4 translocation to the cell surface,
thus indicating direct in vivo specificity of the GAP
domain itself. These data are consistent with the hy-
pothesis that the cognate TBC1D4 Rab substrate is
colocalized with GLUT4, albeit transiently, in the ab-
sence of insulin. The localization of the GAP domain to
GLUT4 membranes is crucial for its inhibitory effect,
because expression of the free GAP, which did not
contain the IRAP-interacting domain, in adipocytes
was without effect on GLUT4 translocation. It is likely
that this inhibitory function may be mediated in vivo via
only a small fraction of the total TBC1D4 pool in view
of its enzymatic, rather than structural, role. Parenthet-
ically, it should be noted that GLUT4 is localized to
several intracellular compartments including endo-
somes, trans-Golgi network, and GLUT4 storage ves-
icles (31-34), and it remains to be determined whether
TBC1D4 function is confined to one of these specific
locations. It was interesting in this regard that glycerol
sedimentation analysis revealed that TBC1D4 maybe
localized to a subcomponent in the GLUT4 vesicle peak.
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This is consistent with IF localization studies (14), which
show incomplete overlap between TBC1D4 and GLUT4.

Insulin triggers the dissociation of TBC1D4 from
GLUT4-containing membranes (5, 14). The overex-
pression of TBC1D4-4P inhibits GLUT4 translocation
to the cell surface with insulin, whereas overexpres-
sion of the TBC1D4-wt has no effect (4). One possi-
bility is that phosphorylation of TBC1D4 might simply
release the GAP from the membrane facilitating GTP
loading of its cognate Rab without necessarily modi-
fying GAP activity per se. Our observation that direct
fusion of full-length TBC1D4-4P to GLUT4 was suffi-
cient to block GLUT4 translocation, whereas fusion of
the TBC1D4-wt had no effect is not consistent with
this interpretation. Interestingly, both TBC1D4-wt and
-4P were targeted to membranes as shown in Fig. 1D,
and TBC1D4-4P inhibited GLUT4 translocation to the
PM (Fig. 1C) as described earlier by other techniques.
After fusion of TBC1D4 to GLUT4, the TBC1D4 fusion
constructs retained their respective effect of the non-
fused TBC1D4-wt and 4P constructs on GLUT4 trans-
location, further indicating that TBC1D4 dissociation
from membranes does not play a major role in insulin
action. In light of the observation that fusion of the
GAP domain alone to GLUT4 also inhibited GLUT4
translocation, it appears that additional functional fea-
tures that are specific to the N terminus of TBC1D4 are
required to override the GAP activity. Notably, we
observed phosphorylation of the GLUT4-TBC1D4 fu-
sion protein at the 642 site in response to insulin
consistent with phosphorylation and/or 14-3-3 binding
as candidates for this additional function.

Further insight into TBC1D4 function has been ob-
served by analysis of other agonists that trigger
GLUT4 translocation. Both muscle contraction and
AICAR have been shown to stimulate TBC1D4 phos-
phorylation at the Thr®4? site, possibly via AMPK (8-
10). Consistent with these data we found that several
agonists that activate AMPK including AICAR, berber-
ine, and adiponectin, all stimulated TBC1D4 642 phos-
phorylation. Intriguingly, none of these agonists in-
creased phosphorylation at the 588 site, nor did they
trigger TBC1D4 translocation into the cytosol. The
inhibition of GLUT4 translocation in response to
each of these agonists after overexpression of the
TBC1D4-4P mutant supports a role of TBC1D4 in each
of these effects. Thus, this again supports the conclu-
sion that the release of TBC1D4 from the membrane is
not required to facilitate agonist-mediated GLUT4
translocation to the PM and nor is phosphorylation at
the 588 site. One possibility is that 588 phosphoryla-
tion triggers release of TBC1D4 from membranes, and
this effect may, in fact, confer a much more robust
inactivation of TBC1D4 GAP activity than 642 phos-
phorylation alone. Consistent with this notion, we rou-
tinely observe that insulin has a more potent influence
on GLUT4 translocation than other agonists (Figs. 6
and 8). This could also explain why the GLUT4-
TBC1D4-wt fusion protein does not translocate to
the PM to the same degree as GLUT4-GFP upon
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insulin stimulation (Fig. 5C). Thus, the approach de-
scribed here of creating fusions between GLUT4
and the Rab GAP TBC1D4 enabled us to differenti-
ate between the two effects of insulin on TBC1D4:
phosphorylation at the 642 site vs. membrane
dissociation.

Two agonists, endothelin-1 and IL-6, stimulated
GLUT4 translocation in L6 myotubes, consistent with
previous findings (24-26), but did not trigger TBC1D4
translocation into the cytosol, or phosphorylation of
TBC1D4 at either the 588 or 642 sites. Hence, it is
conceivable that these agonists might use a pathway
other than TBC1D4 to stimulate GLUT4 translocation,
and further analysis is required to resolve this. One
possibility is that TBC1D1, a close homolog of
TBC1D4, which shows induced expression when L6
myoblasts differentiate into myotubes, might mediate
the effects of some of these agonists (35-37). It is also
possible that these agonists phosphorylate alternate
sites in TBC1D4 to facilitate inhibition of its GAP ac-
tivity. Interestingly, the effect of all agonists on GLUT4
translocation to the cell surface was inhibited when the
TBC1D4 phosphorylation mutant (TBC1D4-4P) was
overexpressed in L6 muscle myotubes. This indicates
a fundamental role for TBC1D4 in GLUT4 translocation
to the cell surface for all agonists, although one pos-
sibility that we cannot exclude is that overexpression
of the TBC1D4-4P might act to dominantly inhibit the
actions of both endogenous TBC1D4 and TBC1D1.

In summary, these results indicate the following:
1) localization of TBC1D4 to GLUT4 membranes is re-
quired to act in its inhibitory role to allow basal intra-
cellular sequestration of GLUT4; 2) TBC1D4 dissocia-
tion from GLUT4 membranes is not required to
facilitate GLUT4 translocation to the PM; 3) the GAP
domain alone of TBC1D4 possesses Rab specificity in
vivo because another homologous GAP domain from
TBC1D16 did not replicate the effects of TBC1D4; 3)
TBC1D4 phosphorylation and/or 14-3-3 binding likely
plays an essential role in inhibition of its GAP activity;
and 4) many agonists that regulate GLUT4 transloca-
tion both via PI3K-dependent and -independent path-
ways appear to do so, at least in part, by overriding the
GAP activity of TBC1D4. These findings further high-
light the important role of this family of proteins in
vesicle transport and, in particular, of TBC1D4 in cell
surface delivery of GLUT4 and support the notion that
this protein is a major convergence point for actions of
many different agonists that are capable of transiently
modifying the cell surface residence of molecules such
as the GLUT4 transporters.

MATERIALS AND METHODS

Materials

DMEM and newborn calf serum were obtained from Invitro-
gen (Carlsbad, CA), myoclone-Plus fetal calf serum were from
Trace Scientific (Melbourne, Australia), and antibiotics were
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obtained from GIBCO (Paisley, UK). Paraformaldehyde was
from ProSciTech (Thuringowa, Australia). Recombinant
mouse IL-6 was from BenderMed Systems (Burlingame, CA).
Globular mouse adiponectin was produced and purified from
BL21 cells as earlier described (38). Insulin was obtained
from Calbiochem (San Diego, CA) and BSA was from Bovo-
gen (Essendon, Australia). Bicinchoninic acid reagent, Super-
signal West Pico chemiluminescent substrate, and protein G
agarose beads were from Pierce Chemical Co. (Rockford, IL).
Lipofectamine 2000 was from Invitrogen. Polyvinylidine diflu-
oride membrane was from Millipore Corp. (Billerica, MA).
Complete protease inhibitor cocktail tablets were from Roche
(Indianapolis, IN). All other materials were obtained from
Sigma Chemical Co. (St. Louis, MO). Antibodies were from
Sigma [murine immunoglobulin G1-MOPC21, FLAG (F7425,
F3165)], Babco [HA-peptide (16B12), Richmond, CA], and
Abcam (myc, Cambridge, UK). Phosphorylation-specific an-
tibodies against AKT, ERK, GSK3, and AMPK were from Cell
Signaling Technology (Beverly, MA) and against TBC1D4
phospho-Ser588 and phospho-Thr642 were obtained from
Peter Shepherd (Symansis, Auckland, New Zealand). Total
TBC1D4 antibodies were from Novus (Littleton, CO) or earlier
described (14). Antibodies against GLUT4 (39) have been
described previously. ALEXA488-conjugated secondary an-
tibodies and GFP antibodies (A-6455) were obtained from
Molecular Probes (Leiden, The Netherlands). Cy3-, Cy5- and
HRP-conjugated secondary antibodies were from Jackson
ImmunoResearch Laboratories (West Grove, PA) and from
Amersham (Buckinghamshire, UK). IR dye 700 or 800 conju-
gated secondary antibodies were from Rockland Immuno-
chemicals (Gilbertville, PA).

DNA Constructs

TBC1D4-wt, and TBC1D4-4P in 3XFlagCMV10 constructs
were a gift from Gus Lienhard (Dartmouth College, Hanover,
NH) (4). TBC1D4-RA was made by site-directed mutagenesis
of Arg973 to Ala. HA-GLUT4-GFP plasmid was kindly pro-
vided by Samuel Cushman (Stanford University, Stanford,
CA) (40). pBabe-HA-Glut4 was described earlier (41). HA-
GLUT4-TBC1D4GAP, HA-GLUT4-TBC1D4 and HA-GLUT4-
TBC1D16GAP in QBI25 were constructed by PCR ampli-
fication of TBC1D4 Flag-tagged aa 865-1299, full-length
Flag-tagged TBC1D4, and TBC1D16 Flag-tagged aa 381-
765, respectively. The PCR products were subcloned into the
Kpnl and BamHI sites of HA-GLUT4-GFP in QBI25, thus
replacing the GFP. The HA-GLUT4 control construct, con-
taining a Flag-tag, was constructed by excising the full-length
TBC1D4 with Notl and relegation of the remaining plasmid.
Myc-GAP-wt was constructed by PCR amplification of
TBC1D4 aa 865-1299, followed by subcloning into the Kpnl
and Notl site of pCMV-myc. pMIG Gateway was obtained
from Liz Calton (Garvan Institute of Medical Research, Syd-
ney, Australia) and was constructed by inserting the Gateway
cassette into the Hpal site of pMIG (42). 3XFlag-TBC1D4-wt
and 4P were amplified via PCR from 3xFlagCMV10 using prim-
ers that introduced attB1 and attB2 sites and cloned into the
gateway vector pDONR221 by using BP clonase Il (Invitrogen)
and further cloned using LR clonase Il into pMIG gateway.

Cell Culture and Transfection

3T3-L1 fibroblasts were obtained from Howard Green (Bos-
ton, MA), cultured, and differentiated into adipocytes as de-
scribed elsewhere (14). CHO IR/IRS-1 cells were a gift from
Morris White. L6 myoblasts were purchased from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA). Retro-
virus for expression of pBABE and pMIG-based constructs
was prepared using Plat-E cells as earlier described (41) For
transient transfection, a total of 20 ug of DNA was used per
10-cm dish together with 50 ul of Lipofectamine 2000 ac-
cording to the manufacturer’s protocol. 3T3-L1 fibroblasts
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were infected with pBabepuro-HA-GLUT4 retrovirus and se-
lected with 2 ug/ml puromycin. For electroporation, adipo-
cytes at d 6 after differentiation were trypsinized, washed
with PBS, and washed and resuspended in cytomix (25 mm
HEPES, pH 7.6; 120 mm KCI; 0.15 mm CaCl,; 10 mm K,HPO,/
KH,PO,, pH 7.6; 2 mm EGTA; 5 mm MgCl,; 2 mm ATP; 5 mm
reduced Glutathione). Plasmid DNA (100 ng) was mixed with
the cells in a cuvette and electroporated with 200 V for 10
msec (ECM 830, BTX, San Diego, CA). Electroporated adi-
pocytes were seeded onto gelatin-coated coverslips or cell
culture dishes and used 24-48 h after electroporation. L6
myoblasts infected with pBabepuro-HA-GLUT4 retrovirus
were selected with 2 ug/ml puromycin as described previ-
ously (41). 3T3-L1 fiboblasts or HA-GLUT4 expressing L6
myoblasts were infected with pMIG construct for TBC1D4-wt
or TBC1D4-4P. Cells were FACS sorted 48 h after infection
for medium or high GFP expression. Selected cell popula-
tions were propagated for up to 10 more passages and
seeded into 10-cm dishes or 96-well plates as described
before and differentiated into adipocytes or myoblasts (26,
30). L6 cells were used 4-7 d after differentiation.

Immunoprecipitation and Immunoblotting

Immunoprecipitations were carried out as previously de-
scribed (13). All samples were subjected to SDS-PAGE anal-
ysis as previously described (14).

Confocal Laser Scanning Microscopy

Electroporated adipocytes were serum depleted for 2 h at 37
C, after which they were incubated in the absence or pres-
ence of 200 nm insulin for 20 min. Cells were then fixed with
3% paraformaldehyde in PBS. Fixed cells were washed with
PBS, and free aldehyde groups were quenched with 50 mm
glycine in PBS. The cells were then blocked in 2% BSA in
PBS. For cell surface HA labeling, unpermeabilized cells were
incubated with HA antibody, followed by the Cy3-conjugated
secondary antibody. Subsequently or for colocalization ex-
periments, cells were permeabilized in PBS containing 0.1%
saponin and 2% BSA and labeled with one or two primary
antibodies as indicated (HA, GFP, FLAG, myc), followed by
incubation with Cy3 and/or ALEXA-488 conjugated second-
ary antibodies. Optical sections were analyzed by confocal
laser scanning microscopy using a Leica TCS SP system
using the x40 lens. A slice in the middle of the adipocytes,
10-15 um above the coverslip surface, was scanned, thus
avoiding inclusion of fibroblasts in the analysis. Confocal
images were scanned using exactly the same settings for
each experimental condition and, in the case of double la-
beling experiments, each fluorophore was scanned sequen-
tially. Fluorescence intensities were measured using the
Leica confocal software. A region of interest was set around
each cell, and the amount of fluorescence per unit area was
determined for each channel. Surface GLUT4 staining was
corrected for cell size by dividing the fluorescence intensity
by the perimeter/area ratio. Surface GLUT4 staining was then
calculated for each cell as a proportion of total GLUT4 ex-
pression per cell.

Cell Fractionation

Cell fractionation of L6 myotubes and 3T3-L1 adipocytes was
performed as earlier described (14). Glycerol gradients were
performed as in Ref. 43.

HA-GLUT4 Translocation Assay

HA-GLUT4 translocation in L6 myotubes was measured in a
96-well plate assay as earlier described (26, 30). The GFP
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signal due to infection with pMIG, pMIG-TBC1D4-wt, or -4P
retrovirus was included in the background subtraction and
remained constant under different conditions.

Statistics

All data are expressed as average = SeM. Significance was
determined by t test (two-sided, unpaired, equal variance).
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