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Skeletal muscle is the primary site of dietary glucose disposal,
a function that depends on insulin-mediated exocytosis of GLUT4
vesicles to its cell surface. In skeletal muscle and adipocytes, this
response involves Akt signaling to the Rab-GAP (GTPase-activating
protein) AS160/TBC1D4. Intriguingly, the AS160-targeted Rabs
appear to differ, with Rab8A participating in GLUT4 exocytosis in
muscle cells and Rab10 in adipocytes, and their activation by insulin
is unknown. Rabs 8A, 10, and 13 belong to the same subfamily of
Rab-GTPases. Here we show that insulin promotes GTP loading of
Rab13 and Rab8A but not Rab10 in rat L6 muscle cells, Rab8A
activation preceding that of Rab13. siRNA-mediated Rab13 knock-
down blocked the insulin-induced increase of GLUT4 at the muscle
cell surface thatwas rescued by a Rab13 ortholog but not by Rab8A.
Constitutively active AS160 lowered basal and insulin-stimulated
levels of surface GLUT4, effects that were reversed by overexpress-
ingRab8AorRab13, suggesting thatbothRabsare targetsofAS160-
GAP activity in the context of GLUT4 traffic. Rab13 had a broader
intracellular distribution compared with the perinuclear restriction
of Rab8A, and insulin promoted Rab13 colocalizationwith GLUT4 at
the cell periphery. We conclude that Rab13 and Rab8A are Rab-
GTPases activated by insulin, and that downstream of AS160 they
regulate traffic of GLUT4 vesicles, possibly acting at distinct steps
and sites. These findings close in on the series of events regulating
muscle GLUT4 traffic in response to insulin, crucial for whole-body
glucose homeostasis.
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Insulin stimulates glucose uptake by rapidly increasing GLUT4
glucose transporters at the plasma membrane of muscle cells

and adipocytes (1). In both cell types, IRS-1, class I PI-3 kinase,
and Akt are required for the stimulation of exocytosis of
GLUT4-containing membrane vesicles from intracellular storage
compartments (2, 3). GLUT4 partially segregates away from the
recycling endosomes into GLUT4-storage or GLUT4-specialized
vesicular compartments (2, 3), but how these vesicles are mobi-
lized to the cell surface and under which specific signals this
occurs remain ill-defined.
Rab-GTPases are molecular switches controlling diverse stages

of vesicle traffic, from unicellular yeast to mammals (4). Rab-
GTPases cycle between active GTP-bound and inactive GDP-
bound states, controlled by guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs) (5). The Rab-
GAP AS160 (Akt substrate of 160 kDa)/TBC1D4 is a target of
Akt, recently found to participate in the insulin signaling relay that
regulates GLUT4 traffic in adipose and muscle cells and tissues
(6–8). AS160 phosphorylation by Akt is predicted to inhibit its
GAP activity, allowing the GTP-bound form of its target Rabs to
prevail (6). A mutant AS160 with four Akt serine/threonine
phosphorylation sites replaced by alanine (AS160-4A, also known
as AS160-4P) reduces basal and insulin-stimulated glucose uptake
and surface GLUT4 levels when expressed in fat cells (6, 9) and
skeletal muscle cells and tissues (8, 10). Not being able to be
phosphorylated at key sites, it is postulated thatAS160-4A remains
constitutively active as a Rab-GAP upon insulin stimulation, be-
cause an additional mutation in the GAP domain of AS160-4A
renders it unable to affect GLUT4 cell-surface density (6).

The recombinant GAP domain of AS160 displays activity to-
ward a number of Rab-GTPases in vitro, among which Rabs 8A,
10, and 14 have been detected in GLUT4-containing compart-
ments from 3T3-L1 adipocytes (11, 12). We recently demon-
strated that overexpression of Rab8A partially rescues the block
in insulin-stimulated GLUT4 translocation exerted by AS160-4A
in muscle cells (13). Further, siRNA-mediated knockdown of
Rab8A reduced the insulin-dependent gain in surface GLUT4 at
the muscle cell membrane (14). Similar approaches were in-
effective in demonstrating a role for Rab10 in muscle cells, al-
though silencing this AS160 target reduces GLUT4 translocation
in adipocytes (15). Therefore, Rab8A appears to be a muscle cell-
specific regulator of GLUT4 traffic. Surprisingly, it has not been
possible to demonstrate insulin-dependent activation of Rab10 in
adipocytes (15), and it remains untested whether Rab8A is acti-
vated by the hormone. Demonstrating insulin-dependent Rab
activation is crucial to position Rabs in the insulin signaling relay.
Further, additional AS160 targets may contribute to GLUT4
traffic, given that AS160-4A affects steps as distinct as perinuclear
GLUT4 retention, GLUT4 vesicle tethering, and/or vesicle fusion
with the membrane (1, 16).
Rab8 andRab10 along with Rab13 comprise a subfamily of Rab

proteins displaying over 60% amino acid identity. Rab13 was not
reported in proteomic screens ofGLUT4-containing vesicles from
adipocytes and hence was not tested as a target of AS160-GAP
activity (11). However, Rab13 is expressed in skeletal muscle cells,
and we hypothesize that it may participate in insulin-stimulated
GLUT4 translocation in muscle. Here we report that insulin
stimulates GTP loading of Rab13 and Rab8A, that these Rabs are
found within overlapping and distinct cellular locations, and that
each contributes independently to GLUT4 exocytosis in response
to insulin in muscle cells, acting downstream to AS160. These
results position Rab proteins as elements within the insulin sig-
naling cascade and suggest mechanistic links between insulin sig-
nal transduction and vesicle traffic.

Results
Rab13 Is Expressed in Muscle and Fat. Rab13, together with Rab10,
Rab8A, and Rab8B, compose a subfamily of closely related Rab
proteins (5). Rab13 and Rab8A display 63% amino acid identity
and an additional 29% similarity (Fig. S1). The highest conser-
vation is found in the first 100 N-terminal amino acids of the
Rabs that encompass the GAP and GEF interaction (switch I
and II) regions. In addition, amino acid determinants of specific
effector regions in the C termini are divergent. By RT-PCR,
Rab13 and Rab8A expression was detected in both myoblast and
myotube stages of differentiation of L6-GLUT4myc muscle cells,
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in mature rat and mouse skeletal muscle, and in adipose tissues
and 3T3-L1 adipocytes (Fig. 1).

Rab13 and Rab8A GTPases Are Activated in Response to Insulin.
Rab8A and Rab10 are in vitro substrates of the GAP domain of
AS160, and recent studies implicate them in insulin-dependent
GLUT4 translocation in muscle and adipose cells, respectively.
However, no putative AS160-target Rab, Rab8A and Rab10 in-
cluded, has been shown to be activated in response to insulin, an
essential requirement to position these Rabs in the signal relay
toward GLUT4mobilization. To explore whether Rab13, Rab8A,
and/or Rab10 are activated by insulin, we implemented a GTP-
photoaffinity labeling assay (17). L6-GLUT4myc-IR myoblasts
were transiently transfected with GFP-Rab8A, GFP-Rab13, or
GFP-Rab10, then permeabilized with digitonin to introduce a
biotinylated GTP-photoprobe (Methods) before insulin stimula-
tion, followed by photoactivation and precipitation of biotin-
containing proteins. In this permeabilized cell system, insulin
signaling to Akt and AS160 proceeded with a normal time course,
phosphorylation increasing already at 2 min and remaining ele-
vated for the duration of the assay (Fig. S2 A and B). Importantly,
Rab8A was activated by insulin, and this response was transient,
with peak activation of 2.6 ± 0.5 by 2 min from insulin adminis-
tration (Fig. 2A). Rab13 was also transiently activated, with a peak
of 6.6 ± 0.7-fold by 5 min (Fig. 2B). Because Rab8A activation
peaked earlier than Rab13 activation, insulin signaling may se-

quentially activate Rab8A andRab13, revealing a possible relay in
the regulation of GLUT4 translocation by these two Rab proteins
inmuscle cells. In contrast, Rab10 was not activated in response to
insulin under identical experimental conditions (Fig. 2C).

Rab13 Knockdown Inhibits the Insulin-Stimulated Increase in Surface
GLUT4myc. The effects of depleting Rab13 were next tested. Re-
ducing Rab13 protein content by 54 ± 3% (Fig. 3A) via siRNA to
Rab13 (siRab13) did not affect Rab8 protein expression, insulin-
stimulated phosphorylation of Akt, or AS160 phosphorylation
(Fig. 3 B and C). However, such Rab13 knockdown markedly
prevented insulin-dependent GLUT4 gain in surface GLUT4 (by
81 ± 4%) compared with cells transfected with unrelated siRNA
(siNR) (Fig. 3D). Notably, the inhibition of insulin-dependent
GLUT4 translocation was rescued to 96 ± 22% by re-expressing
a GFP-Rab13 ortholog, but not GFP-Rab8A (which led to only a
9 ± 5% recovery of siRab13-inhibited GLUT4myc translocation;
Fig. 3D). These results suggest that Rab13 participates in the
regulation of insulin-stimulated GLUT4 exocytic traffic in a man-
ner not functionally redundant with Rab8A. Therefore, these two
small GTPases may participate in different steps of insulin-regu-
lated GLUT4 exocytosis.

Rab13 Rescues the Inhibition of GLUT4myc Translocation Caused by
AS160-4A. The constitutively active GAP AS160-4A reduces basal
and insulin-stimulated levels of GLUT4myc at the surface of L6
muscle cells (8). Here we show that coexpression of GFP-Rab13
reversed these suppressive effects of AS160-4A and was some-
what more effective than GFP-Rab8A in this context (Fig. 4).
These results suggest that both Rabs function downstream of
AS160, and moreover that they may each separately annul the
negative effects of AS160-4A mutant. This may potentially arise
from GFP-Rab overwhelming AS160-4A, allowing the endoge-
nous AS160 targets to stimulate GLUT4 exocytosis. In contrast,
overexpression of GFP-Rab8A did not change the basal levels of
surface GLUT4myc (13), and likewise overexpression of GFP-
Rab13 alone did not affect the basal levels of GLUT4myc at the
muscle cell surface (Fig. S3). These results suggest that over-
expression of these Rabs per se does not mimic insulin action.

Only Rab13 Colocalizes with GLUT4myc near the Cell Surface upon
Insulin Stimulation. To examine their localization with respect to
GLUT4myc, GFP-Rab13 and GFP-Rab8A were separately ex-
pressed inL6-GLUT4mycmyoblasts that were then permeabilized

Fig. 2. Rab8A and Rab13, but not Rab10 are GTP-loaded in response to insulin. L6-GLUT4myc-IR myoblasts were transiently transfected with GFP-Rab8A, GFP-
Rab13, or GFP-Rab10 for 48 h. Serum-deprived cells (3 h) were permeabilized to introduce the biotinylated GTP-photoprobe before incubation with insulin
(100 nM) for the indicated times, followed by UV illumination. Cells were immediately processed for pull-down with streptavidin resin, SDS/PAGE, and im-
munoblotting with anti-GFP antibody to detect GFP-Rab as detailed in Methods. Representative gels and the fold change of GTP-loaded GFP-Rab relative to
basal are illustrated for (A) GFP-Rab8A, (B) GFP-Rab13, and (C) GFP-Rab10. *P < 0.05 and ***P < 0.001 versus basal. Other statistical comparisons are shown
by brackets.

Fig. 1. Rab13 mRNA is expressed in muscle and fat. RT-PCR detection of
Rab13, Rab8A, and Rab10 in total RNA from rat L6GLUT4myc (L6) and mouse
C2C12 muscle cells; rat (R) and mouse (M) skeletal muscle (SKM); mouse 3T3-
L1 adipocytes (3T3-L1); rat and mouse perigonadal white adipose tissue
(WAT); and analysis by agarose gel electrophoresis. Rab13 detection was
confirmed by sequencing the PCR products from L6.
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to label GLUT4myc. In the basal state, Rab13 was abundant in the
perinuclear region (Fig. 5), butwas also found at the cell periphery.
Also in the basal state,Rab13 andGLUT4partly colocalized in the
perinuclear region and, importantly, Rab13 also partly colocalized
with theGLUT4 that translocated to the cell periphery in response
to insulin (Fig. 5). At the dorsal cell surface, these proteins colo-
calized in ridges (Fig. 5) reminiscent of the ruffles formed by in-
sulin-dependent actin remodeling (18). This behavior is illustrated
at 5 and 15 min into insulin stimulation (Fig. 5 and Fig. S4A), and
further confirmed by the colocalization of Rab13 with GLUT4
fluorescently decorated at the surface of nonpermeabilized cells,
that is, GLUT4 inserted into the membrane (Fig. S4B). On the
other hand, Rab8A mostly distributed in the perinuclear region
where it also colocalized with GLUT4 but, in sharp contrast to
Rab13,Rab8Adid not colocalize with the translocatedGLUT4 at/
near the cell periphery in insulin-stimulated cells (Fig. 5). These
observations suggest the possibility that only Rab13 acts on
GLUT4 near or at the plasma membrane of the muscle cell.

Discussion
Insulin Sequentially Activates Rab8A and Rab13. Whereas it is well
established that insulin signaling toward GLUT4 translocation
requires signals relayed from IRS-1, PI-3 kinase, and Akt to
AS160, the downstream steps remain poorly defined. Moreover,
given that AS160 has Rab-GTPase activity that is inactivated by
insulin, the prediction that specificRabs are activated upon insulin
action requires experimental scrutiny. TheRab8 subfamily ofRab-

GTPases regulates vesicle traffic between the trans-Golgi network
(TGN) and the plasma membrane (5). We have found that only
Rab8A, but not two other subfamily members, Rab8B and Rab10,
participate in insulin-induced GLUT4 translocation in muscle
cells, established by individual Rab knockdown (14). Rab13 is also
a member of this subfamily of GTPases, but its function in insulin
action has not been previously considered. Here we demonstrate
that Rab13 is expressed in muscle and adipose cells in culture and
tissues. Furthermore, insulin rapidly stimulates GTP loading of
Rab8A and Rab13 in muscle cells (Fig. 2), demonstrating that
these AS160-targeted Rabs are activated by insulin within a cel-
lular context. Interestingly, Rab10 was not activated in parallel,
suggesting that this GTPase is not in the insulin signaling relay,
consistent with the lack of effect of Rab10 knockdown on insulin-
regulated GLUT4 traffic in muscle cells (14). These results show
a selective and differentially timed activation ofRab8AandRab13
in response to insulin; however, the transient nature of their ac-
tivation deserves comment. In the continuous presence of insulin,
Akt remains fully activated in intact cells (19). Similarly, Akt and
AS160 phosphorylation remained steady for the duration of the
Rab activation assay; thus, it is unlikely that the transient response
is due to an artificial rundown of this signaling axis in the per-
meabilized cell system used (Fig. S2). Instead, we surmise that this
behavior may be related to the transient activation of the GEFs
mediating GTP-photoprobe loading of the Rabs. It is plausible
that these as-yet unidentified GEFs are activated by PI-3,4,P3, the
levels of which rise transiently in response to insulin in intact
muscle cells (20). Although this scenario will require future test-
ing, it is noteworthy that the same GTP-photoprobe introduced
into rat cardiomyocytes by electroporation also revealed a tran-
sient activation of Rab11 (17). Finally, it cannot be ruled out that
the transient activation results from the nonhydrolyzable nature of
GTP-γ-S, which prevents Rab cycling back to the GDP-bound
conformation that is recognized by the GEF for a subsequent
round of activation (21).

Rab8A and Rab13 Lie Functionally Downstream of AS160 in the Insulin
Pathway Leading to GLUT4 Translocation. A second important
conclusion of this study is that both Rab8A and Rab13 act
downstream of AS160, based on their individual ability to restore
GLUT4 translocation when overexpressed in cells with insulin
signaling blocked by the constitutively active AS160-4A (Fig. 4).

Fig. 3. Rab13 knockdown prevents insulin-induced GLUT4myc translocation
to the plasma membrane without affecting basal levels of surface GLUT4-
myc. L6-GLUT4myc (A and B) or L6-GLUT4myc-AS160 (C) myoblasts were
transfected with the indicated siRNA to rat Rab13 (siRab13) or nonrelated
(nontargeting) siRNA (siNR) for 72 h. Cells were serum-deprived for 3 h be-
fore treatment without (basal, open bars) or with insulin (100 nM, 20 min,
filled bars) and lysed to detect (A) Rab13 and loading control actinin1; (B)
Rab8, phospho-Akt S473 (p-Akt), and actinin1; and (C) phospho-T642-AS160
(p-AS160), p-Akt, and actinin1. (D) L6-GLUT4myc myoblasts were transfected
with siRNA for 24 h and then retransfected with GFP-Rab8A (canine), GFP-
Rab13 (human), or GFP cDNA for 24 h and processed for cell-surface
GLUT4myc levels as described in Methods. Shown are mean ± SEM fold
changes from four experiments. ***P < 0.001 versus basal in siNR+GFP-
transfected myoblasts. Other statistical comparisons are shown by brackets.

Fig. 4. Rab8A and Rab13 relieve the repression of basal and insulin-stimu-
lated cell-surface GLUT4myc levels caused by AS160-4A. L6-GLUT4myc myo-
blasts were cotransfected with Flag-tagged AS160-4A plus GFP-Rab8A, GFP-
Rab13, or GFP for 24 h, and then incubated without (open bars) or with
insulin (filled bars) and processed for cell-surface GLUT4myc levels as de-
scribed in Methods. Results are the mean ± SEM fold change over basal in
cells expressing AS160-4A and indicated GFP-Rab from four experiments.
***P < 0.001 versus basal in GFP-transfected control myoblasts. Other sta-
tistical comparisons are shown by brackets.
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Despite the common ability of Rabs 13 and 8A to reverse the
inhibition of GLUT4 translocation by AS160-4A, Rab13 does
this independently from Rab8A, because selective knockdown of
Rab13 and the resultant impairment in GLUT4 translocation
were not rescued by Rab8A overexpression (Fig. 3). The fact that
Rab13 overexpression per se did not suffice to mobilize GLUT4
(Fig. S3) indicates that this signal alone cannot reproduce insulin
action. This is consistent with the finding that two parallel sig-
naling events are required to mobilize GLUT4 to the cell surface
in muscle cells: one arm involving Akt, AS160, and Rabs, and the
other Rac and actin remodeling (22, 23). These arms bifurcate
downstream of PI-3 kinase and do not influence each other, such
that Rac1 knockdown does not affect insulin-stimulated Akt
phosphorylation but prevents GLUT4 translocation (22), and
Akt dominant-negative mutants allow Rac1-dependent actin
remodeling but similarly prevent GLUT4 translocation (24). The
independence of the two arms is further supported by analysis of
their downstream targets. Knockdown of Rac1 or its linker
α-actinin4 prevents GLUT4 association with the cortically
remodeled actin without affecting Akt or AS160 phosphorylation
(25), and conversely neither the AS160-4A mutant (13) nor
knockdown of Rab 8A (14) or Rab13 (this study) impedes actin
remodeling, yet in each case GLUT4 translocation is averted.
Accordingly, it is not expected that overexpression of a Rab
protein alone will emulate the insulin-dependent gain in surface
GLUT4, explaining the ineffectiveness of Rab13 overexpression
seen here, or Rab8A overexpression.
The participation of both small G proteins in regulating

GLUT4 traffic is underscored by differences in their time course
of activation by insulin (peak activation of Rab8A at 2 min
preceding Rab13 at 5 min) and differences in their subcellular
localization, with only Rab13 being noticeably present at the cell

periphery, where it partially colocalizes with GLUT4 within
minutes of insulin addition (Fig. 5 and Fig. S4). Along with Fig.
2, these results suggest that Rab8A acts at a perinuclear (and
early) step in the mobilization of GLUT4 insulin-sensitive vesi-
cles, whereas Rab13 acts at a more peripheral (and subsequent)
step in GLUT4 translocation.

Possible Steps Regulated by Rab8A and Rab13. Rab proteins are
regulators of organelle traffic, functioning in endocytic and
exocytic events that display appreciable specificity in their sites of
action. Rab8A was initially identified as a regulator of post-Golgi
vesicle traffic from the TGN to basolateral membrane in MDCK
cells (26). Rab8A colocalizes with Rab11 (27), and the latter
activates the Rab8A GEF Rabin8 to coordinate delivery of
structural proteins to the apical region of intestinal cells (28).
Interestingly, insulin stimulates GTP loading of Rab11 in H9c-
hIR2 cardiomyoblasts (beginning at 2 min) (17), and Rab11
mutations impair insulin-stimulated GLUT4 traffic in 3T3-L1
adipocytes, cardiomyoblasts, and human skeletal myotubes (29,
30) by preventing GLUT4 transit from recycling endosomes to
insulin-sensitive compartments (30). These results raise the
possible scenario that Rab11, Rabin8, and Rab8A may partici-
pate in early events of insulin-stimulated GLUT4 exocytosis in
muscle cells.
In contrast to the participation of Rab8A in endosomal transit,

Rab13 regulates peripheral events such as tight junction mor-
phogenesis in epithelial cells by promoting occludin vesicle fu-
sion mediated by the t-SNARE syntaxin4 (31). Strikingly,
syntaxin4 also mediates GLUT4 vesicle fusion with the plasma
membrane in adipocytes and muscle cells (32). Thus, it is
tempting to speculate that Rab13 may regulate GLUT4 vesicles
at the level of fusion with the plasma membrane. This scenario

Fig. 5. Rab13 colocalizes with GLUT4myc in perinuclear regions in basal conditions and at the cell periphery upon insulin stimulation. L6-GLUT4myc myo-
blasts were transfected with (A) GFP-Rab8A or (B) GFP-Rab13 for 24 h. Basal or insulin-stimulated (100 nM, 5 and 15 min) cells were permeabilized and
processed for confocal fluorescence microscopy as described in Methods: GFP-Rab (green) or GLUT4myc (red). Shown are representative images of merged
signals at the middle and dorsal optical planes from basal and insulin-treated cells from three experiments. Insets show magnifications of the boxed areas of
interest. (Scale bars, 10 μm.) The pixel coincidence analysis of GLUT4mycwith each GFP-Rab at the dorsal plane in insulin-stimulated cells is shown in grayscale.
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would explain why Rab13 was not detected in the proteomic
analysis of adipocyte GLUT4-containing vesicles (11, 12).

Additional AS160-Targeted Rabs. Rab14 is an in vitro target of the
TBC domain (with GAP activity) of AS160 (11), but it does not
belong to the Rab8 subfamily (5). Whereas Rab14 knockdown
reduced GLUT4 translocation in muscle cells and partly restored
the inhibition caused by AS160-4A (13), these effects were less
robust compared with Rab8A or Rab13 (this study). An AS160-
related protein, TBC1D1, also shows in vitro GAP activity to-
ward the same cohort of Rabs as AS160 (33), and silencing either
AS160 or TBC1D1 raises cell-surface levels of GLUT4 in the
absence of insulin (14). Interestingly, concomitantly silencing the
pair AS160 and Rab8A, or the pair TBC1D1 and Rab14, re-
stored basal GLUT4 levels (14). In contrast, in 3T3-L1 adipo-
cytes, restoration of basal GLUT4 levels was observed upon
concomitantly silencing AS160 and Rab10 (34). We speculate
that, in muscle cells, Rab14 might be a more direct in vivo target
of TBC1D1 compared with Rab8A. In the present study, we
focused on the Rab8 subfamily, and future work should explore
whether Rab14 is activated in response to insulin or other
stimuli, and its possible sites of action.

Muscle GLUT4 Traffic in the Context of Insulin Resistance. Recent
studies reveal that insulin resistancemay not be confined to defects
in proximal insulin receptor signaling steps such as IRS-1 and Akt
(35, 36). Each step along the process of GLUT4 translocation
including vesicle fission, mobilization, tethering, docking, and fu-
sion may be differentially affected, contributing to insulin re-
sistance. Future work should consider whether activation of
individual Rab proteins downstreamofAS160 is altered in insulin-
resistant states, allowing for more targeted approaches to treat
insulin resistance and the ensuing type 2 diabetes.
In summary, we have identified Rab13 as an essential compo-

nent of insulin-stimulated traffic of GLUT4 inmuscle cells. Rab13
is not functionally redundant with Rab8A, and based on the time
course of their activation and the insulin-stimulated colocalization
of Rab13 (but not Rab8A) with GLUT4 at the plasma membrane,
Rab13 appears to be the latest-acting signal known to date in the
insulin signaling cascade, predicted to regulate an insulin-regu-
lated step near/at the cell surface of muscle cells.

Methods
Antibodies, Chemicals, Small Interfering RNAs, and Plasmids. Antibodies: Rab8
(BD Biosciences), Rab13 (Abcam), myc epitope, monoclonal (Santa Cruz
Biotechnology) and polyclonal (Sigma-Aldrich), GFP (Invitrogen). Prede-
signed rat siRab13 (5′-CAAGAACGATTCAAGACAATA-3′) and siNR were from
Qiagen. GFP-Rab13 (human) and GFP-Rab8A (canine) were provided by J.
Brumell (The Hospital for Sick Children, Toronto, Canada) and I. Mellman
(Yale University School of Medicine, New Haven, CT). AS160 and AS160-4A
(with Akt phosphorylation sites Ser318, Ser588, Thr642, and Ser751 mutated
to Ala, also known as AS160-4P) were provided by G.E. Lienhard (Dartmouth
Medical School, Hanover, NH).

Cell Culture and Transfections. L6-GLUT4mycmyoblasts without or with stable
expression of AS160 (L6-GLUT4myc-AS160) or insulin receptor (L6-GLUT4-
myc-IR) were cultured as described (37). Cells grown on coverslips were
transfected with cDNA constructs using Lipofectamine 2000 (Invitrogen).
siRNA (400 nM) transfections were performed with Lipofectamine RNAiMax
(Invitrogen) for 24 h and then cultured for 48 h. To rescue knocked-down
proteins, cells were transfected with siRNA and then replated on coverslips
for transfection of cDNA constructs for 24 h.

Single-Cell Image-Based Fluorescent Quantification of Surface GLUT4myc and
GFP-Rabs. Fluorescence staining of cell-surface GLUT4myc in nonperme-
abilized myoblasts was performed as described (14, 38). Following insulin
stimulation, cells were fixed without permeabilization, and incubated with
polyclonal anti-myc antibody and Alexa-555 anti-rabbit conjugate (Invi-
trogen). AS160-4A expression was detected by subsequent cell permea-
bilization (see below) and stainingwith the Flag antibody and Alexa-647 anti-
mouse conjugate combination. Fluorescence images obtained with a Zeiss
LSM 510 laser scanning confocal microscope along the z axis and collapsed XY
projections were generated by an LSM 5 Image Browser. The pixel intensity of
GLUT4myc signal was quantified by ImageJ software (National Institutes of
Health). Fifteen to 20 cells were analyzed per condition in at least three in-
dependent experiments. Statistical analysis was performed by one-way
ANOVA using Prism 4.0 software (GraphPad Software Inc.) and Tukey’s post
hoc analysis.

The cellular location of GLUT4myc and GFP-Rab13 or GFP-Rab8A was de-
termined without or with cell permeabilization with 0.05% wt/vol saponin
(present at 0.01% wt/vol in all subsequent solutions), as indicated, and re-
action with monoclonal anti-myc antibody and Alexa-555 anti-mouse conju-
gate. Optical planes (0.25 μm)were selected with a Zeiss LSM 5 Image Browser
deconvolved by Volocity 5.3.2 (Improvision) and processed with Adobe Pho-
toshop 6.0. Pixel coincidence of GFP-Rab and GLUT4myc was determined by
Volocity 5.3.2.

Rab13 and Rab8A GTP Loading. L6-GLUT4myc-IR myoblasts were seeded in 10-
cm–diameter dishes and transfected with 5 μg of GFP-Rab constructs or
empty vector using Fugene HD (Roche). After 48 h, cells were serum-starved
for 3 h followed by permeabilization with 50 μg/mL digitonin for 5 min at
room temperature. Cells were then incubated 15 min with 40 μM bio-
tinylated GTP-photoprobe: guanosine 5′-triphosphate[γ]4-azidoanilide 2′,3′-
biotin-long-chain-hydrazone (Affinity Photoprobes) in the presence of an
ATP-generating system (40 IU/mL creatine phosphokinase with 1 mM phos-
phocreatine) in culture media. Next, cells were treated with insulin (100 nM)
for indicated times and then irradiated with 300-nm UV light for 2 min
(Rayonet RPR-100 Photochemical Reactor, Southern New England Ultraviolet
Company) and lysed with 1% Nonidet P-40 in 132 mM NaCl, 2 mM MgCl2, 2
mM Na3VO4, 10 mM NaF, 20 mM Tris·HCl (pH 7.4) and protease inhibitors.
Lysates were mixed with 40 μL of streptavidin resin (50% vol/vol slurry;
Thermo-Scientific) for 2 h at 4 °C. Bound proteins were eluted and immu-
noblotted with anti-GFP.
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