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ABSTRACT Tbc1d1 is key to skeletal muscle GLUT4 regulation. By using GLUT4 nanometry
combined with a cell-based reconstitution model, we uncover a shift in the regulatory mode
of Tbc1d1 by showing that Tbc1d1 temporally acquires insulin responsiveness, which triggers
GLUT4 trafficking only after an exercise-mimetic stimulus such as aminoimidazole carboxam-
ide ribonucleotide (AICAR) pretreatment. The functional acquisition of insulin responsiveness
requires Ser-237 phosphorylation and an intact phosphotyrosine-binding (PTB) 1 domain.
Mutations in PTB1, including R125W (a natural mutant), thus result in complete loss of insulin-
responsiveness acquisition, whereas AICAR-responsive GLUT4-liberation activity remains in-
tact. Thus our data provide novel insights into temporal acquisition/memorization of Tbc1d1
insulin responsiveness, relying on the PTB1 domain, possibly a key factor in the beneficial

effects of exercise on muscle insulin potency.
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INTRODUCTION

Insulin and exercise are two important physiological stimuli of
GLUT4 translocation from its intracellular storage compartment(s)
to the cell surface (Goodyear and Kahn, 1998). The upstream sig-
naling pathways of these two stimuli differ from each other: insulin’s
actions are mediated by phosphatidylinositol 3-kinase/Akt, whereas
exercise might involve AMP-activated protein kinase (AMPK).
Therefore these two biochemical signaling pathways should con-
verge somewhere in order to be deciphered into the physical pro-
cess of GLUT4 translocation. Recent studies suggest that two tre-2/
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USP6, BUB2, cdc16 domain (Tbc1d)~family Rab GTPase-activating
proteins (RabGAPs)—the Akt substrate of 160 kDa (AS160)/Tbc1d4
(hereafter AS160) and Thc1d1—act as convergence sites for insu-
lin- and exercise-responsive GLUT4 translocation. These proteins
share ~50% identical amino acid sequences with similar domain
structures, such as two phosphotyrosine-binding (PTB) domains, a
putative calmodulin-binding domain (CBD), a RabGAP domain
(Roach et al., 2007; Park et al., 2011), and multiple Akt-phosphory-
lation sites (Sano et al., 2003; Peck et al., 2009). The substrate
specificities of these RabGAPs in vitro are also similar. One notable
difference between these two proteins is tissue distribution: AS160
is expressed in multiple tissues at similar levels, whereas Tbc1d1 is
highly expressed in skeletal muscle as compared with other tissues
(Taylor et al., 2008; Castorena et al., 2011). Another key difference
is the presence of an AMPK-phosphorylation site (Ser-237) in
Tbc1d1 (Nedachi et al., 2008; Taylor et al., 2008; Vichaiwong et al.,
2010), which apparently contributes to the unique regulatory as-
pects of Tbcld1, such as contraction-induced glucose uptake.
Studies such as these have provided a detailed understanding of
the biochemical properties of AS160 and Tbc1d1, but the func-
tional aspects of these proteins remain ambiguous due to the tech-
nical limitations of traditional biochemical assays for analyzing
GLUT4 trafficking, which can assess only cell surface amounts of
GLUT4 and cannot directly describe intracellular GLUT4 behavior.
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To overcome the methodological limitations, we recently devel-
oped a novel nanometrological method for quantifying intracellular
GLUT4 behavior based on single-molecule imaging with quantum
dot (QD) fluorescent nanocrystals, which can dissect the intracellular
GLUT4-trafficking process into discrete, experimentally traceable
steps (Fujita et al., 2010; Hatakeyama and Kanzaki, 2011). With this
approach, we revealed the “static retention” property governed by
sortilin to be the major sequestration mechanism for GLUT4
(Hatakeyama and Kanzaki, 2011). Moreover, we clearly identified
insulin-responsive “liberation” of static GLUT4 as a major functional
aspect of insulin action and also demonstrated that AS160 gov-
erned this process in an Akt-mediated phosphorylation-dependent
manner (Fujita et al., 2010). Of importance, by virtue of our GLUT4
nanometry, we successfully established an “experimental reconsti-
tution model” of mature insulin-responsive GLUT4 trafficking sys-
tems in 3T3L1 fibroblasts by exogenously expressing only two pro-
teins—sortilin and AS160. This cell-based reconstitution model has
contributed to analyzing regulatory mechanisms of intracellular
GLUT4 behavior in further detail by focusing on specific trafficking
processes, which cannot be done with traditional biochemical
assays.

Unlike AS160, the functional roles of its closest relative, Toc1d1,
remain uncertain. A major obstacle in Tbc1d1 functional research is
its predominant expression in skeletal muscles, making it difficult to
investigate GLUT4 regulation. Revealing Tbc1d1 function would
presumably be important for understanding both physiological and
pathophysiological glucose homeostasis, since the R125W muta-
tion of Tbc1d1 can cause severe obesity (Stone et al., 2006; Meyre
et al., 2008), and this mutation reportedly decreases insulin-depen-
dent glucose transport (An et al., 2010). Therefore, in the present
study, by using GLUT4 nanometry combined with a cell-based ex-
perimental reconstitution model, we examine the functional roles of
Tbc1d1 in great detail, focusing especially on GLUT4-liberation pro-
cesses. Our findings reveal a unique memorization ability for insulin-
responsive activity, relying on the PTB1 domain of Tbc1d1. This
might explain the defect caused by natural mutations such as
R125W.

RESULTS

Tbc1d1 serves as a key regulator of aminoimidazole
carboxamide ribonucleotide-induced GLUT4 liberation

With QD-based GLUT4 nanometry, we can track the movements
of individual intracellular GLUT4 molecules with high precision
(Figure 1, A and B). Using this approach, we describe intracellular
GLUT4 behavior based on two parameters—velocities and repre-
sentative diffusion coefficient maps (Figure 1, C-E). The calculations
of these values were performed as previously described (Fujita et al.,
2010; Hatakeyama and Kanzaki, 2011; see Materials and Methods).
Note that rightward shift of the velocity distribution or increases in
spots having hotter colors in representative diffusion coefficient
maps indicate increases in fast-moving molecules. With this ap-
proach, we reconfirmed that the static GLUT4 storage compartment
was generated by exogenous sortilin expression and found that the
resulting stationary GLUT4 behavior was not influenced by addi-
tional coexpression of Tbc1d1, whereas expression of Tbc1d1 alone
generated no static GLUT4 storage compartment (Figure 1F and
Supplemental Figure S1A). Because the calculated velocities are
“apparent” values representing a combination of true movement
and inevitable instrumental noise, instead of raw data we use
the “corrected” velocities, obtained by subtracting apparent veloci-
ties in fixed cells in the figures, to represent mean velocities (see
Materials and Methods).
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Intracellular GLUT4 nanometry based on single-molecule
imaging. (A) Snapshot of QD fluorescence in 3T3L1 fibroblasts.
Trajectories (B), velocity vs. time plots (C), and cumulative velocity
distributions (D) of three particles shown in A. In D, the mean velocity
distribution calculated from all particles in the cell is also shown
(black), with error bars omitted for clarity. Mean velocities (in pm/s)
of the three particles shown in A are 0.38 (a), 0.50 (b), and 1.13 (c),
and the mean velocity of all particles within the cell is 0.62 pm/s.

(E) Diffusion coefficient (Do) map in a cell shown in A. The three
particles shown in A are also indicated. Right, pseudocolor coding
used to represent the diffusion coefficients of the molecules
estimated by linear fitting of MSD values (see Materials and Methods).
(F) Mean velocities in cells expressing the indicating proteins. The
values were obtained from 6-84 cells. ***p < 0.001 by Tukey-Kramer
multiple comparison.

Using fibroblasts exogenously expressing both sortilin and
Tbc1d1 (Supplemental Figure STE), we first analyzed insulin ef-
fects and found that insulin failed to liberate GLUT4 from its static
state (Figure 2, A and D), which differed from the response of fi-
broblasts expressing sortilin and AS160 (Hatakeyama and Kanzaki,
2011). Instead, AMPK activators, either aminoimidazole carbox-
amide ribonucleotide (AICAR) or A-769642, induced GLUT4 lib-
eration, displaying rightward shift of the velocity distribution and
increases in spots with hotter colors in diffusion coefficient maps
(Figure 2, B and D, and Supplemental Figure S1B; see also Figure
3H), along with increased phosphorylation of Ser-237 (AMPK site),
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Tbc1d1 mediates AICAR-dependent GLUT4 liberation.
Velocity distributions (left) and corrected mean velocities (right) of
GLUT4 movement (A) before (black) and after (red) insulin stimulation
(100 nM, 30 min, n=12), (B) without (black, n = 67) or with (blue,
n=39) AICAR (1 mM, 30 min), and (C) before (black) and after (cyan)
ionomycin treatment (0.1 pg/ml, 10 min, n = 4). ***p< 0.001.
(D) Representative diffusion coefficient maps of GLUT4 movement in
cells under the indicated conditions. (E) Tbc1d1 phosphorylation
induced by insulin (100 nM, 5 min), AICAR (1 mM, 30 min), or
ionomycin (0.1 pg/ml, 5 min). Solid and open arrowheads represent
exogenously expressed HaloTag-Tbc1d1 and endogenous Tbc1d1,
respectively. Exogenously expressed HaloTag-Tbc1d1 was also
detected by labeling with fluorescent HaloTag ligand.

but not with that of Thr-596 (Akt site; Figure 2E). In contrast, insu-
lin increased Thr-596, but not Ser-237, phosphorylation (Figure
2E). We also found that a forced increase of intracellular Ca?* con-
centration ([Ca?*]) by ionomycin induced no significant GLUT4
liberation (Figure 2, C and D), despite this treatment augmenting
phosphorylation of Ser-237 but not Thr-596 (Figure 2E) as in
AICAR-treated cells. AICAR-induced GLUT4 liberation was de-
pendent on exogenously expressed Tbcld1, as there was no
liberation in fibroblasts expressing sortilin alone (Supplemental
Figure S1C). Consistent with our previous observations
(Hatakeyama and Kanzaki, 2011), insulin also failed to liberate
static GLUT4 in these fibroblasts (Supplemental Figure S1D).
These results indicate that fibroblasts have no functionally signifi-
cant expression of either AS160 or Tbc1d1, at least in terms of
GLUT4-liberation activity.
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Acquisition of insulin responsiveness of Tbc1d1 by
sequential treatment with AICAR and insulin. (A) Treatment protocol.
Imaging was performed at the times indicated by vertical bars. Mean
velocity distributions (B, D, and F) and corrected mean velocities
(C, E, and G) of GLUT4 movement in cells expressing wild-type (B, C),
T596A (D, E), and S237A (F, G) Tbc1d1. In B and C, the data in basal
and AICAR-treated cells are the same as in Figure 2B. Data were
obtained from at least three cells. **p < 0.01, ***p < 0.001. Statistical
analyses were performed with Tukey-Kramer multiple comparison.
(H) Representative diffusion coefficient maps of GLUT4 movement in
cells under the indicated conditions.

Tbc1d1 acquires its insulin-responsive GLUT4-liberation
ability after AICAR pretreatment

We next examined whether sequential multiple stimuli liberated
GLUT4 in a Tbc1d1-dependent manner (Figure 3A). Intriguingly, we
found that, although insulin alone failed to release static GLUT4 as
noted earlier (Figure 2A), insulin did trigger GLUT4 liberation when
Tbcld1-expressing cells had been treated previously with AICAR
(Figure 3, B, C, and H). The static GLUT4 behavior was restored at
1 h after AICAR removal (Figure 3, B, C, and H), presumably due to
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sortilin-mediated retrograde trafficking of GLUT4 (Hatakeyama and
Kanzaki, 2011). Although the static characteristics of their GLUT4-
inducing behaviors were indistinguishable, insulin displayed a po-
tent ability to liberate GLUT4 only in the AICAR-exposed requies-
cent cells (Figure 3, B, C, and H; cf. Figure 2A), and this insulin action
was still observed even 3 h after AICAR withdrawal (unpublished
data). Acquired insulin responsiveness was abolished by wortman-
nin, a phosphatidylinositol 3-kinase inhibitor (Supplemental Figure
S2), and a Tbc1d1/T596A mutant displayed no insulin-responsive
GLUT4 liberation (Figure 3, D, E, and H). However, this mutant was
fully functional in terms of introductory AICAR-induced GLUT4 lib-
eration (Figure 3, D, E, and H).

On the other hand, a Tbc1d1/5237A mutant completely lacked
GLUTA4-liberation activity regardless of the stimuli used, including
combinatorial (Figure 3, F-H), indicating phosphorylation of Ser-237
to be crucial not only for AICAR-dependent GLUT4 liberation, but
also for AICAR-induced temporal acquisition of insulin-responsive
activity. We confirmed that AICAR-induced Ser-237 phosphorylation
was restored to basal levels 1 h after AICAR removal and that insulin-
induced Thr-596 phosphorylation was not significantly influenced by
AICAR treatment (Figure 4). In addition, mutational analysis of other
potential phosphorylation sites around the crucial Thr-596, includ-
ing Ser-565 and Ser-566 (Peck et al., 2009), demonstrated that these
serine residues are irrelevant to GLUT4-liberation activity (unpub-
lished data), although the possibility that other phosphorylation
sites are involved cannot be ruled out. It should be noted that the
acquisition of insulin responsiveness was observed in the Tbc1d1-
expressing fibroblasts treated with AS160 siRNA (Supplemental
Figure S3).

Taken together, the results indicate that phosphorylation pro-
cesses of both Ser-237 and Thr-596, even if sequential rather than
simultaneous, appeared to be crucial for acquiring insulin-respon-
sive activity. More specifically, phosphorylation of Ser-237 was es-
sential for endowing Tbc1d1 with insulin responsiveness, whereas
subsequent insulin-induced GLUT4 liberation required phosphory-
lation of Thr-596, but not Ser-237, under these specific conditions.

Repackaging into a distinct GLUT4-storage compartment

is not necessary for insulin responsiveness

Tbc1d1 appears to become insulin responsive in certain situations.
However, given that the initial AICAR treatment liberates GLUT4, re-
sulting in its drastic redistribution, it is possible that after AICAR with-
drawal the released GLUT4 was restored to a distinct compartment,
one with the insulin-responsive property, different from that one in
which GLUT4 was originally localized. Alternatively, it is also possible
that Tbc1d1 somehow acquired insulin responsiveness after AICAR
treatment. To address this important question, we showed that insu-
lin was also capable of triggering Tbc1d1-dependent GLUT4 libera-
tion when [Ca?"]; was temporally or simultaneously increased. For
rapid and transient increases in [Ca?*], we applied photolysis of
caged Ca?* compound o-nitrophenyl ethylene glycol tetraacetic acid
(NPE)-loaded cells (Figure 5A). The increases in [Ca?*]; alone failed
to liberate GLUT4 at least for 10 min (Figure 5B), whereas with insu-
lin, acute increases in [Ca?*]; released GLUT4 just 30 s after photoly-
sis (Figure 5C, p < 0.001 by Kolmogorov-Smirnov test). Similarly,
immediately after increases in [Ca®*];, insulin stimulation liberated
GLUT4 in wild type—expressing cells (Figure 5D) but not in T596A or
S237A mutant cells (Supplemental Figure S4, A and B). The effect of
[Ca?*];in causing Tbc1d1 insulin responsiveness lasted for 5 min, and
the insulin gradually lost this ability (Supplemental Figure S4, C and
D). lonomycin showed no significant changes in insulin-induced
phosphorylation of Tbc1d1 (Supplemental Figure S4E).
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FIGURE 4. Effects of Tbc1d1 mutants on AICAR- or insulin-induced
phosphorylation. Representative Western blotting (A) and
quantification (B) of HaloTag-Tbc1d1 phosphorylation. In A, pACC and
pAkt are also shown in order to confirm the activations of AMPK and
insulin signaling pathways. In B, the values were calculated from three
independent assays. The data are shown as ratios (phosphorylation/
total) and as fold increases compared with untreated wild type.

*p < 0.05, **p < 0.01.

These observations show that drastic GLUT4 repackaging is not
always necessary to endow insulin-responsive Tbc1d1 activity, al-
though AICAR pretreatment endowed Tbc1d1 with much longer
potency than did [Ca?*]; transients. Similar to AICAR-exposed cells,
phosphorylation sites of both Ser-237 (AMPK site) and Thr-596 (Akt
site) were crucial for generating the temporal insulin-responsive
Tbc1d1 activity. Itis intriguing, however, that Tbc1d1/W725G, a mu-
tant version of the putative CBD in which AS160 possesses a similar
CBD (Kane and Lienhard, 2005), exhibited no obvious defect (un-
published data), suggesting that the CBD was minimally involved, at
least under these experimental conditions.

Temporal endowment of insulin-responsive potency requires
intact PTB domain

Our GLUT4 nanometry monitoring of intracellular behaviors of sin-
gle GLUT4 molecules provided compelling evidence that Tbc1d1
does indeed function as a key nexus deciphering biochemical phos-
phorylation events of Ser-237 and Thr-596, with multiple, even se-
quential, stimuli being involved in the physical process of GLUT4
liberation. However, our finding that their phosphorylation did not
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combined stimulation with Ca?* and insulin. (A) Changes in [Ca®*];
induced by NPE photolysis in cells monitored by Ca?* indicator fluo-4
fluorescence (F). Photolysis was induced at time 0 (UV, arrow). Fy
represents mean fluorescence intensity before photolysis. Velocity
distributions (left) and corrected mean velocities (right) of GLUT4
movement (B) before (black) and after (orange: 30 s; red: 10 min) NPE
photolysis (n = 6), (C) basal (gray), insulin-stimulated (black), and after
(orange: 30 s; red: 10 min) photolysis (n = 7), and (D) before (black)
and after (red) insulin stimulation (100 nM, n = 6). Insets show detailed
treatment and acquisition protocols. *p < 0.05 and ** p < 0.01 by
Dunnett’s multiple comparison vs. basal.

always need to be simultaneous to exert full liberation activity was
rather surprising since phosphorylated Thr-596 alone, unlike phos-
phorylated Ser-237, was reportedly insufficient for 14-3-3 binding
(Chen et al., 2008; Pehmoller et al., 2009), and previous studies on
AS160 showed the importance of 14-3-3 association in GLUT4 regu-
lation (Ramm et al.,, 2006; Chen et al., 2011; Koumanov et al.,
2011).

To further explore molecular mechanisms underlying temporal
endowment of insulin responsiveness, we attempted to identify re-
sponsible Tbc1d1 domain(s), other than these key phosphorylation
sites, that might be involved in functional acquisition/memorization
enabling Tbc1d1 insulin responsiveness. Mutational analysis of sev-
eral major domains in Tbc1d1 revealed that the functional PTB
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coefficient maps of GLUT4 movement in cells under indicated
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domain is essential, since a point mutation in the putative PTB se-
quence in Theld1 (Tbe1d1/F169V), believed to interact with NPxY
asparagine (Zhou et al., 1995), showed no acquired ability to liber-
ate GLUT4 in response to sequential insulin stimulation, despite in-
troductory AICAR-dependent GLUT4 liberation being accomplished
(Figure 6, A, B, and E). Insulin-responsive GLUT4 liberation with a
combined [Ca?*] transient was also impaired in the Tbc1d1/F169V
mutant (Supplemental Figure S5, A and B). We also found that a
natural mutation (R125W) in the same PTB domain of Tbc1d1 (Stone
et al., 2006; Meyre et al., 2008) exhibits essentially the same defects
in acquisition/memorization of insulin-responsive ability after AICAR-
pretreatment as with the combinatorial increase of [Ca?*]; (Figure 6,
C-E, and Supplemental Figure S5). Tbc1d1 phosphorylation profiles
at Ser-237 and Thr-596 did not differ significantly among these mu-
tants and wild type (Figure 7).

Taken together, these data provide important insights into a
unique regulatory mechanism of Tbc1d1 that relies on an intact
PTB1 domain, which is essential for Ser-237 phosphorylation—
dependent acquisition of insulin responsiveness with AICAR
pretreatment.
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FIGURE 7: Effects of Tbc1d1 PTB1-domain mutants on AICAR- and
insulin-induced phosphorylation. Representative Western blotting (A)
and quantification (B) of HaloTag-Tbc1d1 phosphorylation. Data were
obtained and represented as in Figure 4. *p < 0.05.

DISCUSSION

Our GLUT4 nanometry, combined with a cell-based experimental
reconstitution model, allowed the clear demonstration of Tbc1d1
function and its unique regulatory mechanisms in GLUT4 liberation
(Figure 8). Our findings provide novel mechanistic insights into the
regulatory mode shift of Tbc1d1 and conceptual frameworks for
understanding insulin-responsive GLUT4 translocation involving
Tbc1d1, as in skeletal muscle, where Thc1d1 is abundantly ex-
pressed (Castorena et al., 2011). It is noteworthy that mutations in
the PTB1 domain, including R125W, result in complete loss of the
acquisition of insulin responsiveness, which may explain the defect
identified in human patients with this natural mutation (Stone et al.,
2006; Meyre et al., 2008) and also suggests that this regulatory
mode shift resulting in the acquisition of insulin responsiveness
after exercise-mimetic stimuli is related to the beneficial effects of
exercise on muscle insulin potency, particularly augmented GLUT4
translocation.

Superiority of GLUT4 nanometry for analyzing

Tbc1d1 functions

Two significant advantages of our experimental approach contrib-
ute to such clear determinations of functional roles of Tbc1d1. First,
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FIGURE 8: Schematic depiction of the shift in regulatory mode of
Tbc1d1. Tbe1d1 is required for AICAR-dependent GLUT4 liberation
from the static GLUT4 storage compartment. Whereas naive Tbc1d1
has no ability to respond to the initial insulin stimulation, Tbc1d1
acquires insulin responsiveness only after exposure to exercise-
mimetic stimuli. This shift in regulatory mode of Tbc1d1 for GLUT4
liberation requires Ser-237 phosphorylation and the PTB1 domain.
PTB1-domain mutants including R125W and F169V exhibit no
regulatory mode shift and thus no insulin responsiveness.

our experimental reconstitution model can definitively describe the
actions of specific regulatory factors that are inherently up-regulated
only upon cellular differentiation, that is, sortilin and Tbc1d-family
RabGAPs, for GLUTA4 trafficking by manipulating ectopic expression
levels or combinations of these key factors in undifferentiated fibro-
blastic cells (Hatakeyama and Kanzaki, 2011). On the contrary, due
to various technical limitations, previous studies attempting to un-
derstand functional aspects of Tbcld1 in GLUT4 translocation,
which used a cell-surface GLUT4 exposure assay, were performed in
mature 3T3L1 adipocytes overexpressing exogenous Tbc1d1 (Roach
et al., 2007; Chavez et al., 2008), making it difficult to exclusively
examine the functional roles of Tbc1d1 versus those of AS160 de-
spite detailed knowledge of their biochemical properties. Second,
our single-molecule imaging system can dissect complex GLUT4
trafficking itineraries in each experimentally traceable step, includ-
ing liberation, transport, and tethering/fusion with the plasma mem-
brane (Fujita et al., 2010).

We focused on the stimulus-responsive liberation of GLUT4 from
the static compartment because of the similar functional context of
Thc1d1 with AS160, which is required for insulin-responsive libera-
tion. Although the possibility of Tbc1d1 being involved in other
GLUT4-trafficking processes cannot be ruled out, the liberation pro-
cess must be critical for the entire GLUT4 itinerary since liberation
from the static compartment is indispensable for GLUT4 to reach
the plasma membrane.

One striking observation in the present study is that Tbc1d1
itself, unaccompanied by AS160, can function similarly to AS160,
facilitating GLUT4 liberation, although their proximal regulatory
signals differ. Tbc1d1 can facilitate GLUT4 liberation in response to
AICAR treatment. As expected, AICAR-induced Ser-237 phosphory-
lation was found to be important, whereas insulin-induced Thr-596
phosphorylation was insufficient for GLUT4 liberation, possibly
due to failure of 14-3-3 binding to solely phosphorylated Thr-596
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(Chen et al., 2008). However, a key unexpected observation was fail-
ure of GLUT4 liberation by ionomycin despite obvious phosphoryla-
tion of Tbc1d1 at Ser-237, implying a further layer of complexity in
Tbc1d1 regulation, apparently involving mechanisms unrelated or
parallel to Ser-237 phosphorylation (as discussed in detail later).

Regulatory mode shift of Tbc1d1

To our surprise, Tbc1d1 acquires temporal insulin-responsive ability
for GLUT4 liberation only after exercise-mimetic stimuli such as
AICAR pretreatment. This observation strongly suggested that
Tbc1d1 molecules have at least two distinct regulatory modes
(AMPK responsive and insulin responsive) and that Tbc1d1 under-
goes the regulatory mode shift in response to a Ser-237 phosphory-
lation process, even though this phosphorylation is not necessarily
persistent (Figure 8). Of greater importance, we found the necessity
of the PTB1 domain of Tbc1d1 for its shift of regulatory mode by
taking advantage of Tbc1d1 being phosphorylated by two distinct
inputs governed by different protein kinases (AMPK and Akt).

Both AS160 and Tbc1d1 have two PTB domains, which are clas-
sified as disabled like (Uhlik et al., 2005). A truncation mutant in
AS160 (R363X) has been identified as being involved in postpran-
dial hyperinsulinemia (Dash et al., 2009), and a recent report dem-
onstrated overexpression of the PTB-domain fragments of AS160 to
affect 14-3-3 binding and in vitro fusion activities of GLUT4 vesicles
(Koumanov et al., 2011), highlighting the importance of PTB do-
mains. Thus AS160 might also have a similar regulatory mechanism
involving PTB domains, although both crucial phosphorylation sites
of AS160 are governed by Akt and thus have yet to be discovered.
In any case, the regulatory mode shift of Tbc1d1 was found to be
dependent on the PTB1 domain, and malfunction in this regulatory
mode shift might be rather widely involved in human pathophysio-
logical states such as insulin resistance and type 2 diabetes, as ex-
emplified by the aforementioned genetic disorders.

In general, PTB domains are adaptors or scaffolds for proteins to
recruit signaling complexes by binding with NPxY motifs in both
phosphotyrosine-dependent and -independent manners (Uhlik
et al., 2005). Low-density-lipoprotein receptor-related protein 1
(LRP1), a recently identified component of GLUT4-containing vesi-
cles (Jedrychowski et al., 2010), has two NPxY motifs in its C-termi-
nal cytoplasmic domain and reportedly binds with PTB domain—
containing proteins such as ShcA, Fe65, and disabled-like ones
(Stolt and Bock, 2006). In 3T3L1 adipocytes, knockdown of LRP1
resulted in reduced GLUT4 expression and decreased insulin-stim-
ulated glucose uptake, suggesting the importance of LRP1 in ap-
propriate GLUT4 behavior. In addition, the cytoplasmic region of
LRP1 has the ability to bind with AS160 by glutathione S-transferase
pull down (Jedrychowski et al., 2010). Therefore we analyzed the
possibility of the LRP1 cytoplasmic region being a binding partner
of Tbe1d1 PTB domains. However, our preliminary results suggest
that the cytoplasmic region of LRP1 may not be a major regulator
for Tbc1d1 actions since the cytoplasmic region of LRP1 shows nei-
ther detectable binding with Tbc1d1 nor augmented tyrosine
phosphorylation in response to various stimuli, including AICAR
and insulin. Furthermore, overexpression of the cytoplasmic region
of LRP1 lacking a luminal domain failed to modify any GLUT4 be-
haviors under basal or various stimulated conditions (unpublished
observations). Insulin-regulated aminopeptidase (IRAP) is another
major constituent of GLUT4-containing vesicles and is reported to
be a binding partner of AS160 PTB domain-containing regions
(Larance et al., 2005; Peck et al., 2006; Park et al., 2012), although
IRAP has no canonical NPxY motifs. In 3T3L1 adipocytes, microin-
jection of the cytoplasmic fraction of IRAP resulted in GLUT4
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translocation (Waters et al., 1997), suggesting that IRAP modulates
GLUT4 behavior.

In the regulatory mode shift of Tbc1d1, since only temporal
Ser-237 phosphorylation with AICAR pretreatment was sufficient for
subsequent insulin-induced GLUT4 liberation along with Thr-596
(but not Ser-237) phosphorylation, it is tempting to speculate that
the PTB1 domain is responsible for the functionally crucial status of
Tbc1d1 without relying on the phosphorylation status of Ser-237
upon executing the regulatory mode shift of Tbc1d1 that might be
achieved by associating with unspecified PTB-binding partner(s).
Future studies are warranted to determine such interacting
molecule(s) for understanding GLUT4 behavior and glucose metab-
olism. It is also worth noting that the Tbc1d1 subcellular localization
detected by conventional immunofluorescence analysis was not ap-
parently changed during exposure to various stimuli (unpublished
observations), suggesting further complexity in Thc1d1 regulation.
It is also possible that other phosphorylation sites of Tbc1d1 un-
dergo more prolonged or slow-onset phosphorylation in response
to AICAR treatment and are involved in the regulatory mode shift of
Tbc1d1 in conjunction with the PTB1 domain. Future detailed inves-
tigations of the molecular mechanisms underlying the actions of
Tbc1d1 are anticipated to unveil these regulatory complexities.

GLUT4 behavior in cells coexpressing AS160 and Tbc1d1
Unlike adipocytes predominantly expressing AS160, skeletal
muscles express both AS160 and Tbc1d1 (Taylor et al., 2008;
Castorena et al., 2011). Therefore it is conceivable that GLUT4
behavior in skeletal muscle cells is more complex than that in adi-
pocytes. Previous observations suggested that actions of Tbc1d1
dominate over those of AS160 since ectopic expression of Tbc1d1
strongly inhibited insulin-responsive GLUT4 translocation in 3T3L1
adipocytes (Roach et al., 2007; Chavez et al., 2008). This inhibitory
action partially diminished in the presence of AICAR, indicating
that Tbc1d1 and AS160 have distinct modes of action in regulat-
ing GLUT4 translocation, which is consistent with the present ob-
servations. As mentioned before, AS160 also has PTB domains
that may modulate in vivo glucose metabolism. Therefore it is
possible that AS160 PTB domains also have similar regulatory
mechanisms and that the distinct binding properties of 14-3-3
with AS160 and Tbc1d1, in concert with the regulatory mode shift
of Tbc1d1, which appear to be dominant over AS160 actions, are
key factors determining GLUT4 behavior after various stimuli in
skeletal muscle.

Both AS160 and Thc1d1 have RabGAP activities with nearly simi-
lar specificities in vitro (Miinea et al., 2005; Roach et al., 2007). Rab
GTPases are major regulators of vesicle transport and have been
implicated in multiple steps of vesicle trafficking, including vesicle
budding, movement, and tethering/docking and fusion with the
plasma membrane (Stenmark, 2009). The human genome encodes
>60 members of the Rab family, which are localized to distinct intra-
cellular compartments, and many Rab proteins have been impli-
cated in GLUT4 trafficking (Stockli et al., 2011). Although it is diffi-
cult to pinpoint the functions of individual Rab proteins in GLUT4
trafficking, a recent live-cell total internal reflection fluorescence
(TIRF) imaging study obtained direct evidence suggesting that dif-
ferent Rab proteins regulate distinct GLUT4-trafficking steps (Chen
et al., 2012). Therefore it is possible that different Rab proteins are
involved in distinct regulatory modes of Tbc1d1. Although TIRF mi-
croscopy is a superior method for analyzing cellular events beneath
the plasma membrane, this approach cannot examine the events
occurring deeper within the cells. Because our GLUT4 nanometry
can easily detect intracellular GLUT4 behavior with high precision,
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our approach has the potential to be a powerful tool for unveiling
the roles of specific Rab proteins in intracellular trafficking.

In summary, on the basis of our previous and present results, we
have clearly demonstrated the similarities and differences between
functional roles of two key RabGAPs, AS160 and Tbc1d1, in static
GLUT4 liberation, using GLUT4 nanometry and a cell-based recon-
stitution model, respectively. Based on these lines of evidence,
further analysis in cells coexpressing both RabGAPs will provide
knowledge promoting better understanding of GLUT4 behavior in
skeletal muscle and therefore exercise physiology.

MATERIALS AND METHODS

Plasmids and antibodies

The HaloTag-Tbc1d1 expression vector was from Promega
(Madison, WI). The sequence was based on human Tbc1d1. All mu-
tations were generated by PCR-based site-directed mutagenesis
and confirmed by sequencing (PRISM 3130; Applied Biosystems,
Foster City, CA). Antibodies against phospho-Tbc1d1/5237 and
phospho-Tbc1d1/T596 of Tbc1d1 were generated by immunizing
rabbits with KLH-conjugated peptides (H-CRPMRKSFpSQPGLRS-
OH for phospho-Tbc1d1/5237 or H-CRRANpTLSHFP-OH for phos-
pho-Tbc1d1/T5%6), followed by immunoaffinity purification using
SulfoLink Coupling Gel (Pierce, Rockford, IL). Anti-myc monoclonal
antibody (?E10) was purified from hybridoma culture supernatants.
Antibodies against pACC, pAkt (Ser473), and Akt were purchased
from Cell Signaling (Beverly, MA).

Cell culture

All experiments were performed in 3T3L1 fibroblasts exogenously
expressing myc-GLUT4-ECFP, sortilin-enhanced yellow fluorescent
protein (EYFP), and/or HaloTag-Tbc1d1. Cells were plated onto
glass-bottom dishes (thickness, 0.17 mm; Matsunami Glass, Osaka,
Japan) or six-well culture plates and then transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with plasmid DNA
(each 1-2 pg) according to the manufacturer's instructions. For imag-
ing experiments, the cells were immersed in a solution containing
150 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-NaOH (pH 7.4),
and 5.5 mM pb-glucose.

Protein detections

Before electrophoresis, cell lysates were incubated with HaloTag
TMR Ligand (Bio-Rad, Hercules, CA) for 1 h to fluorescently label
HaloTag-fused proteins. Fluorescence of HaloTag TMR Ligand and
EYFP were detected with PharosFX Molecular Imager (Bio-Rad)
equipped with 488- and 532-nm lasers. Western blotting analyses
were performed following standard procedures, and chemilumines-
cence was detected with ImageQuant LAS4000 mini (GE Healthcare
Life Sciences, Piscataway, NJ). Quantification was performed with
ImageJ (National Institutes of Health, Bethesda, MD) or ImageQuant
TL (GE Healthcare Life Sciences). We calculated the ratio of intensi-
ties between phosphorylated and total HaloTag-Thc1d1, and mean
data obtained from three independent assays are shown.

QD labeling of myc-GLUT4-ECFP

QD-conjugated antibody was prepared as follows. First, the Fab
fragment of anti-myc antibody was prepared with a Fab Preparation
Kit (Pierce). Then the Fab fragment of anti-myc antibody was conju-
gated with QD655 using a QD antibody conjugation kit (Invitrogen).
The final concentration of the QDé55-conjugated antibody was de-
termined by optical density at 632 nm according to the manufac-
turer's instructions. For labeling, the cells were serum starved and
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incubated in the presence of 1.5-5 nM QD655-conjugated antibod-
ies for 1 h. The cells were then extensively washed to remove un-
bound QD-labeled antibodies, followed by an additional incubation
for at least 3 h.

Single-particle tracking and movement analysis

Imaging experiments were performed with a homemade micro-
scope consisting of an inverted microscope (IX71, Olympus), an
electron-multiplying charge-coupled device camera (iXon 887;
Andor Technology, Belfast, United Kingdom), a Nipkow disk confo-
cal unit (CSU10; Yokogawa, Tokyo, Japan), and an oil-immersion
objective lens (UPLSAPO100xO, numerical aperture 1.4; Olympus,
Tokyo, Japan) at ~30°C. QD655 fluorescence was excited at 532 nm
with a solid-state laser (Spectra-Physics, Santa Clara, CA) and de-
tected through a 655/12 bandpass filter (Semrock, Rochester, NY).
In these experiments, expressions of sortilin-EYFP and HaloTag-
Tbc1d1 were confirmed by EYFP fluorescence and by staining of
cells with HaloTag Ligand TMR, respectively. Single-particle tracking
was performed with G-Count (G-Angstrom, Sendai, Japan) with a
two-dimensional Gaussian fitting mode. We tracked each particle
successfully fitted within an 8 x 8 pixel region of interest for at least
30 frames. When the signal in a frame was lost because of blinking,
no fitting was performed until reappearance of the bright spot.
When a bright spot did not reappear within 10 frames, tracking was
aborted. We typically tracked 50-150 particles per cell and obtained
the images in at least three independent experiments. We evalu-
ated movements with velocity distributions, mean velocities, and
diffusion coefficient maps. The velocities for individual particle
movements were calculated by linear fit of the displacement during
four frames. Mean velocities and frequency distributions were first
calculated in a cell and then averaged among cells under the same
treatment conditions. We found that QDs in fixed cells showed non-
negligible velocities (~0.29 um/s), believed to be derived from inevi-
table instrumental noise (Fujita et al., 2010). Thus, in figures repre-
senting mean velocities, instead of raw data we used “corrected”
values obtained by subtracting the noise. Diffusion coefficients of
individual molecules were estimated as follows. First, mean-square
displacement (MSD) values of individual particles were calculated
with

N-n

1N
N—n,‘zﬂ“(PH"_ Pr‘)z (N

MSD(nAt) =

where N, n, At, and p are the total number of positions measured,
the measurement index (going from 1 to N — 1), the time interval
between two consecutive image sequences, and the positions of
the molecule, respectively. The diffusion coefficient of the molecule
was calculated by fitting the first 10 time points of the MSD values
with

MSD(nAt) =4D,ynAt+C 2

where Djg and C are the diffusion coefficient of the first 10 time
points and instrumental noise, respectively. The MSD and Dj calcu-
lations and Do map constructions were performed with a custom-
written program based on LabVIEW and Vision (National Instru-
ments, Austin, TX).

Photolysis of caged compounds and monitoring of [Ca?*];

The acetoxymethyl (AM) ester forms of Ca?* indicator fluo-4 (Invitro-
gen) and caged Ca?* compound NPE (Invitrogen) were first dis-
solved in dimethyl sulfoxide at 10 mM and then diluted in serum-
free DMEM. Cells were incubated for 30 min at 37°C in serum-free
DMEM containing 10 pM NPE-AM and 0.03% Cremophor EL
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(Sigma-Aldrich, St. Louis, MO) in the presence or absence of 10 uM
fluo-4-AM and then washed with imaging buffer. Photolysis of NPE
was induced with a mercury lamp (U-ULS100HG, Olympus) through
a 360-nm bandpass filter. The mercury lamp radiation was gated
with an electric shutter (SSH-R; Sigma Koki, Tokyo, Japan) with an
opening duration of 0.1 s. Uncaging experiments were performed
under yellow light illumination to prevent unintended photolysis of
NPE. Fluo-4 fluorescence was excited at 488 nm with a solid-state
laser (Spectra-Physics) and detected through a 530/40 bandpass fil-
ter (Olympus). Fluorescence intensities were obtained by ImageJ.

Statistical analyses

Data are represented as mean + SEM. The Kolmogorov-Smirnov
test was used to compare velocity distributions, the Mann-Whitney
U test or Wilcoxon signed-rank test was used for mean velocities
unless otherwise indicated, and p < 0.05 was considered to be sta-
tistically significant.
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