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Abstract

Dysregulation of glucose homeostasis contributes to insulin resistance and type 2 diabetes. Whilst exercise stimulated
activation of AMP-activated protein kinase (AMPK), an important energy sensor, has been highlighted for its potential to
promote insulin-stimulated glucose uptake, the underlying mechanisms for this remain largely unknown. Here we found that
AMPK positively regulates the activation of Rab5, a small GTPase which is involved in regulating Glut4 translocation, in
both myoblasts and skeletal muscles. We further verified that TBC1D17, identified as a potential interacting partner of Rab5
in our recent study, is a novel GTPase activating protein (GAP) of Rab5. TBC1D17-Rab5 axis regulates transport of Glutl,
Glut4, and transferrin receptor. TBC1D17 interacts with Rab5 or AMPK via its TBC domain or N-terminal 1-306 region (N-
Ter), respectively. Moreover, AMPK phosphorylates the Ser 168 residue of TBC1D17 which matches the predicted AMPK
consensus motif. N-Ter of TBC1D17 acts as an inhibitory region by directly interacting with the TBC domain. Ser168
phosphorylation promotes intra-molecular interaction and therefore enhances the auto-inhibition of TBC1D17. Our findings
reveal that TBC1D17 acts as a molecular bridge that links AMPK and Rab5 and delineate a previously unappreciated

mechanism by which the activation of TBC/RabGAP is regulated.

Introduction

Type 2 diabetes mellitus is an age-associated disease which
affects more than 4 million people worldwide [1]. As a main
feature of this disease, insulin resistance leads to dysregu-
lation of glucose homeostasis [2—4]. Downregulation of
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glucose transporter 1 (Glutl) and impairment of insulin-
responsive  Glut4  translocation from  specialized
Glut4 storage vesicles (GSVs) to the cell surface membrane
contribute to the development of insulin resistance [5-8]. In
addition to insulin, exercise is another essential physiolo-
gical stimulus for Glut4 translocation in skeletal muscles
[9, 10]. The increased levels of AMP and ADP activate
AMP-activated kinase (AMPK), the energy sensor in cells,
which subsequently mediates the effect of exercise/muscle
contraction on glucose transport [11-14]. Consequently,
further understanding AMPK-mediated signaling could
provide new insight into therapeutic targets for the treat-
ment of insulin resistance associated with type 2 diabetes.

Rab5, a small GTPase, is an essential regulator for
endosome fusion, transport, and biogenesis [15-18].
Accumulating evidences raise the notion that Rab5 is also
critical for modulating metabolic events, including autop-
hagy, and for the sorting of Glut4-containing vesicles [19—
22]. This is supported by our in vivo studies and others
reports showing that myogenic ablation of Rab5 suppresses
AKT-mTOR activation [23] and that liver-specific knock-
down of Rab5 results in metabolic abnormalities [24].
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Ablation of APPL1 or PI3K-C2y, two Rab5 effectors,
consistently leads to insulin resistance in mice [25, 26].
However, the understanding of the upstream regulatory
machinery for Rab5 activation and its involvement in
modulating such metabolic factors remains elusive.

The activity of Rab family GTPases are specifically
controlled by the Tre2-Bub2-Cdcl6 (TBC) domain-
containing GAPs (TBC/RabGAPs) [27]. Among the 40
TBC/RabGAP members, TBC1D1 and TBC1D4/AS160 are
well characterized for their roles in negatively modulating
Rab2, Rab8, Rab10, and Rab14 to inhibit GSVs trafficking
[28-30]. AMPK can phosphorylate the two RabGAPs and
suppress their activity [31, 32]. Given the presence of more
than 40 members of the TBC/RabGAP family, other TBC/
RabGAPs could also be involved in Glut4 transport. Here,
we found that TBCID17, previously identified to regulate
Shiga toxin uptake and mitophagy [33, 34], is a novel GAP
protein of Rab5. We show that AMPK-dependent phos-
phorylation strengthens the auto-inhibition of TBC1D17 by
promoting its intra-molecular interaction. Our findings
reveal a previously unappreciated AMPK-TBCI1D17 axis
that regulates the activation of Rab5 and glucose uptake.

Results
AMPK positively regulates Rab5 activation

To investigate the role of Rab5 in exercise-promoted Glut4
transport, we examined if AMPK regulates Rab5 activation
by using the Rab5-binding domain (RSBD) of Rabaptin5,
which specifically interacts with the active Rab5 [23]. Either
AMPK activator aminoimidazole carboxamide ribonucleo-
tide (AICAR) treatment or glucose-deprivation, both of
which activate AMPK [35, 36], resulted in elevated levels
of GTP-bound Rab5 in myoblasts (Fig. 1a, b). By contrast,
AMPK inhibitor compound C inhibited Rab5 activation
(Fig. 1c). Co-expression of AMPK catalytic a2 subunit, but
not its kinase-dead mutant (K45R), increased Rab5 activa-
tion in myoblasts (Fig. 1d). We extended and validated
our findings in mouse embryonic fibroblasts (MEFs)
ablated both AMPKal and o2 isoforms (AMPK-DKO).
Compared to wild-type MEFs, AMPK-DKO displayed
much-reduced levels of active Rab5 (Fig. le).
Rab5-positive endosomes move bidirectionally alone
microtubules between the peripheral areas of the cytoplasm
and the perinuclear region [37]. In control myoblasts,
punctated Rab5 endosomal structures display a perinuclear
fraction and a peripheral fraction (Fig. 1f). The ratio of
peripheral to total signal of GFP-Rab5 fluorescence inten-
sity was quantified as previously described [38]. Inhibition
of AMPK by either Compound C treatment or co-
expression AMPK K45R mutant led to juxtanuclear

accumulation of Rab5 (Fig. 1f, g). Co-expression of AMPK
K45R, but not treatment of Compound C, reduced cell size
and suppressed cell protrusion (Supplementary Fig. S1). We
further assessed Rab5 activity in both extensor digitorium
longus (EDL) and tibialis anterior (TA) muscles from rested
mice or after treadmill running. Exercise promoted the
activation of Rab5, corresponding with the elevation of
AMPK phosphorylation in exercised muscles (Fig. 1h,
Supplementary Fig. S2). These findings demonstrate that
AMPK positively regulates Rab5 activity.

TBC1D17 is a novel GAP protein of Rab5

Rab GTPases are positively or negatively regulated by GEF
or GAP proteins respectively [29]. We considered that
AMPK might indirectly regulate Rab5 activation via some
unknown Rab5 regulators. Interestingly, our recent screen-
ing analysis had revealed two TBC/RabGAP proteins,
TBCI1D15 and TBC1D17, as potential interacting partners
for Rab5 [23]. Previous screening also revealed that Rab5
binds TBC1D15 and TBC1D17 [39]. We wondered if these
two TBC/RabGAPs regulate Rab5 activation. Ectopically
transfected TBC1D17, but not TBC1D15 or TBC1D23,
significantly reduced the levels of GTP-bound Rab5 in
myoblasts (Fig. 2a). Moreover, the catalytic inactive
TBCI1D17 R381A mutant did not alter Rab5 activity
(Fig. 2b). siRNA-mediated TBC1D17 depletion con-
sistently elevated the levels of active Rab5 in myoblasts
(Fig. 2c). Interestingly, the TBC domain of TBCI1D17
displayed a stronger inhibitory effect on Rab5 activity than
full-length TBC1D17 (Fig. 2d), indicating TBC1D17 auto-
inhibition, possibly via the N-terminal region.

We further utilized an in vitro GAP assay to directly
measure the ability of TBCID17 to accelerate GTP
hydrolysis by Rab5. TBC1D17, but not its R381A mutant,
markedly enhanced GTP hydrolysis by Rab5 (Fig. 2e) in a
time-dependent manner (Fig. 2f). We also examined the
effect of TBCID17, or its TBC domain, on
Rab5 subcellular localization. Both TBC1D17 and its TBC
domain, but not their R381A mutants, markedly promoted
the perinuclear localization of Rab5 (Fig. 2g, h). Expression
of the TBC domain, but not full-length TBC1D17, altered
the size and shape of myoblasts (Supplementary Fig. S3).
We concluded that TBCID17 acts as a novel GAP
for Rab5.

TBC1D17 physically associates with Rab5

Though many TBC/RabGAPs directly bind to their sub-
strates [27], the TBC1D17-Rab8 association is mediated by
Optineurin [40]. To determine whether TBC1D17 directly
binds Rab5, we purified recombinant FLAG-TBC1D17 and
GST-Rab5 proteins for a pull-down assay. GST-Rab5, but
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Fig. 1 AMPK activates RabS. a Immunoblot analysis of a Rab5
activation assay. Myoblasts transfected with HA-Rab5 were treated
with DMSO or AICAR (2 mM) for 4 h. Lysates were incubated with
GST-R5BD, or GST as a negative control, to pull-down GTP-bound
Rab5. Data in the bar graphs represent the mean+ S.E. (error bars)
values of the ratios of densities (active Rab5/total Rab5) for three
independent experiments. **p <0.01. b Myoblasts transfected with
HA-Rab5 were deprived of glucose for 4 h. Lysates were incubated
with GST control or GST-R5BD to pulldown GTP-bound Rab5. Data
in the bar graphs represent the mean + S.E. (error bars) values of the
ratios of densities (active Rab5/total Rab5) for three independent
experiments. *p <0.05. ¢ Myoblasts transfected with HA-Rab5 were
treated with DMSO or Compound C (C. C) (20 uM) for 6 h. Lysates
were incubated with GST control or GST-R5BD to pulldown GTP-
bound Rab5. Data in the bar graphs represent the mean + S.E. (error
bars) values of the ratios of densities (active Rab5/total Rab5) for three
independent experiments. **p <0.01. d HA-Rab5 was co-transfected
with FLAG vector, FLAG-AMPKa2, or FLAG-AMPKo2 K45R
mutant in myoblasts. Lysates were incubated with GST-R5BD to
pulldown GTP-bound Rab5. Data in the bar graphs represent the mean
+S.E. (error bars) values of the ratios of densities (active Rab5/total
Rab5) for three independent experiments. *p < 0.05. e Wild-type (WT)
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or AMPKal and AMPKa2 double-knockout (DKO) MEFs were
transfected with HA-Rab5. Lysates were incubated with GST control
or GST-R5BD to pulldown GTP-bound Rab5. Data in the bar graphs
represent the mean + S.E. (error bars) values of the ratios of densities
(active Rab5/total Rab5) for three independent experiments. **p <
0.01. f Effect of AMPK inactivation on the subcellular localization of
Rab5. Myoblasts transfected with GFP-Rab5 were treated with DMSO
or Compound C (C. C) (20 uM) for 6 h followed by confocal micro-
scopy analysis for GFP-Rab5. Bar: 10 um. Ratio of peripheral GFP-
Rab5 to total GFP-Rab5 fluorescence intensity was quantified as
described in Materials and Methods. ****p < (0.0001. g GFP-Rab5 was
co-transfected with FLAG vector or FLAG-AMPKa2 K45R mutant in
myoblasts followed by confocal microscopy analysis to examine the
subcellular localization of GFP-Rab5. Bar: 10 um. Ratio of peripheral
GFP-Rab5 to total GFP-Rab5 fluorescence intensity was quantified as
described in Materials and Methods. ***p <0.001. h Lysates of
extensor digitorum longus (EDL) muscles from rested or exercised
mice (n=4) were incubated with GST control or GST-R5BD to
pulldown endogenous GTP-bound Rab5. The levels of active Rab5
were quantified. *p <0.05. GST glutathione S-transferase, WCL whole
cell lysate, GFP green fluorescent protein.
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not GST protein alone, directly interacted with TBC1D17
(Fig. 3a). To identify the regions within TBCID17 that
mediate its association to Rab5, a series of TBC1D17
mutants were generated and tested for their ability to
interact with Rab5 in 293T cells (Fig. 3b). The TBC domain
(307-542), but not the N terminus (1-306; N-Ter) or the C-

terminal Proline-rich region (543-646), interacted with
Rab5 (Fig. 3c).

To determine if the Rab5-TBCIDI7 interaction is
dependent on the activation of Rab5, GST-Rab5 was
unloaded or loaded with GTPyS (a nonhydrolyzable GTP
analogue) or GDP, and incubated with lysates expressing
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Fig. 2 TBC1D17 acts as a GAP for Rab5. a HA-Rab5 was co-
transfected with FLAG vector, FLAG-TBC1D15, FLAG-TBCI1D17,
or FLAG-TBC1D23 in myoblasts. Lysates were incubated with GST
control or GST-R5BD to pulldown GTP-bound Rab5. Data in the bar
graphs represent the mean + S.E. (error bars) values of the ratios of
densities (active Rab5/total Rab5) for three independent experiments.
*p<0.05. ns not significant. b HA-Rab5 was co-transfected with
FLAG vector, FLAG-TBCID17, or FLAG-TBCID17 R381A mutant
in myoblasts. Lysates were incubated with GST control or GST-R5BD
to pulldown GTP-bound Rab5. Data in the bar graphs represent the
mean + S.E. (error bars) values of the ratios of densities (active Rab5/
total Rab5) for three independent experiments. **p <0.01. ns not
significant. ¢ Lysates of myoblasts transfected with control siRNA or
TBC1D17 siRNA were incubated with GST control or GST-R5BD to
pulldown GTP-bound Rab5. Data in the bar graphs represent the mean
+S.E. (error bars) values of the ratios of densities (active Rab5/total
Rab5) for three independent experiments. *p <0.05. d HA-Rab5 was
co-transfected with FLAG vector, FLAG-TBC1D17, or FLAG-TBC
domain of TBC1D17 in myoblasts. Lysates were incubated with GST
control or GST-R5BD to pulldown GTP-bound Rab5. Data in the bar
graphs represent the mean + S.E. (error bars) values of the ratios of
densities (active Rab5/total Rab5) for three independent experiments.
*#p <0.01. ***p <0.001. ****p<(0.0001. e Effect of TBCID17 or
TBCID17 R381A mutant on GTP hydrolysis by Rab5 measured in
GAP assays. Data in the bar graphs represent the mean + S.E. (error
bars) values for three independent experiments. *p <0.05.%*p <0.01.
f Time-dependent action of TBC1D17 or TBC1D17 R381A mutant on
GTP hydrolysis by Rab5. Similar results were obtained in three dif-
ferent experiments. g Effect of TBC1D17 on the subcellular locali-
zation of Rab5. Myoblasts were co-transfected with GFP-Rab5 and
FLAG vector, FLAG-TBCID17, or FLAG-TBCID17 R381A mutant
followed by confocal microscopy analysis to examine the subcellular
localization of Rab5. Bar: 10 um. Ratio of peripheral GFP-Rab5 to
total GFP-Rab5 fluorescence intensity was quantified as described in
Materials and Methods. ***p <0.001. ns not significant. h Effect of
TBC GAP domain of TBC1D17 on the subcellular localization of
Rab5. Myoblasts were co-transfected with GFP-Rab5 and FLAG
vector, FLAG-TBC GAP domain, or FLAG-TBC R381A mutant
followed by confocal microscopy analysis to examine the subcellular
localization of Rab5. Bar: 10 um. Ratio of peripheral GFP-Rab5 to
total GFP-Rab5 fluorescence intensity was quantified as described in
Materials and Methods. ****p <0.0001. ns not significant. GST glu-
tathione S-transferase, WCL whole cell lysate.

TBC1D17. TBC1D17 preferentially bound to GDP-loaded
GST-Rab5 (Fig. 3d). This is corresponded to the immuno-
precipitation assay showing that TBC1D17 favorably
interacted with dominant negative form of Rab5 (S34N)
(Fig. 3e). Moreover, compared to wild-type TBC1D17, the
inactive R381A mutant displayed weaker binding to Rab5
(Fig. 3f). These data indicated that the TBC1D17-Rab5
association is dependent on their respective activation
statuses.

TBC1D17 is a novel regulator for glucose uptake
We observed that Rab5 colocalized with Glut4 vesicles
while the Rab5 DN mutant induced perinuclear

retention of Glut4 and reduced cell size in myoblasts
(Fig. 4a, Supplementary Fig. S4). We further used an

SPRINGER NATURE

HA-Glut4-mCherry construct [41, 42] containing an
intracellular mCherry tag fused to the COOH terminus of
GLUT4 and an HA epitope in the first extracellular loop
that is exposed on the cell surface when GLUT4 is
inserted into the plasma membrane, to measure the
membrane translocation of Glut4 in myoblasts as pre-
viously described [43]. The Rab5 DN mutant blocked
Glut4 translocation (Supplementary Fig. S5a). Due to the
low endogenous Glut4 Levels in myoblasts [44], we
further measured glucose uptake and Glut4 translocation
using differentiated C2C12 myotubes, which contained
elevated Glut4 levels (Supplementary Fig. S5b) [45, 46],
and displayed both insulin- and AICAR-dependent glu-
cose uptake, based on the uptake of 2-deoxy-D-glucose
(2-DG) (Supplementary Fig. S5c). Knockdown of
Glut4 significantly impaired insulin-stimulated glucose
uptake (Supplementary Fig. S5d). Next, we prepared the
plasma membrane (PM) fraction and the post-PM frac-
tions (supernatants, clear of PM) of serum-starved and
insulin-stimulated myotubes [47]. By measuring the
relative amounts of the Glut4 in the PM and the post-PM
fractions we verified that AICAR enhanced insulin-
stimulated Glut4 translocation in C2C12 myotubes
(Supplementary Fig. S5e). The Rab5 DN mutant inhibited
glucose uptake (Fig. 4b) and Glut4 translocation in
C2C12 myotubes (Fig. 4c, Supplementary Fig. S5f),
validating the positive role of Rab5 in regulating Glut4
translocation.

Interestingly, TBC1D17 is highly expressed in both liver
and skeletal muscle (Fig. 4d) (both being notably insulin
sensitive), suggesting its involvement in regulating glucose
signaling. Accumulating evidence demonstrates that both
TBCI1D1 and TBCID4 regulate the abundance of Glut4
[48-51]. However, ectopic expression of either TBC1D17
or Rab5 had little effect on the expression levels of Glut4
(Supplementary Fig. S6a). Consistently, Glut4 abundance
remains intact in TBC1D17- or Rab5-depleted myotubes
(Supplementary Fig. S6b, c). Given the negative effects of
TBCID17 on Rab5 activation, we postulated that
TBCI1D17 might act as an inhibitor for glucose uptake. This
was supported by the finding that the colocalization
between Rab5 and Glut4 or Glutl vesicles was impaired by
TBCID17 or its TBC domain (Fig. 4e; Supplementary
Fig. S7a, b, ¢). Indeed, both TBC1D17 or its TBC GAP
domain, but not their inactive R381A mutants, led to jux-
tanuclear accumulation of Glut4 in C2C12 myoblasts
(Supplementary Fig. S7d, e). Moreover, TBC1D17 reduced
the cell surface levels of HA-Glut4-mCherry in myoblasts
(Fig. 4f) and suppressed Glut4 plasma membrane translo-
cation and glucose uptake in differentiated C2C12 myo-
tubes, while the R381A mutant has little effects (Fig. 4g,h).

Since Rab5 plays pivotal roles in regulating general
endocytic recycling, we examined if TBCIDI17 also
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Fig. 3 TBC1D17 directly interacts with Rab5. a FLAG-TBC1D17
was transfected into 293T cell and immunoprecipitated with anti-
FLAG-agarose beads followed by eluting with FLAG peptide. Control
GST protein or GST-Rab5 fusion protein was incubated with purified
FLAG-TBCI1D17 for a direct interaction assay and then western
blotted with FLAG antibody (top panel). The amounts of GST and
GST-Rab5 used in this experiment were indicated by Coomassie blue
staining (bottom panel). b Schematic diagram of TBCID17 and its
mutants. N-Ter N-terminal region, TBC Tre2/Bub2/Cdc16 domain, PR
proline-rich region. ¢ Lysates of 293T cells transfected with HA-Rab5
and FLAG-tagged TBC1D17 mutants as shown in (b) were immu-
noprecipitated with anti-FLAG beads and then western blotted with
FLAG or HA antibodies. d Cell lysates of 293T cells transfected with

modulates transporting of Glutl and transferrin receptor
(TfR). Co-expressing of Rab5 DN mutant or TBC1D17, but
not TBC1D17 R381A mutant, induced perinuclear locali-
zation of TfR (Supplementary Fig. S8a,b). We incubated
myoblasts with fluorescently labeled transferrin to label
TfR, which is taken up by receptor-mediated endocytosis
and recycled back to the plasma membrane. Consistently,
Rab5 DN mutant and TBC1D17 inhibited recycling of TfR
(Supplementary Fig. S8c,d). Both membrane fraction assay
(Supplementary Fig. S8e,f) and immunostaining (Supple-
mentary Fig. S8g,h) demonstrated that Rab5 DN mutant or
TBCID17, but not R381A mutant, reduced the plasma
membrane localization of Glutl. These findings suggest that
TBC1D17-Rab5 axis is involved in modulating divergent
cellular functions.

FLAG-TBC1D17 were incubated with immobilized GST-Rab5 loaded
with GDP or GTP-yS for GST Pull-down assay. The beads were
washed and analyzed by western blot for FLAG (TBC1D17). The
amounts of GST proteins were indicated by Coomassie blue staining.
e HA-TBC1D17 and FLAG vector, FLAG-Rab5 (WT), FLAG-Rab5
Q79L (CA), or FLAG-Rab5 S34N (DN) were co-transfected into
293T cells for 24h followed by co-immunoprecipitation analysis.
f HA-Rab5 and FLAG-TBC1D17 or FLAG-TBC1D17 R381A mutant
were co-transfected into 293T cells followed by co-
immunoprecipitation analysis. GST glutathione S-transferase, WCL
whole cell lysate, IP immunoprecipitation, CA constitutively active,
DN dominant negative.

AMPK interacts with and phosphorylates TBC1D17

Both AMPKal and a2 subunits associated with TBC1D17
through the N-terminal kinase domain (Fig. 5a, b, c). We
aimed to determine whether AMPK regulates Rab5 activity
in a TBC1D17-dependent manner. The reduction of GTP-
bound Rab5 levels by TBC1D17 was prevented by the
glucose metabolism inhibitor 2-deoxy-D-glucose (2-DG)-
induced AMPK activation (Fig. 5d, lane 3 versus 4), while
Compound C treatment restored the reduction of Rab5
activation (Fig. 5d, lane 4 versus 5). These findings indi-
cated that AMPK modulates Rab5 activation through
TBC1D17.

AMPK interacts with the 1-306 region (N-Ter), but not
the TBC domain, of TBC1D17 (Fig. 5e). Bioinformatic
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analysis revealed a serine 168 residue matching the pre-
dicted AMPK consensus motif [52, 53] in the N-Ter of
TBC1D17 (Fig. 5f; Supplementary Fig. S9a), but not in
the homologous region of TBCIDIS5 (Supplementary
Fig. S9b). We therefore proposed that AMPK might
phosphorylate TBC1D17 to regulate its GAP activity
towards Rab5. Using an AMPK phospho-substrate
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specific antibody (p-Sub/AMPK), we found that both
AICAR treatment and glucose deprivation elevated
TBCI1D17 phosphorylation (Fig. 5g, h). Moreover, co-
expression of wild-type AMPK, but not the K45R mutant,
increased TBC1D17 phosphorylation (Fig. 5i). An in vitro
kinase assay using purified AMPK and recombinant GST-
TBC1D17 further validated phosphorylation of TBC1D17
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Fig. 4 TBC1D17 inhibits Glut4 translocation and glucose uptake.
a C2C12 myoblasts transiently expressing GFP-Glut4 and FLAG
vector, FLAG-Rab5, or FLAG-Rab5 S34N mutant were processed for
immunostaining and confocal microscopy analysis to examine the
subcellular localization of Glut4. Bar: 10 um. b Myotubes expressing
FLAG vector or FLAG-Rab5 S34N mutant were serum deprived for 4
h including incubation periods with insulin for 20 min prior to 2-DG
uptake assay as described in Materials and Methods. Illustrations
represent the means + S.E. of six independent experiments performed in
triplicate; **p <0.01. ***p <0.001. The expression levels of FLAG-
Rab5 S34N mutant were determined by western blot analysis.
¢ Myotubes expressing FLAG vector or FLAG-Rab5 S34N mutant
were serum deprived for 4 h including incubation periods with insulin
for 20 min prior to plasma membrane (PM) fraction as described in
Materials and Methods. PM fractions were subjected to western blot
analysis for examining the expression levels of Glut4. Illustrations
represent the means +S.E. of three independent experiments; **p <
0.01. d Lysates of indicated mouse tissues/organs were subjected to
western blot analysis for examining the expression levels of TBC1D17.
e GFP-Glut4 and HA-Rab5 were co-transfected with FLAG vector,
FLAG-TBCI1D17, or FLAG-TBC domain into C2C12 myoblasts in the
indicated combination for 24 h followed by immunofluorescence ana-
lysis. Nuclei were visualized by Hoechst staining. Bar: 10 um. f HA-
Glut4-mCherry were co-transfected with GFP vector, GFP-TBC1D17,
or GFP-TBCID17 R381A mutant into C2C12 myoblasts for 24 h and
processed for cell-surface HA-GLUT4-mCherry levels as described in
Materials and Methods. Shown are mean + SE fold changes from three
experiments. ***P <(0.001. ****P <(0.0001. Bar: 10 um. g Myotubes
expressing FLAG vector, FLAG-TBCID17, or FLAG-TBC1D17
R381A mutant were serum deprived for 4 h including incubation per-
iods with insulin for 20 min prior to plasma membrane fraction. PM
fractions were subjected to western blot analysis for Glut4. Illustrations
represent the means + S.E. of three independent experiments; *p < 0.05.
**p < 0.01. ns not significant. The expression levels of FLAG-tagged
proteins were determined by western blot analysis. h Myotubes
expressing FLAG vector, FLAG-TBCID17, or FLAG-TBC1D17
R381A mutant were serum deprived for 4 h including incubation per-
iods with insulin for 20 min prior to 2-DG uptake assay as described in
Materials and Methods. Illustrations represent the means + S.E. of six
independent experiments performed in triplicate; *p <0.05. ***p<
0.001. ns not significant. GFP green fluorescent protein, PM plasma
membrane. The expression levels of FLAG-tagged proteins were
determined by western blot analysis.

by AMPK (Fig. 5j). All results indicated that TBC1D17 is
a direct AMPK substrate.

AMPK-mediated Ser168 phosphorylation attenuates
the GAP activity of TBC1D17

To recognize the site(s) on TBCID17 phosphorylated by
AMPK, a mutant was constructed where the Ser 168 residue
was changed to alanine. TBC1D17 phosphorylation upon
glucose deprivation was abolished by the serine-to-alanine
replacement at the Ser168 residue (Fig. 6a). An in vitro
kinase assay verified that AMPK directly phosphorylates
TBCID17 on Ser 168 (Fig. 6b). We further generated a
phospho-TBC1D17 (Ser 168) specific antibody, which only
recognized the phosphorylated peptide (Fig. 6¢). Using this
antibody, we showed that co-expressing wild-type AMPK,
but not the K45R mutant, elevated Ser168 phosphorylation

levels (Fig. 6d). Co-expression of AMPK or AICAR treat-
ment consistently increased Ser 168 phosphorylation of wild-
type TBC1D17, but not of the SI68A mutant (Fig. 6e,f).
Collectively, this indicates that Serl68 is a main energy
stress response phosphorylation site by AMPK.

We next investigated whether the phosphorylation of
TBCI1D17 at Ser168 modulates its GAP activity toward
Rab5. GAP activity of TBC1D17 was inhibited by AICAR
treatment as evidenced by significantly elevated GTP-bound
Rab5 in myoblasts (Fig. 6g; lane 4 versus 5). By contrast,
AICAR failed to suppress GAP activity of the TBC1D17
S168A mutant (Fig. 6g; lane 5 versus 6). We further per-
formed in vitro GAP assays using FLAG-TBC1D17 or
S168A mutant purified from DMSO- or AICAR-treated
cells. AICAR treatment inhibited GAP activity of wild-type
TBCI1D17, but not of its SI68A mutant (Fig. 6h). Given the
above findings, we reasoned that AMPK-mediated phos-
phorylation of TBCID17 at Serl68 reduced its GAP
activity towards Rab5.

We further proposed that AMPK-dependent phos-
phorylation modulates the functions of the TBCIDI17-
Rab5 axis in Glut4 translocation and glucose uptake, as
supported by the finding that Compound C-mediated
AMPK inhibition suppressed Rab5-dependent glucose
uptake in C2C12 myotubes (Fig. 6i). Activation of AMPK
by AICAR treatment also diminished TBC1D17-mediated
Glut4 perinuclear accumulation (Fig. 6j). Conversely,
TBCI1D17 S168A, which could not be phosphorylated by
AMPK, still induced juxtanuclear accumulation of Glut4
in the presence of AICAR (Fig. 6j). Glucose deprivation
could attenuate Glut4 accumulation in myoblasts expres-
sing TBC1D17 wild type, but not in those expressing the
TBCID17 S168A mutant (Supplementary Fig. S10a).
Moreover, AICAR treatment elevated the cell surface
levels of HA-Glut4-mCherry in myoblasts expressing
GFP-TBC1D17, but not TBC1D17 S168A mutant (Sup-
plementary Fig. S10b). We further verified AICAR pro-
motion of Glut4 located in the PM fraction in myotubes
expressing TBC1D17, in contrast to those expressing the
TBC1D17 S168A mutant (Fig. 6k). AICAR could sup-
press the negative effect of TBC1D17 wild type, but not
the TBC1D17 S168A mutant, on glucose uptake in
C2C12 myotubes (Fig. 61). We thus concluded that
AMPK-dependent Serl168 phosphorylation inhibits the
GAP activity of TBC1D17.

The N terminus of TBC1D17 plays auto-inhibitory
roles by interacting with the TBC GAP domain

We next explored the mechanism by which the Ser168
phosphorylation modulates the GAP activity of TBC1D17.
Given that the TBC domain displayed stronger GAP
activity than the full-length TBCID17 (Fig. 2d), we
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proposed that auto-inhibition of TBC1D17 must occur and
be strengthen by AMPK-mediated phosphorylation. To
verify these hypotheses, we first investigated if the N-
terminal 1-306 region (N-Ter) of TBC1D17 exerts an
inhibitory effect on the TBC domain. When co-expressed
with N-Ter, the GAP activity of TBC domain was reduced,
as demonstrated by the RSBD assay (Fig. 7a; lane 4 versus
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3). Similarly, the interaction between TBC domain and its
substrate, Rab5, was impaired by co-expressing N-Ter
(Fig. 7b; lane 3 versus 2). Moreover, expression of TBC
domain led to juxtanuclear localization of Rab5 and altered
cell size and shape, while co-expressing of N-Ter restored
the cell peripheral fraction of Rab5 and rescued cell size and
shape (Fig. 7c, Supplementary Fig. S11). These results
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Fig. 5 TBC1D17 is phosphorylated by AMPK. a Lysates of
293T cells transfected with HA-TBCID17 and FLAG vector,
FLAG-AMPKal, or FLAG-AMPKa2 were immunoprecipitated
with anti-FLAG beads and then western blotted with FLAG or HA
antibodies. b Schematic diagram of AMPKa2 and its mutants. KD
kinase domain, AID auto-inhibition sequence, CTD C-terminal
regulatory domain. ¢ Lysates of 293T cells transfected with HA-
TBC1D17 and FLAG-tagged AMPK mutants, as shown in (b), were
immunoprecipitated with anti-FLAG beads and then western blotted
with FLAG or HA antibodies. d C2C12 myoblasts expressing HA-
Rab5 and FLAG vector or FLAG-TBC1D17 were treated with 2-DG
(20 mM) in the presence or absence of compound C (C. C) (20 uM).
Lysates were incubated with GST control or GST-R5BD to pull-
down GTP-bound Rab5. Data in the bar graphs represent the mean +
S.E. (error bars) values of the ratios of densities (active Rab5/total
Rab5) for three independent experiments. *p <0.05. e Lysates of
293T cells transfected with HA-AMPKa2 and FLAG vector, FLAG-
1-306 of TBCID17 (N-Ter), or FLAG-TBC domain were immu-
noprecipitated with anti-FLAG beads and then western blotted with
FLAG or HA antibodies. f The amino acid sequence of TBCID17
was analyzed using GPS 3.0 to search for potential AMPK phos-
phorylation site (http://gps.biocuckoo.org/online.php). The align-
ment of the sequence surrounding S168 in TBC1D17 is shown with
the analogous sites in selective AMPK substrate proteins.
g 293T cells were transfected with control FLAG vector or FLAG-
TBCID17 and treated with AICAR (2 mM). TBCID17 was immu-
noprecipitated using FLAG antibody and the precipitate was ana-
lyzed on a protein blot using AMPK phosphorylation-specific
substrate antibody (p-Sub/AMPK) and FLAG antibody. Densito-
metric quantification of p-Sub/AMPK levels from immunoblots are
shown as the means + S.E. from three independent experiments. **p
<0.01. h 293T cells were transfected with FLAG vector or FLAG-
TBC1D17 followed by glucose deprivation. TBC1D17 was immu-
noprecipitated and was analyzed using p-Sub/AMPK antibody.
Densitometric quantification of p-Sub/AMPK levels from immuno-
blots are shown as the means+S.E. from three independent
experiments. **p <0.01. i 293T cells were co-transfected with
FLAG vector or FLAG-TBCID17 and HA-AMPKa2 or HA-
AMPKa2 K45R mutant. TBC1D17 was immunoprecipitated and
was analyzed using p-Sub/AMPK antibody. Densitometric quanti-
fication of p-Sub/AMPK levels from immunoblots are shown as the
means + S.E. from three independent experiments. **p < 0.01, ***p
<0.001. j In vitro phosphorylation of TBC1D17 by AMPK. Wild-
type or mutant AMPK protein was purified from 293T cells
expressing FLAG-AMPKa2 or FLAG-AMPKa2 K45R. Phosphor-
ylation of GST-TBCID17 was determined by immunoblotting
with p-Sub/AMPK antibody. Densitometric quantification of
p-Sub/AMPK levels from immunoblots are shown as the means + S.
E. from three independent experiments. *p <0.05. **p <0.01. ns not
significant. GST glutathione S-transferase, WCL whole cell lysate,
IP immunoprecipitation.

support the hypothesis that the N-Ter acts as an inhibitory
region to the TBC domain.

Intra-molecular interaction between functional domains and
inhibitory elements acts as a common mechanism for auto-
inhibition [54, 55]. We examined if N-Ter physically interacts
with the TBC domain. Robust co-immunoprecipitation of the
TBC domain with the N-Ter region (Fig. 7d) was noted with
GST-N-Ter directly interacting with the purified recombinant
TBC domain (Fig. 7e). Importantly, manipulating AMPK
activation by AICAR or Compound C treatment led to

enhancement or reduction of TBC domain-N-Ter region
interaction, respectively (Fig. 7f, g), indicating pivotal roles for
AMPK in modulating the intra-molecular interaction of
TBCID17.

Ser 168 phosphorylation enhance TBC1D17 auto-
inhibition by promoting its intra-molecular
interaction

To investigate whether Ser168 phosphorylation modulates
the N-Ter-TBC interaction and thereby strengthens auto-
inhibition, we compared the TBC-binding activity of the
N-Ter and its S168A mutant. The N-Ter S168A mutant
showed a substantial reduction in TBC-binding activity
(Fig. 8a). Furthermore, glucose deprivation elevated the
association of TBC domain to wild-type N-Ter, but not to
the N-Ter S168A mutant (Fig. 8b; lane 3 versus 5),
indicating that the Ser 168 phosphorylation modulates the
TBC-N-Ter association. Notably, the TBC domain
reduced the active Rab5 levels (Fig. 8c, lane 3 versus lane
2), while wild-type N-Ter robustly restored Rab5 activa-
tion (Fig. 8c, lane 5 versus lane 3). In contrast, the N-Ter
S168A mutant displayed reduced interaction ability
(Fig. 8a) to, and loss of the inhibitory effect (Fig. 8c, lane
4 versus lane 5) upon, TBC domain. Only the wild-type
N-Ter region, but not the SI68A mutant, rescued the
peripheral localization of Rab5 in TBC domain-
expressing myoblasts (Supplementary Fig. S12a). These
results suggest that AMPK-mediated Ser 168 phosphor-
ylation impairs GAP activity of TBC1D17 by enhancing
the association between N-Ter and the TBC domain. We
also evaluated the effect of TBC1D17 auto-inhibition on
Glut4 translocation. Co-expressing N-Ter, but not the N-
Ter S168A mutant, suppressed the TBC domain-induced
juxtanuclear accumulation of GFP-Glut4 in myoblasts
(Fig. 8d). The inhibitory effects of TBC domain on Glut4
plasma membrane localization and cell size were similarly
suppressed by N-Ter, but not the N-Ter SI68A mutant, in
C2C12 myotubes (Fig. 8e; Supplementary Fig. S12b).
These findings favor a model that AMPK-mediates
Ser168 phosphorylation promoting the auto-inhibition of
TBC1D17 to activate Rab5 (Fig. 8f).

Discussion

In addition to promoting insulin-stimulated glucose uptake
[20, 22, 56], Rabs5 is also involved in adiponectin-triggered
Glut4 translocation [21, 26]. Moreover, Rab5 has been
found to cause Glut4 retention in chronic hyperinsulinemia-
induced cell models [57], indicating that Rab5 modulates
Glut4 translocation in a context-dependent manner.
Exercise-activated AMPK also drives Glut4 transport

SPRINGER NATURE
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[5, 58]. Prior exercise can induce a subsequent elevation in  insulin activates Rab5-dependent Glut4 translocation

insulin-stimulated glucose transport in the muscle, but the
underlying mechanism of this remains elusive [59]. Here we
found that AMPK inhibits the GAP activity of TBC1D17
towards Rab5, suggesting that TBCID17 acts as a mole-
cular bridge that links AMPK and Rab5-mediated glucose
uptake (Fig. 8f). In addition, a previous report disclosed that
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through stimulating GAPEX-5, a VPS9 domain-containing
Rab5 GEF [22]. These two studies suggest that insulin and
exercise signaling converge at the level of Rab5 to regulate
glucose homeostasis, by activating Rab5 GEF (GAPEX-5)
and suppressing Rab5 GAP (TBCI1D17), respectively
(Supplementary Fig. S13). Given the essential roles of Rab5
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Fig. 6 AMPK phosphorylates TBC1D17 to regulate Glut4 trans-
location and glucose uptake. a C2C12 myoblasts transfected with
FLAG-TBCID17 or FLAG-TBCID17 S168A mutant were
deprived of glucose for 4 h followed by immunoprecipitation and
western blot using p-Sub/AMPK antibody and FLAG antibody.
Densitometric quantification of p-Sub/AMPK levels from immu-
noblots are shown as the means +S.E. from three independent
experiments. **p <0.01. b In vitro phosphorylation of TBC1D17 or
TBCID17 S168A by AMPK. AMPK protein was purified from
293T cells expressing FLAG-AMPKa2. Phosphorylation of GST-
TBCI1D17 or TBC1D17 S168A was determined by immunoblotting
with p-Sub/AMPK antibody. Densitometric quantification of p-Sub/
AMPK levels from immunoblots are shown as the means* S.E.
from three independent experiments. **p <0.01. ¢ Characterization
of the anti-phospho-TBC1D17(Ser168) specific antibody. Different
amounts of phospho-S168 peptide or unmodified peptide were
spotted on nitrocellulose membranes, and the specificity of the
antibody against the phosphorylated Ser 168 residue was deter-
mined by dot blot assay. d C2C12 myoblasts were co-transfected
with FLAG-TBC1D17 and HA-AMPKa?2 subunit or HA-AMPK o2
K45R mutant for 24 h followed by immunoprecipitation and wes-
tern blot using pTBC1D17(Ser168) antibody and FLAG antibody.
The ratios of densities (pTBC1D17 Serl68/total TBC1D17) from
three independent experiments were quantified. ***p <0.001.
e C2C12 myoblasts were co-transfected with HA-AMPKa?2 subunit
and FLAG-TBC1D17 or FLAG-TBC1D17 S168A mutant for 24 h
followed by immunoprecipitation and western blot using
pTBC1D17(Ser168) antibody and FLAG antibody. The ratios of
densities (pTBC1D17 Ser168/total TBC1D17) from three indepen-
dent experiments were quantified. ***p <0.001. f C2C12 myoblasts
transfected with FLAG-TBC1D17 or FLAG-TBCID17 S168A
mutant were treated with AICAR for 4 h followed by immunopre-
cipitation and western blot using pTBC1D17(Ser168) antibody and
FLAG antibody. The ratios of densities (pTBC1D17 Ser168/total
TBCI1D17) from three independent experiments were quantified.
**p<0.01. g 293T cells were co-transfected with HA-Rab5 and
control FLAG vector, FLAG-TBC1D17 (WT) or FLAG-TBC1D17
S168A mutant (S168A) and treated with AICAR (2 mM). Lysates

in general endocytic recycling, the TBC1D17-Rab5 axis is
not limited to regulating Glut4 translocation. This notion is
supported by our findings that both TBC1D17 and Rab5
DN mutant is also involved in regulating the positioning of
TfR and Glutl (Supplementary Fig. S8). It would also be of
interest to explore the roles of AMPK-TBCI1D17-Rab5
signaling in other physiological events.

Given the pivotal roles of Rab5 in regulating not only
endosome trafficking and biogenesis [15, 16, 60], but also
cell metabolism, migration, and the cell cycle
[20, 23, 24], it is conceivable that the activity of Rab5
needs to be tightly regulated. A series of TBC/RabGAPs
have been identified as upstream modulators for Rab5. As
the first identified Rab5SGAP, RN-tre regulates EGFR
internalization and focal adhesion turnover [61]. More-
over, both RN-tre and TBC1D3 act on Rab5 to regulate
macropinocytosis [62, 63]. Another Rab5 GAP, Rab-
GAPS/RUTBC3, regulates endosome trafficking [33, 64].
In Caenorhabditis elegans, Rab5 is governed by TBC-2
during phagosome maturation [65]. Our recent screening
revealed that both TBCIDI5 and TBCIDI17 were

were incubated with GST control or GST-R5BD to pulldown GTP-
bound Rab5. Data in the bar graphs represent the mean + S.E. (error
bars) values of the ratios of densities (active Rab5/total Rab5) for
three independent experiments. *p <0.05. **p<0.01. ****p<
0.0001. h 293T cells were transfected with FLAG-TBC1D17 or
FLAG-TBC1D17 S168A mutant and treated with AICAR (2 mM)
for 4 h. Effect of purified TBC1D17 or TBC1D17 S168A mutant on
GTP hydrolysis by Rab5 was measured in GAP assays. Data in the
bar graphs represent the mean = S.E. (error bars) values for three
independent experiments. *p <0.05.%*p <0.01. ns not significant.
i Myotubes expressing FLAG vector or FLAG-Rab5 were serum
deprived for 4 h including incubation periods with C.C for 2 h and
insulin for 20 min prior to 2-DG uptake assay. Illustrations represent
the means + S.E. of six independent experiments performed in tri-
plicate; *p <0.05. **p <0.01. ***p <0.001. The expression levels
of FLAG-Rab5 were determined by western blot analysis. j C2C12
myoblasts were co-transfected with GFP-Glut4 and control FLAG
vector, FLAG-TBC1D17 or FLAG-TBC1D17 S168A mutant and
treated with DMSO or AICAR (2 mM). Ratio of peripheral GFP-
Glut4 to total GFP-Glut4 fluorescence intensity was quantified as
described in Materials and Methods. *p<0.05. **p<0.01.
k Myotubes expressing FLAG vector, FLAG-TBC1D17, or FLAG-
TBCI1D17 S168A mutant were serum deprived for 4 h including
incubation periods with AICAR for 2 h and insulin for 20 min prior
to plasma membrane fraction. PM fractions were subjected to
western blot analysis for Glut4. Illustrations represent the means +
S.E. of three independent experiments; *p < 0.05. ns not significant.
The expression levels of FLAG-tagged proteins were determined by
western blot analysis. 1 Myotubes expressing FLAG vector, FLAG-
TBCID17, or FLAG-TBCID17 S168A mutant were serum
deprived for 4 h including incubation periods with AICAR for 2h
and insulin for 20 min prior to 2-DG uptake assay. Illustrations
represent the means+S.E. of six independent experiments per-
formed in triplicate; *p <0.05. **p <0.01. ***p <0.001. ****p <
0.0001. GST glutathione S-transferase, WCL whole cell lysate, IP
immunoprecipitation, GFP green fluorescence protein, PM plasma
membrane.

potential interaction partners for Rab5 [23], while only
TBCID17 elicits GAP activity toward Rab5 (Fig. 2).
Thus, ours and others findings clearly demonstrate that
the diverse cellular functions of Rab5 are modulated by
distinct TBC/RabGAPs.

Most TBC/RabGAPs preferentially interact to GTP-
bound Rabs [33, 66]. However, other interaction patterns
between TBC/RabGAPs and their substrates do exit. For
example, TBCIDS co-immunoprecipitated only wild-type
Rab7b, but not its CA or DN mutant [67]. Moreover, the
wild-type and mutated Rab26 display similar binding affi-
nities towards TBC1D6 [68]. Here, we show that TBC1D17
preferentially associates with the GDP-bound form of Rab5
(Fig. 3d) and thus demonstrate another unique interaction
profile between TBC/RabGAP and Rab GTPase. Besides
acting as a potent inhibitor of TBC GAP domain in cis
(Fig. 7a), the N-Ter of TBC1D17 also modulates the TBC
domain-Rab5 association (Fig.7b). This raises the possibi-
lity that the unique TBCIDI17-Rab5 interaction pattern
might be due to the presence of the N-Terminal region. This
hypothesis awaits confirmation.

SPRINGER NATURE
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Fig. 7 The N terminus of TBC1D17 interacts with the TBC
domain to exert auto-inhibitory function. a HA vector or HA-TBC
domain was co-transfected with FLAG vector or FLAG-N-Ter region
in the indicated combination in 293T cells. Lysates were incubated
with GST control or GST-R5BD to pulldown GTP-bound Rab5. Data
in the bar graphs represent the mean + S.E. (error bars) values of the
ratios of densities (active Rab5/total Rab5) for three independent
experiments. *p<0.05. **p<0.01. b FLAG vector, FLAG-TBC
domain, or HA-N-Ter were co-transfected with HA-Rab5 into
293T cells in the indicated combination followed by immunoprecipi-
tation analysis. ¢ GFP-Rab5 were co-transfected with FLAG vector,
FLAG-TBC domain, or HA-N-Ter into C2C12 myoblasts for 24 h
followed by immunofluorescence analysis. Nuclei were visualized by
Hoechst staining. Bar: 20 um. Ratio of peripheral GFP-Rab5 to total
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GFP-Rab5 fluorescence intensity was quantified. ****p <0.0001.
d HA-N-Ter was co-transfected with FLAG vector, FLAG-TBC
domain, or FLAG-N-Ter in 293T cells followed by immunoprecipi-
tation analysis. e Control GST protein or GST-N-Ter fusion protein
was incubated with purified FLAG-TBC for direct Pull-down assay
and then western blotted with FLAG antibody (top panel). The
amounts of GST proteins were indicated by the Coomassie blue
staining (bottom panel). f HA-TBC was co-transfected with FLAG
vector or FLAG-N-Ter in the absence or presence of AICAR (2 mM)
for 4 h followed by immunoprecipitation analysis. g HA-TBC was co-
transfected with FLAG vector or FLAG-N-Ter in the absence or
presence of Compound C (20 uM) for 6 h followed by immunopreci-
pitation analysis.
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AMPK has long been recognized as a potential ther-
apeutic target of metabolic diseases [32, 69]. As a com-
monly used AMPK agonist, metformin is a widely
prescribed drug for Type 2 diabetes [70, 71]. AMPK reg-
ulates Glut4 translocation through both TBCID1 and
TBC1D4/As160 [11, 47, 72, 73]. Though recent indications
show that AMPK regulates the association of TBC1D1 to
IRAP [74], the molecular basis by which AMPK-mediated
phosphorylation modulates TBC/RabGAPs remains largely

Glucose uptake

unknown. Our study sheds light into this issue by pin-
pointing AMPK-mediated Ser168 phosphorylates (Fig. 5)
acts as a regulatory signaling to TBC1D17 by strengthening
the intra-molecular interaction of TBCID17 (Fig. 8).
Whether similar regulatory strategies are employed by
AMPK to modulate TBCID1 and TBCID4 activation
requires further exploration. Interestingly, compared with
TBC1D1, TBC1D17 displays a different AMPK interaction
pattern. TBC1D1 only interacts with AMPK al, but not a2
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<« Fig. 8 Ser 168 phosphorylation strengthens the intra-molecular

interaction of TBC1D17 to enhance its auto-inhibition. a HA-TBC
was co-transfected with FLAG vector, FLAG-N-Ter wild-type, or
FLAG-N-Ter S168A in 293T cells followed by immunoprecipitation
analysis. b HA-TBC was co-transfected with FLAG vector, FLAG-N-
Ter wild-type, or FLAG-N-Ter S168A in 293T cells followed by
glucose deprivation and immunoprecipitation analysis. ¢ HA vector,
HA-N-Ter, or HA-N-Ter S168A was co-transfected with FLAG vector
or FLAG-TBC domain in the indicated combination in 293T cells.
Lysates were incubated with GST control or GST-R5BD to pulldown
GTP-bound Rab5. Data in the bar graphs represent the mean + S.E.
(error bars) values of the ratios of densities (active Rab5/total Rab5)
for three independent experiments. *p < 0.05. **p <0.01. d GFP-Glut4
were co-transfected with FLAG vector, FLAG-TBC domain, HA
vector, HA-N-Ter, or HA-N-Ter S168A mutant in the indicated
combination for 24h followed by immunofluorescence analysis.
Nuclei were visualized by Hoechst staining. Bar: 20 um. Ratio of
peripheral GFP-Glut4 to total GFP-Glut4 fluorescence intensity was
quantified as described in Materials and Methods. **p < 0.01. ***p <
0.001. ns not significant. e Myotubes co-expressing FLAG-TBC
domain and HA-N-Ter or HA-N-Ter S168A mutant were serum
deprived for 4 h including incubation periods with insulin for 20 min
prior to plasma membrane fraction. PM fractions were subjected to
western blot analysis for Glut4. Illustrations represent the means + S.E.
of three independent experiments; *p <0.05. **p <0.01. The expres-
sion levels of FLAG-tagged and HA-tagged proteins were determined
by western blot analysis. f Schematic model depicting the regulatory
mechanism for glucose uptake by AMPK-TBCIDI17-Rab5 axis. In
sedentary state, AMPK is inactivated while TBC1D17 inhibits Rab5
activation. During exercise, AMPK is activated and phosphorylates
TBCID17 on the Serl68 residue (Step 1). AMPK-mediated phos-
phorylation enhances the intra-molecular interaction of TBC1D17 to
promote its auto-inhibition (Step 2). N-Ter-TBC domain association-
mediated auto-inhibition thus suppresses the GAP activity of
TBCI1D17 and subsequently elevates Rab5 activation and enhances
glucose uptake (Step 3).

[75], while TBC1D17 binds both isoforms (Fig. 5a).
Moreover, TBC1D1 interacts with AMPK through two N-
terminal PTB domains [75], which are not present in
TBCI1D17. Nevertheless, our study proposes that the
TBC1D17-Rab5 axis might be a promising target applicable
to both metabolic diseases and aging.

Materials and methods
Antibody and reagent

Antibodies from Cell Signaling Technology were as fol-
lows: AMPKa (2532), Phospho-AMPKa (Thr172) (2535S),
Phospho-AMPK  Substrate Motif (5759S), Rab5 (3547).
Other antibodies were as follows: anti-FLAG epitope
(Sigma-Aldrich, F7425), anti-HA epitope (Invitrogen,
715500), GFP (Santa Cruz Biotechnology, sc-9996), anti-
Tubulin (HuaAn Biotechnology, M1305-2), anti-Actin
(HuaAn Biotechnology, M1210-2), anti-TBCIDI17
(Novusbio, NBP2-49546), anti-Glutl (abcam, ab15309),
anti-Glut4 (Santa Cruz Biotechnology, sc-53566). Chemical
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reagents used were as follows: AICAR (Topscience,
T1477), Compound C (Topscience, T1977), 2-deoxy-D-
Glucose (Cayman Chemical, 14325), Phalloidin (Sigma-
Aldrich, P1951), Hoechst (Invitrogen, H1399), 488-CF-
Dye-transferrin (Biotium, #00081).

Construction of expression plasmids

Full-length ¢cDNAs of TBC1D17, TBC1D15, TBC1D23,
Rab5, Glutl, Glut4, or mutant proteins were cloned into a
hemagglutinin (HA)-tagged, GFP-tagged, or FLAG-tagged
pXJ40 expression vector (E Manser, IMCB, Singapore).
HA-Glut4-mCherry were a gift from Dr. Joshua J Zim-
merberg (NICHD, NIH). For each construct, several clones
were chosen and sequenced to their entirety in both direc-
tions to confirm their identity. All plasmids were purified
using an Axygen miniprep kit for use in transfection
experiments. The Escherichia coli strain DH5a was used as
a host for propagation of the clones.

Cell culture and transfection

C2C12 myoblasts, 293T cells, and MEF cells were from
American Type Culture Collection, USA. C2C12 with less
than 15 passage numbers were used. Cell lines were
authenticated by examination of morphology and growth
characteristics and tested for mycoplasma contamination
using GMyc-PCR Mycoplasma Test Kit (Yeasen biotech,
40601ES20). MycGuard™-1 Solution (Yeasen biotech,
40609ES60) was added in water trays of CO, tissue culture
incubator to prevent contamination. Cells were grown in
DMEM supplemented with 10% (v/v) fetal bovine serum,
100 U/ml penicillin, 2mM L-glutamine, and 100 mg/ml
streptomycin (all from Hyclone Laboratories, Logan, UT).
293T cells were transfected with polyethylenimine (PEI),
C2C12 myoblasts and MEF cells were transfected with
lipofectamine 2000 (Invitrogen), and myotubes were
transfected using the 4D-Nucleofector™ Y kit System
(Lonza) according to manufacturer’s instructions (using
solution AD2 and program FB-166).

RNA interference

C2C12 myoblasts at 40% confluency were transfected with
siRNA wusing Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s protocol. Sequences of siR-
NAs were: TBC1D17 siRNA #1: 5-CCCAGAUUCUCUU-
CAAGAA-3; TBCID17 siRNA #2: 5- CCUGCCUGCC
UUACACUUU-3’; Rab5 siRNA #1: 5-GCCAAAUA-
CUGGAAAUAAA-3’; Rab5 siRNA #2: 5'-GGUUCUUC
GCUUUGUGAAA-3’; Glut4 siRNA: 5-CCAACUGGA
CCUGUAACUU-3; control siRNA: 5-UUCUCCGAAC-
GUGUCACGU-3'.
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Immunoprecipitation studies and western blot
analyses

Control cells or cells transfected with expression plasmids
were lysed in lysis buffer (SOmM Tris, pH 7.3, 150 mM
sodium chloride, 1% (w/v) sodium deoxycholate, 0.25 mM
EDTA, 1% (v/v) Triton X-100, 0.1% sodium orthovanadate,
0.2% sodium fluoride, and protease Inhibitor cocktail (Selleck
Chemicals, B14001)). Lysates were immunoprecipitated (IP)
with anti-FLAG M2 beads (Bimake, B23102). Samples were
analyzed by western blotting with the indicated antibodies.

R5BD Pulldown (Rab5 activation) assay

The Rab5-binding domain (R5BD, residues 739-862) of
RabaptinS was cloned into the pGEX4T1 vector (GE
Healthcare). The constructs were subsequently transformed in
to E. coli. BL21 cells for expression and purified using
glutathione-sepharose 4B beads (GE Healthcare Life Sci-
ences). Subsequently, GST control or GST-R5BD beads were
incubated with whole cell lysate at 4 °C for 2-3 h, finally
proceeding to western blot using the anti-Rab5 antibody.

In vitro GAP assay

GST-Rab5 proteins bound to GST-Sepharose were loaded
with 4 mM GTP (R0461, Thermo Scientific) at 25 °C for 1 h
in a GTPase loading buffer (20 mM HEPES pH7.5, 150
mM NaCl, 5mM EDTA, 1 mM dithiothreitol). The matrix
was washed with the same buffer to remove unbound GTP.
The kinetics of intrinsic and GAP-accelerated GTP hydro-
lysis were measured using the ATPase/GTPase Activity
Assay Kit (MAK-113, Sigma-Aldrich) according to the
manufacturer’s instructions.

In vitro AMPK kinase assay

FLAG-tagged AMPKa2 WT or K45R protein was trans-
fected into 293T cells and purified using M2-FLAG beads.
As previously described [76], in vitro kinase assays were
performed for 30 min in a 50 pl reaction mixture containing
200 ng FLAG-AMPKa2 WT or K45R as kinase, 2 ug GST-
TBC1D17 WT or S168A as substrates, with 1 mM ATP in
the kinase buffer (10 mM MgCI2, 25 mM HEPES pH7.5, 2
mM DTT, 50mM KCI, 0.1 mM EDTA, 0.1 mM EGTA).
The reactions were stopped by boiling in 10 ul 5X SDS
sample buffer for 5 min and analyzed by western blot using
anti-Phospho-(Ser/Thr) AMPK substrate antibody.

Direct binding assay

293T lysates transfected with FLAG-tagged expression plas-
mids were subjected to immunoprecipitation with anti-FLAG

M2 affinity gel. The desired proteins were eluted from the
beads using 200 ng/ul FLAG peptide. Subsequently GST
control or GST fusion protein-beads were incubated with
eluted FLAG-tagged proteins at 4 °C for 2-3 h in binding
buffer (200 mM sodium chloride, 50 mM Tris, pH 7.3, 0.25
mM EDTA, 1% (w/v) sodium deoxycholate, 1% (v/v) Triton
X-100, 0.2% sodium fluoride, 0.1% sodium orthovanadate,
and a mixture of protease inhibitors from Roche Applied
Science). The bound proteins were separated by SDS-PAGE
for western blot using anti-FLAG antibody.

In vitro GTP/GDP loading and binding assay

A total of 10 ug of GST-Rab5 fusion protein were preloaded
with 5 mM GTPyS or GDP in binding buffer (20 mM Tris-
HCI, pH 7.5, 25 mM NaCl, 10mM EDTA, and 0.1 mM
DTT) at 30 °C for 20 min. The reaction was stopped with
MgCl, to a final concentration of 10 mM. The beads were
incubated with cell lysates at 4 °C in lysis buffer (150 mM
NaCl, 50 mM HEPES pH 7.4, 1.5 mM MgCl,, 10% gly-
cerol, SmM EGTA, 1% Triton X-100, 5mM sodium
orthovanadate, and a mixture of protease inhibitors). Sam-
ples were analyzed by western blotting.

Preparation of antibody targeted to phosphorylated
TBC1D17-Ser168

Phosphorylated TBC1D17-Ser168 antibody production was
commercially customized by the Youke Bio Ltd. Company
(Shanghai, China). Briefly, the phosphorylated peptide C-
ALLRVL(PS)RYLL-NH2 and unphosphorylated peptide
C-ALLRVLSRYLL-NH2 were synthesized and used to
immunize rabbits. The phosphorylated peptide and unpho-
sphorylated peptide were coupled to the affinity column and
purified wusing the antibody against phosphorylated
TBC1D17-Ser168 from the serum of immunized rabbits.

Glucose uptake assay

After 3 h of serum starvation, C2C12 myotubes cultured in
96-well plates were washed twice with Krebs-Ringer-Pho-
sphate-HEPES (KRPH) buffer (20mM HEPES, 5mM
KH,PO,4, 1 mM MgSO,4, 1 mM CaCl,, 136 mM NaCl and
4.7mM KCI, pH 7.4) and starved for glucose by incubation
with KRPH buffer for 40 min. The myotubes were then
stimulated with 100 nM insulin for 20 min and incubated
with 10 pl of 10 mM 2-deoxyglucose at 37 °C for 60 min.
To analyze glucose uptake, a Screen Quest™ Colorimetric
Glucose Uptake Assay Kit (36503, AAT Bioquest) was
used according to the manufacturer’s instructions. At the
end of the reaction, the absorbance of the samples and
standards were measured by reading the OD ratio at
wavelengths of 570-610 nm on a Spectrophotometric multi-
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well plate reader (SynergyMx M5, Molecular Devices).
Total cellular protein was determined by the Bradford
method (Bio-Rad, 500-0205).

Plasma membrane isolation

Subcellular fractionation was carried out as previously
described [47] with some modifications. C2C12 myotubes
grown in 10-cm-dishes were lysed using 12 passes through
a 22-gauge needle followed by 20 passes through a 27-
gauge needle in 1 ml homogenization buffer containing 250
mM sucrose, 10 mM EDTA, and 20 mM HEPES (pH 7.4)
supplemented with protease inhibitor cocktail and phos-
phatase inhibitors on ice. Homogenates were centrifuged
(500g, 10min, 4°C) to remove unbroken cells, and
supernatants were centrifuged at 10,080 g for 12 min at 4 °C
to obtain crude plasma membrane (PM) together with
nucleus and mitochondria, and intracellular fraction (Post-
PM) containing cytoplasm. The PM fraction was solubilized
in detergent containing (1% v/v Triton) lysis buffer.

Cell-surface HA-Glut4-mCherry detection

Surface HA-GLUT4-mCherry was detected by immuno-
fluorescence in C2C12 myoblasts plated on glass coverslips
as previously described [43]. Briefly, myoblasts were serum
starved for 4h including preincubation with or without
AICAR (2mM, 2h), and then either treated or untreated
with 100 nM insulin for 15 min. Cells were then rinsed with
PBS, fixed with 3% paraformaldehyde (PFA), quenched
with 0.1 M glycine, and blocked with 5% nonfat milk (w/v)
in PBS for 10min. Surface HA-GLUT4-mCherry was
detected by anti-HA (1:100) for 4 h. After five washes with
PBS, cells were incubated with Alexa 633—conjugated anti-
rabbit secondary antibody (1:500) in the dark for 2 h, rinsed
with PBS for 3 times, and mounted on slides. Fluorescence
images were acquired with a LSM 880 laser-scanning
confocal microscope (Carl Zeiss, Germany). Cells were
scanned along the z-axis, and single collapsed images
(collapsed xy projection) were assembled from optical
stacks taken at 0.5 pm intervals. The pixel intensity in each
cell (225 cells/condition) was quantified using Imagel]
software (National Institutes of Health, Bethesda, MD).

Immunofluorescence and direct fluorescence studies

As previously described [77], cells were seeded on cover-
slips in a 24-well plate and transfected with various
expression constructs for 24-36h and then stained for
immunofluorescence detection using confocal fluorescence
microscopy or directly visualized for cells expressing GFP
or mCherry-tagged proteins. The images were collected
using a x63 oil immersion objective with appropriate laser
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excitation on a Zeiss LSM 880 confocal microscope. The
detector gain was first optimized by sampling various
regions of the coverslip and then fixed for each specified
channel. Once set, the detector gain value was kept constant
throughout the image acquisition process. Images were
analyzed using the ZEN2 Software.

Transferrin recycling

As previously described [78], cells were serum starved in
DMEM with 0.5% BSA for 2h at 37 °C, incubated with 25
pg/ml  488-CF-Dye-conjugated  transferrin  (Biotium,
#00081) for 1 h at 37 °C in serum-free media, and chased in
full media for up to 40 min.

Image quantification

The intensity of the GFP-Rab5, GFP-Glutl, or GFP-Glut4
fluorescence signal in the cell periphery were analyzed in
the raw images of the Zeiss LSM 880 confocal microscope
using ImageJ software. The periphery cytoplasmic area
signal (avoiding the perinuclear area) of GFP-Rab5, GFP-
Glutl, or GFP-Glut4 in myoblasts was selected and quan-
tified relative to the total GFP signal as previously described
[38]. Cell sizes were measured by Imagel] of more than 30
randomly selected cells from each experimental group. Cell
shape change was determined by measuring the length/
width ratio of randomly selected cells from each experi-
mental group. The degree of colocalization was determined
with Pearson’s coefficient (GFP-Glut4 to Rab5 or Glutl to
Rab5). Values were analyzed by GraphPad Prism software
and are presented as mean + SE.

Mice and animal care

10-12 weeks old male mice without stress or discomfort
(such as stereotypic behaviors and hair loss) were employed
to minimize physiological variability. In every experiment,
eight mice were allocated randomly into two groups (four
mice per group) and were sufficient to obtain statistical
differences. Animal experiments were blinded using num-
ber codes till the final data analyses were performed. All
mice used in this study had a C57BL/6J genetic background
and were housed in a pathogen-free facility in the Uni-
versity Laboratory Animal Center. All animal experiment
protocols were approved by the Review Committee of
Zhejiang University School of Medicine and were in com-
pliance with ethical regulations and institutional guidelines.

Exercise experiments

Exercise experiments were performed on an Exer3/6 mouse
treadmill (Columbus Instruments). As previously published
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[79], mice (10-12 weeks) underwent a 3-day period of
treadmill running acclimatization that consisted of running
for 15 min at a 0% incline and a speed of 13 m/min each
day. On the day of acute exercise, mice allocated to perform
treadmill running were subject to 5% incline and 10 min at
13 m/min, 10 min at 16 m/min, 50 min at 19 m/min, and
then 20 min at 21 m/min. Mice were sacrificed following
treadmill running and muscle tissues were harvested
immediately after exercise.

Bioinformatics

To search for putative AMPK phosphorylation site, the
peptide sequence of TBC1D17 was analyzed using GPS 3.0
(http://gps.biocuckoo.org/online.php). Multiple sequence
alignment was performed using the Clustal Omega
(http://www .clustal.org/omega/).

Statistical analysis

Statistical analyses were performed with GraphPad Prism 6
(GraphPad Software, Inc.). Values were presented as mean
+ SE of three to six independent experiments as shown in
each legend. Statistical significance was determined as
indicated in the figure legends. *p <0.05, **p <0.01, ***p
<0.001, ****p<(0.0001. The data distribution was first
checked wusing a  Shapiro-Wilk normality test,
Kolmogorov—Smirnov test and D’Agostino & Pearson
omnibus normality test. For comparison between two
groups, if the data fitted a normal distribution, a two-tailed
unpaired Student’s t-test was used when variances were
similar by F test (p >0.05). Whereas a two-tailed unpaired
Student’s t-test with Welch’s correction was used when
variances were different by F test (p <0.05). If the data did
not fit a normal distribution, a Mann—Whitney U-test was
used. If the variation among three or more groups was
minimal, ANOVA followed by Dunnett’s post-test or
Tukey’s post hoc test was applied for comparison of mul-
tiple groups.
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