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Abstract
Insulin stimulates glucose transport in adipocytes by triggering translocation of GLUT4 glucose
transporters to the plasma membrane (PM) and several Rabs including Rab10 have been
implicated in this process. To delineate the molecular regulation of this pathway, we conducted a
TBC/RabGAP overexpression screen in adipocytes. This identified TBC1D13 as a potent inhibitor
of insulin-stimulated GLUT4 translocation without affecting other trafficking pathways. To
determine the potential Rab substrate for TBC1D13 we conducted a yeast two-hybrid screen and
found that the GTP bound forms of Rabs 1 and 10 specifically interacted with TBC1D13 but not
with eight other TBC proteins. Surprisingly, a comprehensive in vitro> screen for TBC1D13 GAP
activity revealed Rab35 but not Rab10 as a specific substrate. TBC1D13 also displayed in vivo
GAP activity towards Rab35. Overexpression of constitutively active Rab35 but not constitutively
active Rab10 reversed the block in insulin-stimulated GLUT4 translocation observed with
TBC1D13 overexpression. These studies implicate an important role for Rab35 in insulin-
stimulated GLUT4 translocation in adipocytes.

INTRODUCTION
Rab GTPases form the largest branch of the Ras super family of small monomeric GTP-
binding proteins with at least 60 members predicted in the human genome (1). These
proteins play a major role in regulating vesicle trafficking and maintaining organelle
structure and identity (2–4). Rabs are localized to specific sub-cellular membranes where
they recruit Rab effector proteins in a nucleotide-dependent manner. Rab effectors mediate
functions that include, but are not limited to; vesicle tethering, attachment to the
cytoskeleton, and maintenance of organelle structure (2, 3, 5). Rab GTPase activating
proteins (RabGAPs) and Rab guanine nucleotide exchange factors (RabGEFs) control the
nucleotide binding state of Rabs. The RabGAP family contains 52 members, as defined by
the presence of the Tre2/Bub2p/Cdc16 (TBC) or RabGAP domain (6), which mirrors the
large number of Rabs encoded in the mammalian genome. Hence, one model is that each
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RabGAP controls a specific Rab. To test this model it is important to begin to define the Rab
specificity of different RabGAPs as well as the vesicle transport steps they regulate.

The insulin regulation of GLUT4 trafficking in muscle and fat cells is a particularly
interesting vesicle transport process as it plays a key role in regulating whole body
metabolism and defects in this process contribute to insulin resistance and possibly type 2
diabetes (7, 8). In the basal state, GLUT4 is excluded from the plasma membrane by active
sequestration in a vesicular compartment referred to as GLUT4 storage vesicles or GSVs.
GLUT4 is also found in tubulo-vesicular structures in the trans-Golgi network (TGN) and
endosomes (9) and it traffics between endosomes and the TGN possibly en route to GSVs
(10). Insulin-stimulation leads to the rapid redistribution of GLUT4 from these
compartments to the PM where it facilitates the uptake of glucose into the cell.

A proteomic survey of GLUT4 vesicles immuno-purified from adipocytes identified a
number of Rabs including Rab8, Rab10, Rab11, and Rab14 (11–13). It is not surprising that
multiple Rabs have been implicated in GLUT4 trafficking in view of the large number of
compartments that GLUT4 traffics through. This could call for the activity of multiple Rabs
as well as multiple RabGAPs and GEFs in order to regulate the sequential movement of
GLUT4 through its itinerant compartments. Consistent with this, Rab cascades whereby the
activity of individual Rabs that act in series are coupled via the coordinated regulation of
GAPs and GEFs (14–16). Thus far, the RabGAP TBC1D4/AS160 and the Rab GEF
Dennd4C have been implicated in GLUT4 trafficking in adipocytes and these are thought to
control the activity of Rab10 (11, 17–20). However, in view of the complexity of GLUT4
trafficking it is likely that additional GAPs and GEFs play a role (11, 18, 19, 21–23).

In the present study we sought to identify additional RabGAPs that regulate GLUT4
trafficking and link them to their cognate Rabs. To this end we initiated a qualitative screen
to identify RabGAPs that regulate insulin-stimulated GLUT4 translocation. This initial
screen identified the RabGAP TBC1D13 as a potent suppressor of GLUT4 translocation.
TBC1D13 interacted with Rab10 and Rab1 in a GTP-dependent manner but it did not
display GAP activity toward either of these Rabs. Rather, TBC1D13 stimulated Rab35 GTP
hydrolysis in vitro and in vivo. Overexpression of constitutively active Rab35 but not Rab10
overcame the TBC1D13-mediated block in insulin-stimulated GLUT4 translocation. These
studies reveal an important role for Rab35 and TBC1D13 in GLUT4 trafficking in
adipocytes.

RESULTS
TBC1D13 specifically inhibits insulin-stimulated GLUT4 translocation

GLUT4 translocation to the PM in adipocytes involves a complex intracellular trafficking
program whereby the transporter navigates through multiple compartments likely requiring
the activity of multiple Rab GTPases. In view of the critical role of RabGAPs in regulating
the activity of Rab GTPases we implemented a screen to identify RabGAPs that regulate
GLUT4 trafficking with the view that this might bring us closer to a molecular
understanding of this process. Several RabGAPs were electroporated into adipocytes that
were expressing HA-tagged GLUT4 via retroviral infection thus enabling analysis of PM
levels of GLUT4 (18, 24–26). TBC1D4 and TBC1D1 were used as positive and negative
controls, respectively. Consistent with other studies (18), overexpression of wild type
TBC1D4 had no effect on insulin-stimulated GLUT4 translocation, while TBC1D1 had an
inhibitory effect (26). Overexpression of TBC1D11 and TBC1D15 had no detectable effect
on insulin-stimulated GLUT4 translocation while TBC1D13 caused marked inhibition (Fig.
1). All RabGAPs were expressed to similar levels and none affected surface GLUT4 in the
basal state (data not shown). Knock down of TBC1D13 via siRNA had no significant effect
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on insulin-stimulated glucose uptake, which is a physiological measure of endogenous
GLUT4 translocation to the PM in adipocytes (Fig. S1). However, this was likely due to the
modest reduction in TBC1D13 levels observed, which could not be improved with a range
of siRNAs targeting different regions of the transcript. This could be related to the fact that
TBC1D13 is quite an abundant protein in adipocytes. Quantitative mass spectrometry of
adipocyte proteins reveals that TBC1D13 is the third most abundant RabGAP in 3T3-L1
adipocytes being expressed at two times higher levels than AS160/TBC1D4, a known
GLUT4 regulator in adipocytes (SJH and DEJ, unpublished data).

To rule out non-specific effects on vesicle transport (27–30) we examined the effects of
TBC1D13 overexpression on ER to Golgi and endocytic trafficking. Overexpression of
TBC1D13 in HeLa cells was without effect on the trafficking of the temperature sensitive
tsVSV-G protein from the ER to the Golgi (Fig. S2), consistent with previous findings (31).
Moreover, TBC1D13 overexpression had no detectable effect on endocytosis or recycling of
the transferrin receptor in adipocytes, as examined by Alexa488-labelled transferrin uptake
(Fig. S3A). To test whether the block in GLUT4 translocation with TBC1D13
overexpression was due to changes in HA-GLUT4 protein levels, HA-GLUT4 localisation
or organelle morphology, 3T3-L1 adipocytes electroporated with Flag-tagged TBC1D13
were stained with Flag antibody, HA antibody or antibodies against organelle markers.
Neither the localisation nor the protein expression level of HA-GLUT4 was affected by
TBC1D13 overexpression. (Figure S3B,C). There was also no detectable morphological
change in the Golgi and TGN in cells overexpressing TBC1D13 as determined by
localisation of GM130 and Syntaxin16 (Figure S3D,E). Next we tested whether the block in
insulin-stimulated GLUT4 translocation with TBC1D13 overexpression was due to defects
in insulin signalling. Single cell analysis of pAkt levels (32) in TBC1D13-overexpressing
and control cells. did not reveal any significant defect in insulin-dependent phosphorylation
of Akt in cells overexpressing TBC1D13 (Fig. S4A,B). These data indicate that the
TBC1D13 block is likely specific, involving one of the steps in GLUT4 trafficking to the
PM.

TBC1D13 is expressed in adipocytes
To ascertain whether TBC1D13 has an endogenous role in adipocytes we generated an
antibody to probe TBC1D13 expression. The TBC1D13 antibody immunolabelled a single
band in 3T3-L1 adipocytes of the predicted molecular weight at ~ 45 kDa (Fig. 2A) and it
specifically recognised the recombinant TBC1D13 protein (Fig. 2B). TBC1D13 was present
in 3T3-L1 fibroblasts and it was up-regulated during adipocyte differentiation (Fig. 2C).
Consistent with this, we identified by mass spectrometry that TBC1D13 is a highly abundant
protein in 3T3-L1 adipocytes and the third most abundant RabGAP (SJH and DEJ,
unpublished data). TBC1D13 was detected in several sub-cellular fractions obtained from
adipocytes including HDM, LDM and cytosol and quantitative analysis of the relative
amount in each fraction determined that 20 – 30% of TBC1D13 was associated with
membranes with the remainder localised in the cytosol (Fig. 2D). The localisation of
TBC1D13 was not significantly affected by insulin. IRAP, a constituent of GLUT4 vesicles,
underwent insulin-stimulated translocation from LDM to the PM as previously shown (33).
As GLUT4 and TBC1D13 are both present in HDM and LDM fractions we sought to
determine whether these proteins colocalise in 3T3-L1 adipocytes (Fig. 2E). TBC1D13 and
GLUT4 both localised to the perinuclear region and punctate structures within the cell
periphery with limited colocalisation.

TBC1D13-interacting proteins
To identify TBC1D13's substrate Rab GTPase(s) we employed a yeast two-hybrid (Y2H)
strategy that has been used to identify substrate Rab GTPases for Gyp6p (34), RUTBC3
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(27), TBC1D11 (28), and TBC1D20 (31). We constructed an Y2H library comprising 42
mammalian Rab GTPases representing all Rab sub-families. To increase the likelihood of a
meaningful Rab/GAP interaction we used constitutively active Rab GTPases (Rab QL
mutants) and the catalytically inactive TBC1D13 (TBC1D13 RA), as previously described
(27). In this screen, TBC1D13 showed the strongest interaction with Rab10 and a weaker
interaction with Rab1 (Figure 3A). A slight interaction was observed with Rab3a but
subsequent studies showed this to be non-specific (data not shown). To determine if Rab1
and Rab10 bind selectively to TBC1D13 these two Rabs were screened against a panel of
available RabGAPs (Figure 3B). In addition to TBC1D13, Rab1 interacted with TBC1D11/
GAPCenA/ RabGAP1, while Rab10 interacted only with TBC1D13. No detectable
interaction could be observed with TBC1D1 or TBC1D4 despite the fact that the TBC
domains of these proteins display GAP activity toward Rab10 in vitro (12, 26).

To determine whether these interactions were nucleotide-dependent we examined the
interaction of various Rab mutants with the catalytically inactive version of TBC1D13. We
observed a significant interaction between constitutively active Rab1 QL and Rab10 QL
with TBC1D13 RA (Fig. 3C). However, no interaction was observed using constitutively
inactive Rabs (Rab1 SN; Rab10 TN). Immunoblotting of yeast lysates revealed that the
Rab10 TN mutant was not expressed at the same level as other Rabs (data not shown). To
rule out that the nucleotide-dependence of this interaction was due to reduced expression we
next expressed Rab10 in HEK cells and examined the nucleotide-dependence of the
interaction of this construct with recombinant TBC1D13 (35). GST-Rab10 was purified
from HEK293 cells, loaded with GDP or GTPγS and incubated with lysate from FLAG-
TBC1D13 WT or FLAG-TBC1D13 RA overexpressing HEK293 cells. We observed a
specific interaction between both versions of TBC1D13 and GTPγS but not GDP loaded
GST-Rab10 (Fig. 4). We used GST-Rab4 as a negative control in this assay and found a
weak nucleotide-insensitive association that we interpret as non-specific binding.

The TBC domain in TBC1D13 spans residues 32–370 and taking into the account the
structure of the Gyp1 TBC domain and its domain prediction (36), the TBC1D13 TBC
domain more likely spans form residue 32–400. We tested whether TBC1D13 binds to
Rab10 via its 31 amino acid N-terminus or via the TBC domain (32–400) by using these
truncation mutants in the Y2H system. Neither Rab10 nor Rab1 bound to either of these
truncation mutants, indicating that Rab binding requires the full length TBC1D13 (Fig. 3D)

We next set out to determine if endogenous Rab10 and TBC1D13 interact in adipocytes.
Endogenous TBC1D13 was immunoprecipitated from whole cell lysate using the TBC1D13
antibody and the interacting proteins were identified by LC-MS/MS. Table S1 shows
proteins that were specifically enriched in the TBC1D13 immunoprecipitation (IP) but not
identified in the IgG control IP.. Most notably, peptides from Rab10 were identified
indicating that these proteins interact in vivo (Table S1).

We next wanted to test whether overexpression of constitutively active Rab 10, with a
critical Gln mutated to Leu that reduces its intrinsic GTPase activity and renders it resistant
towards RabGAP-mediated GTP hydrolysis (37), could change the localisation of TBC1D13
thus providing a further clue that these two proteins functionally interact. However, this was
not possible since most transfected cells displayed high cytosolic Rab10 QL staining (data
not shown).

TBC1D13 displays specific GAP activity toward Rab35
As TBC1D13 binds Rab1 and Rab10 in a nucleotide-dependent manner we next sought to
investigate whether TBC1D13 accelerates GTP hydrolysis for these Rab GTPases in vitro.
TBC1D13 was screened for GAP activity against a library of Rab GTPases where at least
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one member of each sub-family was accounted for (Figure 5A). Only one Rab GTPase was
found to be a substrate for TBC1D13 in this assay while remaining Rabs did not show any
significant activity with TBC1D13 addition. The GTP hydrolysis of Rab35 was accelerated
by TBC1D13 with a specificity constant (kcat/Km) of 400 ±20 M−1s−1 (Figure 5B).

We next tested if TBC1D13 accelerates Rab35 GTP hydrolysis in vivo. We co-transfected
GFP-Rab 35 with FLAG-TBC1D13 or empty vector into HEK293 cells and performed a
Rab effector pulldown with the recently described Rab 35 binding domain (RBD35) of
RUSC2 that specifically binds to GTP-loaded Rab35 (38). While insulin stimulation did not
affect the GTP-loading of Rab35, overexpression of TBC1D13 reduced GTP-bound Rab35
by 60% (Fig. 5C), indicating that TBC1D13 accelerates Rab35 GTP hydrolysis in vivo.

Rab35 ameliorates the TBC1D13 block in insulin-stimulated GLUT4 translocation
TBC1D13 overexpression may inhibit GLUT4 translocation in adipocytes by inhibiting the
action of its cognate Rab. We therefore overexpressed the catalytically inactive TBC1D13
RA in adipocytes. This still inhibited insulin-stimulated GLUT4 translocation but to a lesser
extent (Fig. 5B). One possibility is that the GAP inactive TBC1D13 binds and traps the Rab
substrate, thus sequestering it away and thereby affecting GLUT4 translocation to the PM.
Another possibility is that TBC1D13 RA is still partially active as is the case for TBC1D14,
which has just been reported to require mutations in two catalytic residues (Arg and Gln) to
reverse a functional effect (39). The inhibitory effect on GLUT4 translocation due to
overexpression of TBC1D13 might be reversed by co-expression of the constitutively active
Rab. To examine this possibility we next determined if overexpression of either Rab35 or
Rab10 could reverse the TBC1D13 block in GLUT4 translocation. Rab10 QL and Rab35
QL were previously shown to be functional as constitutively active Rabs (37, 40, 41).
Overexpression of the Rab10 QL had no significant effect on insulin-stimulated GLUT4
translocation when expressed alone (41) (data not shown) nor did it reverse the TBC1D13
WT block in GLUT4 translocation (Fig. 6B). Overexpression of wild type Rab35 (data not
shown) or Rab35 QL (Fig. 6B) had no detectable effect on GLUT4 translocation when
expressed alone. Strikingly, the inhibition of insulin-stimulated GLUT4 translocation in
cells overexpressing TBC1D13 WT was markedly reduced by co-expression of Rab35 QL
(Fig. 6A,B). Furthermore, Rab35 QL also reversed the inhibition of TBC1D13 RA (Fig.
6B).

Knockdown of Rab35 using siRNA in 3T3-L1 adipocytes did not result in any significant
defect in insulin-stimulated glucose uptake (Fig. S5) although this may have been due to
incomplete knock down or compensation by another related Rab. We were unable to analyse
the effect of the dominant negative forms of the Rabs, because they did not express in
adipocytes, as previously reported by others (41). These results indicate that TBC1D13 and
Rab35 function co-operatively to regulate one of the steps involved in GLUT4 trafficking to
the PM.

DISCUSSION
In this study, we have identified TBC1D13 as a Rab35 GAP and we provide a potential role
for these proteins in insulin-stimulated GLUT4 trafficking in adipocytes. TBC1D13
specifically interacts with Rab10, a Rab protein previously implicated in GLUT4 trafficking
(37, 41), without stimulating its GTP ase activity. Overexpression of TBC1D13 in
adipocytes inhibited insulin-stimulated GLUT4 translocation and this effect was partially
reversed by overexpression of constitutively active Rab35, whereas Rab10 was without
effect. TBC1D13 was localised to the cytosol, perinuclear area, and punctate structures
while Rab35 was found on the PM in adipocytes (42). This gives rise to a model where
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TBC1D13 may participate in a Rab cascade, involving Rab10 and Rab35, that regulates
GLUT4 recycling in adipocytes.

TBC1D13 is expressed in a range of tissues, its expression is induced upon adipocyte
differentiation and it is one of the most abundant RabGAPs in adipocytes. It is localised to
the cytosol, perinuclear area, as well as to punctate structures scattered throughout the cell
periphery. TBC1D13 is an unusual member of the TBC family. Whereas most TBC proteins
are multi-domain proteins, TBC1D13 is comprised almost entirely of a GAP domain. The
GAP domain of TBC1D13 is larger than that found in other TBC proteins due to the
presence of several inserts, with one notable insert located between the catalytic motifs.
Despite the presence of this insert, TBC1D13 displays significant and highly specific GAP
activity toward Rab35 without showing significant GAP activity toward a range of other
Rabs. This activity was striking since most TBC proteins do not display such restricted GAP
activity. For example, TBC1D4 has GAP activity toward Rab2, Rab8, Rab10, and Rab14
(12). It should also be noted that the RabGAPs TBC1D10A-C also accelerate Rab35 GTP
hydrolysis. However, TBC1D10A and TBC1D10B are much less abundant (3 and 18%,
respectively) than TBC1D13 in 3T3-L1 adipocytes while TBC1D10C was not detected (SJH
and DEJ, unpublished data) (30, 43). This indicates that GTP loading of Rab35 might be
differentially regulated via the cell specific expression of its different cognate GAPs. Rab
cascades have been described involving the co-ordinate regulation of two or more Rabs that
function in series (15, 16). Here GTP loading of a downstream Rab in a vesicle transport
reaction recruits a RabGAP to trigger the GTP hydrolysis and deactivation of the cognate
upstream Rab. This ensures unidirectional flux along the pathway. For example, in yeast, the
Rab Ypt32p recruits the RabGAP Gyp1p as an effector to regulate GTP loading of Ypt1p
and disruption of this interaction caused a defect in membrane organisation. According to
this model Rab10 would be downstream of Rab35 action and TBC1D13 might bind to
Rab10 to deactivate Rab35. Rab35 is localised to the PM in adipocytes and in other cells
(42, 44) and it has been reported to function in rapid recycling from early endosomes back to
the PM (30, 44), a pathway likely traversed by GLUT4. Rab10 is localised to the Golgi and
endosomes and plays a role in endosomal sorting and exocytosis (45–47). Rab10 has
previously been implicated in insulin-stimulated GLUT4 translocation to the PM (20, 37,
41). The fact that TBC1D13 binds to Rab10 GTP in a non-catalytic manner but acts as a
GAP for Rab35 poses the possibility that these two Rabs act in series and that TBC1D13
bridges this concerted action. One could envisage that in the absence of insulin TBC1D13
prevents rapid recycling to the PM possibly in a manner that is coupled to the regulation of
the GTPase activity on Rab35, while with insulin the opposite occurs. TBC1D4 displays
GAP activity toward Rab10 (12) and so this likely invokes a separate pair of Rabs
downstream of Rab35 working in the same counter-current mechanism as described for
Rab10 and Rab35 except in this instance it would involve Rab10 and its cognate
downstream partner.

It is perhaps not surprising that we were unable to detect an interaction between TBC1D13
and Rab35 using Y2H because catalytic type interactions are likely to be more transient and
less stable than effector type interactions. Although similar techniques have been used to
identify pairings between RabGAPs and substrate Rab GTPases (27, 28) in our hands this
methodology has yielded interactions that more closely resemble effector-like pairings. The
functional relationship between Rab1, Rab10, Rab35 and TBC1D13 is intriguing in light of
the sequence and structural similarities between these Rabs. Rab1a, Rab1b, and Rab35 are
members of the same sub-family (1), although Rab35 localisation and function in the cell is
different to Rab1a and Rab1b. Furthermore, the Rab1 and Rab8/10/13 sub-families are more
closely related to each other than to other Rab sub-families (1). This indicates an
evolutionary link between these molecules that could be related to their convergent
interactions with TBC1D13.
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It was somewhat disappointing that we were unable to observe any significant disruption of
GLUT4 trafficking upon reduced expression of either Rab35 or TBC1D13 using siRNA
expression in adipocytes. However, the largest knockdowns we have been able to achieve
for TBC1D13 and Rab35 were 60% and 75%, respectively and these levels may not be
sufficient to disrupt this point in the GLUT4 trafficking pathway, particularly in the case of
TBC1D13, a highly abundant protein in adipocytes. Nevertheless, the observation that the
block in insulin-stimulated GLUT4 trafficking observed with TBC1D13 overexpression
could be overcome by co-expressing constitutively active Rab35 but not Rab10 and that
other vesicular trafficking pathways were unaffected under these conditions, strongly
supports the argument that this effect is quite specific.

The identification of Rab35 and TBC1D13 as two new players in the GLUT4 trafficking
cascade provides new clues concerning this pathway. Previously a role for several other
Rabs, including Rab4, Rab8, Rab10, Rab11, Rab13 and Rab14, in GLUT4 trafficking has
been shown (11, 41, 48–50). These studies provide a picture of the complex trafficking
itinerary undertaken by this molecule. Rab8 and Rab10 regulate endosomal sorting and
exocytosis (45, 46) and it is known that GLUT4 follows this route. Rab11 and Rab4 regulate
early to recycling endosome traffic (51–53) while Rab35 is predicted to control a separate
trafficking pathway from early endosomes (44). A number of questions need to be answered
to address these hypotheses. What is the location of the TBC1D13/Rab35 regulated site? Is
the association between TBC1D13 and Rab35 regulated by insulin stimulation and what are
the mechanisms that achieve this? What is the exact nature of the Rab35 step and what
effectors does it recruit to achieve this? Understanding these functions of Rab35 and
TBC1D13 will be critical in elaborating their role in insulin-stimulated GLUT4 translocation
and how this and other regulatory nodes intersect to control glucose uptake into adipocytes.

MATERIALS AND METHODS
Reagents, Antibodies and Constructs

TBC1D13 was amplified by PCR from a 3T3-L1 adipocyte cDNA library provided by Dr.
Alan Saltiel (54) and cloned into pGEMT-Easy (Promega). This construct was sequenced
and identity confirmed as NM_146252. For RabGAPs TBC1D1, TBC1D11, and TBC1D15,
cDNA was obtained from OpenBiosytems corresponding to NM_015173, NM_012197,
NM_022771.4, respectively and cloned into pGEMT-Easy (Promega) by standard
methodology. For all FLAG tagged constructs the corresponding cDNA was sub-cloned into
the p3xFLAG-CMV10 vector (Sigma) to form an in frame C-terminal fusion. The eGFP-
tsVSV-G construct was a gift from Dr. Jennifer Lippincott-Schwartz and the GST-RBD35
construct was kindly provided by Dr. Mitsunori Fukuda. Rab10 and Rab35 were cloned into
TagRFP (Evrogen) and pDEST53 (Invitrogen) plasmids. Antibodies were purchased from
Sigma (Mouse monoclonal anti-FLAG M2, Rabbit polyclonal anti-FLAG), Covance
Research Products (HA antibody 16B12), BD Biosciences (GM130), Proteintech Group, Inc
(Rab35), Roche Applied Science (mouse anti-GFP), Santa Cruz Biotechnology (rabbit
anti-14-3-3) and Cell Signaling Technology (mouse anti-GST). Antibodies were kindly
provided by Dr. Wanjin Hong (Syntaxin16, IMCB, Singapore) (55). The antibodies against
GLUT4 and IRAP have previously been described (33, 56). TBC1D13 polyclonal rabbit
antibody was raised against GST tagged full length TBC1D13 and affinity purified over a
GST-TBC1D13 column. Rab35 and TBC1D13 siRNA were supplied as SMARTpools
(Dharmacon) with four siRNA against each target. The Amaxa electroporation kit was
purchased from Lonza AG. Matrigel was purchased from Becton Dickinson. Bicinchoninic
acid (BCA) reagent and Supersignal West Pico chemiluminescent substrate were from
Pierce. General chemicals were purchased from Sigma.
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TBC1D13 immunoprecipitation
Serum starved 3T3-L1 adipocytes for 2 h prior to harvesting. For the whole cell lysate
fractions the cells were washed twice with ice-cold PBS and scraped down in NP40 lysis
buffer (1% NP40, 20 mM Tris-HCl pH 7.4, 137 mM NaCl, 10% v/v Glycerol, pH 7.4)
supplemented with Complete protease inhibitors (Roche Applied Sciences) and phosphatase
inhibitors (2 mM sodium orthovanadate, 1 mM pyrophosphate, 10 mM sodium fluoride).
Samples were passed through a 25G needle ten times and solubilised on ice for 20 min.
Lysates were cleared by centrifugation at 18,000 × g for 20 min at 4°C. The cleared
supernatant was incubated with protein G sepharose beads (GE Healthcare Biosciences) and
either TBC1D13 antibody or a rabbit IgG antibody as the negative control.
Immunoprecipitations were incubated at 4°C for 2 h with rotation. After incubation, the
beads were washed three times in NP40 Lysis buffer and two times in ice-cold PBS. The
PBS was completely removed from the beads, which were then boiled in Laemmli sample
buffer at 95°C for 5 min. The supernatant was collected and resolved by SDS-PAGE.

Mass Spectrometry analysis
Samples were resolved by SDS-PAGE and proteins were visualised with Sypro-Ruby
staining (Molecular Probes) as per manufacturer's instructions. Proteins were visualised
under ultra-violet light and excised from the gel. Gel slices were diced and washed with
50% acetonitrile in 250 mM NH4HCO3 at room temperature for 30 min, then incubated in
100% acetonitrile at room temperature for 10 min. The gel slice was incubated with TPCK
treated Trypsin (Promega) at 12.5 ng/μl in 100 mM NH4HCO3 overnight at 37°C. 5%
Formic acid was added to the gel and incubated for at least 1 hr at 37°C. An equal volume of
100% Acetonitrile was added to the slice and incubated at 37°C for at least 1 h after which
an additional two times volume of 100% acetonitrile was added and incubated at room
temperature for 10 min. The solution was retained and evaporated until dry using a
SpeediVac. The sample was re-solubilised in 20 μl of 5% Formic acid. Samples were
desalted and subjected to LC-MS/MS. MS/MS data analysis was performed using
MaxQuant software (57) as previously described (42).

Yeast two-hybrid analysis
The Rab library was constructed as previously described (58). Briefly, the cDNA encoding
the constitutively active version of each Rab GTPase was cloned by standard methodology
into the pGBKT7 vector (Clontech) to form an in frame fusion with the DNA binding
domain of the GAL4 protein. Wildtype and catalytically inactive mutants of each RabGAP
and truncation mutants of TBC1D13 were sub-cloned into the pGADT7 vector (Clontech) to
form an in frame fusion with the activation domain of the GAL4 protein. Inactive mutants
were generated by site directed mutagenesis where the catalytic Arginine finger in each
RabGAP was replaced with an Alanine residue. Plasmids for the Rab and RabGAP were co-
transformed into chemically competent S.cerivisiae strain AH109 (Clontech) and selected
for co-transformation by growth on –Leu/Trp plates. Co-transformants were selected for
interaction by plating serial dilutions on –Leu/Trp/His plates.

Rab10 pulldown
Wildtype Rab10 was cloned into pDEST27 (Invitrogen) by Gateway cloning to form a C-
terminal fusion with a Glutathione S-Transferase (GST) tag. The construct was transfected
into HEK293 cells by lipofection (Invitrogen) and recombinant Rab10 was isolated using
Glutathione Sepharose 4B (GE Healthcare Biosciences). Briefly, transfected HEK293 cells
were incubated for 60 min in DMEM media with the addition of wortmannin 15 min before
harvesting. Treated cells were washed twice with cold PBS and lysed in Rab NP40 Buffer
(1% NP40, 10% Glycerol, 25 mM Tris pH 7.5, 137 mM NaCl, 5 mM MgCl2, 0.1 mM GDP,
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EDTA-free Complete protease inhibitors (Roche Applied Science), phosphatase inhibitors
(as above). The lysate was incubated on ice for 20 min then centrifuged at 18,000 × g for 20
min at 4°C. Cleared lysate was incubated for 1–2 h with glutathione sepharose on a rotating
wheel at 4°C. The beads were washed 3 times with Rab NP40 Buffer, followed by 2 times
with PBS supplemented with 5 mM MgCl2, 0.1 mM GDP (Sigma) and inhibitors.

The immobilised GST-Rab10 was loaded with either GDP or GTPγS (Sigma) before
incubation with HEK293 lysate (35). The Rab beads were washed once with Nucleotide
Exchange (NE) Buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 10 mM EDTA, 5 mM
MgCl2, 1 mM DTT) plus 10 μM GDP or 10 μM GTPγS, and then incubated for 20 min at
25°C in NE Buffer plus 1 mM GDP or 1 mM GTPγS. This wash and incubation step was
repeated twice. Rab beads were then washed once with Nucleotide Stabilisation (NS) buffer
(20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT) plus 10 μM GDP or 10
μM GTPγS and incubated 20 min at 25°C in NS buffer plus 1 mM GDP or 1 mM GTPγS.

HEK293 cells transfected with FLAG-tagged RabGAP were serum depleted for 2 h
followed by incubation with wortmannin (100 nM) for 30 min and then lysed in NP40
Buffer (1% NP40, 10% Glycerol, 25 mM Tris pH 7.5, 137 mM NaCl, Complete protease
inhibitors (Roche Applied Science) and phosphatase inhibitors). The lysate was incubated
on ice for 1 h and centrifuged at 18,000 × g for 20 min at 4°C. Cleared lysate was
supplemented with 5 mM MgCl2, and either 0.1 mM GDP or 0.1 mM GTPγS. The loaded
Rab beads were then incubated with the respective lysates for 1–2 h at 4°C under rotation.
The Rab beads were washed twice with NS buffer, then twice with NS buffer supplemented
to 250 mM NaCl and then washed once with Wash Buffer (20 mM HEPES pH 7.5, 250 mM
NaCl, 1 mM DTT). Proteins bound to the GST-Rab were then eluted by complexing Mg2+

in Elution Buffer (20 mM HEPES pH 7.5, 1.5 M NaCl, 20 mM EDTA, 1 mM DTT) plus 5
mM GDP or 1 mM GTPγS for 20 min at 25°C.

in vitro GAP assay
TBC1D13 was amplified using Vent polymerase and sub-cloned into a modified pET-15b
vector, which incorporates a 6× His tag (MGHHHHHHGS). BL21(DE3)-RIPL cells
transformed with the expression plasmid were cultured in 2×YT media and induced with 50
μM IPTG at an OD600 of 0.4 for 16 hrs at 22°C. Cells resuspended in 50 mM Tris, pH 8.0,
100 mM NaCl, 0.1% 2-mercaptoethanol, 1 mM PMSF, 0.2 mg/mL Lysozyme (Sigma), 0.01
mg/mL protease-free DNase I (Worthington) were lysed by sonication. The lysate was
supplemented with 0.5% Triton X-100, centrifuged at 27000×g for 1 hr, and the clarified
supernatant loaded onto a HisTrap HP column (GE Health). The column was washed with
50 mM Tris, pH 8.0, 500 mM NaCl, 0.1% 2-mercaptoethanol and eluted with a 20–300 mM
Imidazole gradient. Further purification by anion exchange and gel filtration
chromatography on HiTrap Q and Superdex-75 columns (GE Health Care) yielded a highly
soluble protein with an estimated purity > 99% as judged by SDS-PAGE stained with
Coomassie Blue. GST-Rab GTPases were expressed and purified as described (36).

The GAP activity of 6×His-TBC1D13 for 34 GST-Rab GTPases was profiled in 96 well
half-area microplates (Corning Life Sciences) by monitoring the release of phosphate
accompanying GTP hydrolysis. Released phosphate was detected as an increase in the
fluorescence of a phosphate sensor consisting of the E. coli phosphate binding protein (PBP)
labelled with N-[2-(1-maleimidyl) ethyl]-7-(diethylamino) coumarin-3-carboxamide
(MDCC) labelled on a single cysteine residue near the phosphate binding site as described
(59). GST-Rab GTPases were incubated for 1 hr at 25°C with a 25-fold molar excess of
GTP in 20 mM Tris, pH 8.0, 150 mM NaCl, and 5 mM EDTA. Excess GTP was removed
using a 10 ml D-Salt column (Pierce, Thermo Fisher Scientific) equilibrated with 20 mM
Tris, pH 8.0, 150 mM NaCl. GAP-catalysed and intrinsic GTP hydrolysis reactions were

Davey et al. Page 9

Traffic. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



initiated by mixing 50 μL of 4 μM GTP-loaded GST-Rab GTPases in 20 mM Tris, pH 8.0,
150 mM NaCl with an equivalent volume of 0–8 μM 6×His-TBC1D13 in 20 mM Tris, pH
8.0, 150 mM NaCl, 10 mM MgCl2, and 5 μM MDCC-PBP. The single turnover kinetics of
intrinsic and 6×His-TBC1D13-accelerated GTP hydrolysis at 30°C were continuously
monitored at excitation and emission wavelengths of 425 and 457 nm, respectively, using a
Safire (Tecan) microplate spectrometer. For the initial profile of GAP activity, catalytic
efficiencies (kcat/Km) were estimated by linear regression of the initial velocities as a
function of five concentrations (0, 0.03125, 0.125, 0.5, 2, and 8 μM) of 6×His-TBC1D13.
For more detailed kinetic characterization of the GAP activity for GST-Rab35, kinetic time
courses were globally analysed by fitting with a pseudo-first order Michaelis–Menten model
function I(t) = (I∞ − I0)(1 − exp(−kobst)) + I0, where the observed rate constant kobs = kintr +
kcat [GAP] / (Km + [GAP]), the kinetic constants kcat, Km, and kintr were treated as global
parameters, and the initial (I0) and final (I∞) emission intensities were treated as local
parameters.

In vivo GAP assay using Rab effector pull-down
GST-RBD35 transformed BL21 cells were grown in LB media, induced with 0.5 mM IPTG
at OD600 of 0.6 for 3 h. The culture was centrifuged at 5,000 × g for 10 min, lysed in PBS
containing 1 mg/ml lysozyme and protease inhibitors (see above), incubated on ice for 30
min, followed by addition of 5 μg/ml DNase and 0.14% Triton X-100, incubation with
rocking for 10 min at 4°C and centrifugation at 5,000 × g for 30 min. The supernatant was
added to 200 μl glutathione sepharose beads and incubated over night, rotating at 4°C. The
beads were washed with PBS, incubated with glutathione elution buffer (50 mM Tris pH
8.0, 10 mM reduced glutathione, 2 mM DTT) for 1 h at RT and the eluate was buffer
exchanged into 50 mM Tris pH 8.0, 100 mM NaCl, 5 mM MgCl2 using 10 kD Amicon
filters (Millipore). The protein concentration was determined using BCA assay.

The effector pull-down was performed as described in (37). HEK293 cells grown on 10-cm
dishes were transiently transfected with GFP-tagged Rab35 (pDEST53) and FLAG-
TBC1D13 WT or empty plasmid (3×FLAG-CMV10) at a 1:2 ratio to ensure cells expressing
Rab35 also express TBC1D13 or empty plasmid. After 2 days cells were serum-starved in
DMEM containing 0.2% BSA for 2 h and then stimulated or not with 100 nM insulin for 2
min. Cells were washed twice with ice-cold PBS on ice and lysed in 1 ml of lysis buffer (50
mM Tris pH 8.0, 100 mM NaCl, 5 mM MgCl2, 3% NP40) containing 100 μg/ml GST-
RBD35 and protease and phosphatase inhibitors (as above). The lysate was passed 10 times
through a 22G needle and then centrifuged at 16,000 × g for 10 min at 4°C. The supernatant
was added to 40 μl of glutathione sepharose beads (GE Healthcare Biosciences) and
incubated at 4°C for 1 h. The beads were washed 3 times with 1 ml of wash buffer (50 mM
Tris pH 8.0, 100 mM NaCl, 5 mM MgCl2, 0.5% NP40) and then boiled in Laemmli sample
buffer at 95°C for 5 min.

Cell Culture and Transfections
3T3-L1 fibroblasts were cultured and differentiated into adipocytes as described (21).
HEK293 cells were cultured as per manufacturer's protocol. For transient transfection a total
of 10 μg of DNA was used per 10 cm dish with 30 μl of Lipofectamine 2000 (Invitrogen)
following standard protocols. 3T3-L1 fibroblasts were infected with a pBabepuro-HA-
GLUT4 retrovirus as previously described (10). After 24 h, infected cells were selected with
2 μg/ml puromycin in DMEM/10% FCS (Invitrogen). Cells were grown and differentiated
into adipocytes (10). Adipocytes at day 6–7 post differentiation were electroporated with
indicated constructs as previously described (11) and used 48–72 h after electroporation.
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Electroporation of siRNA was performed according to the manufacturer's protocol (60).
Briefly, 2×106 3T3-L1 adipocytes were electroporated at day 6 post-differentiation with 2
μM siRNA. The adipocytes were re-seeded into matrigel-coated wells of 24-well plates and
allowed to recover for 72 h before use.

Glucose Transport Assay
3T3-L1 adipocytes electroporated with the control siRNA or TBC1D13 siRNA pool were
basalled for 2 h at 37°C in KRP buffer (12.5 mM Hepes [pH 7.4], 120 mM NaCl, 0.6 mM
Na2HPO4, 6 mM KCl, 0.4 mM NaH2PO4, 1.2 mM MgSO4, 1mM CaCl2) with 0.2% BSA.
Insulin stimulation was performed with 100 nM insulin for 20 min prior to glucose uptake.
Glucose uptake was initiated by adding 0.25 μCi of 2-(1,2-3H[N])-deoxy-D-glucose (Perkin
Elmer) in a final concentration of 50 μM 2-deoxy-D-glucose for 5 min at 37°C. Uptake was
halted by three washes with ice-cold PBS. The adipocytes were solubilised in 0.4 ml of PBS
with 1% Triton X-100 and glucose uptake was determined by scintillation counting.

Sub-cellular Fractionation of Adipocytes
Sub-cellular membrane fractions from 3T3-L1 adipocytes were prepared using a previously
described differential centrifugation procedure (25, 61). Briefly, cells were homogenised in
HES buffer (20 mM HEPES, 10 mM EDTA, 250 mM sucrose pH 7.4) containing protease
and phosphatase inhibitors at 4°C. The lysates were centrifuged at 500 × g for 10 min to
remove unbroken cells. The plasma membrane fraction was obtained after a 20 min
centrifugation at 17,200 × g followed by centrifugation through sucrose (~2% of total
protein). High-density microsomes (HDM) were obtained by centrifuging the 17,200 × g
supernatant at 38,700 × g for 20 min (~15% of total protein) and low-density microsomes
(LDM) were obtained by spinning the 38,700 × g supernatant at 150,000 × g, 75 min (~21%
of total protein) with the supernatant collected as the cytosol fraction (~62% of total
protein).

Trafficking assays and Immunofluorescence Microscopy
HA-GLUT4 translocation was performed as previously described (21). Briefly, 3T3-L1
adipocytes were cultured and electroporated and seeded on glass coverslips. Prior to
incubation in the absence or presence of 100 nM insulin for 20 min, cells were serum
starved for 2 h at 37°C. After washing in cold PBS, cells were fixed with 3%
paraformaldehyde (ProSciTech) and quenched with 50 mM glycine in PBS and 2% bovine
serum albumin. Cells were blocked in the same solution and either labelled for surface HA-
GLUT4 and then permeabilised and labelled with the indicated antibodies. For each
experiment 15–20 transfected cells were imaged for both qualitative HA-Rim count (Fig. 1)
as well as surface HA fluorescence quantification (Fig. 6). The qualitative count was a
simple score of the number of cells that exhibited surface HA staining (HA-Rim). For
quantification of HA surface staining, images were collected with the same confocal settings
and the HA-signal intensity was analysed using the Leica TCP SP confocal software (Leica
Microsystems) as described (22). HA-GLUT4 expression levels (Fig. S3) and Akt
phosphorylation (Fig. S4) were quantified in a similar manner. tsVSV-G trafficking was
performed as previously described (62). HeLa cells were transfected with FLAG-TBC1D13
and/or GFP-tagged tsVSG-G by lipofection. Cells were reseeded on coverslips 48 h later
and after 8 h were moved to incubation at 40°C. The cells were incubated at 40°C for 12
hand were either prepared for immunofluorescence detection or incubated at 32°C for 30
min before preparation for immunofluorescence. Transferrin recycling was performed as
previously described (10). Briefly; 3T3-L1 adipocytes retrovirally expressing the Transferrin
receptor (TfR) were electroporated with FLAG-TBC1D13 as described above. Cells were
incubated for 2 h in serum free media and then in the presence of 50 μg/ml Tf-Alexa-488
(Invitrogen) for 2 h at 37°C. Primary antibodies were detected with anti-rabbit Cy2, Cy3; or
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anti-mouse Cy2, Cy3, Cy5; (Invitrogen) accordingly. Optical sections were obtained through
separate scans for Cy2, Cy3 and Cy5 using the Leica TCP SP confocal laser-scanning
microscope (Leica Microsystems).

Statistical Analysis
Data are expressed as means ± one standard deviation (SD). The p-values were calculated by
a One-Way ANOVA with Bonferroni's Multiple Comparison post-test. Calculations were
performed using GraphPad Prism (GraphPad Software).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TBC1D13 overexpression inhibits insulin-stimulated HA-GLUT4 translocation to the PM.
HA-GLUT4 expressing adipocytes were electroporated with TagRFP as a control or FLAG-
tagged TBC1D1, TBC1D4, TBC1D11, TBC1D13 or TBC1D15 as indicated. 3T3-L1
adipocytes were serum-starved in DMEM for 2 h and then incubated with or without 100nM
insulin for 20 min. GLUT4 translocation to the PM was determined by surface HA staining.
A) Representative images for adipocytes overexpressing TagRFP and TBC1D13 are shown.
Arrowheads indicate transfected cells. Scale bar 10μm. B) Quantification of the number of
3T3-L1 adipocytes with surface HA-staining for TagRFP (n=3), TBC1D1 (n=3), TBC1D4
(n=3), TBC1D11 (n=2), TBC1D13 (n=5), and TBC1D15 (n=2). Statistical significance was
determined by One-way ANOVA (*** = P < 0.001) and error bars represent one standard
deviation (SD).
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Figure 2.
Characterisation of TBC1D13. A) TBC1D13 antibody recognises TBC1D13 in a 3T3-L1
adipocyte whole cell lysate. B) Purified FLAG-tagged TBC1D4 GAP domain, TBC1D13
and TBC1D15 were immunoblotted with FLAG and TBC1D13 antibody. C) TBC1D13 and
Tubulin expression during a 3T3-L1 adipocyte differentiation time course. Tubulin is
presented as a control. D) 3T3-L1 adipocytes were serum starved for 2 h and then incubated
in the absence or presence of 100 nM insulin for 20 min. Cells were homogenised and
cytosol, PM, HDM and LDM fractions were obtained by differential cell fractionation. 10
μg protein of each fraction was analysed by SDS-PAGE. Representative Western blots
stained for TBC1D13 and IRAP are shown. E) TBC1D13 and GLUT4 localisation in 3T3-
L1 adipocytes was determined by staining cells that were serum-starved for 2 h with
TBC1D13 and GLUT4 antibody. Scale bar 10 μm.
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Figure 3.
TBC1D13 interacts with Rab10. A) Catalytically inactive TBC1D13 was co-transformed
with 46 constitutively active Rab GTPases into yeast strain AH109 and double
transformants were serially diluted on –His/Leu/Trp selection plates. B) Constitutively
active Rab1 or Rab10 were co-transformed with the indicated catalytically inactive
RabGAPs. C) Catalytically inactive TBC1D13 was co-transformed with constitutively
inactive (SN) or active (QL) Rab1, and constitutively inactive (TN), active (QL) or wildtype
(WT) Rab10. D) Constitutively active Rab1 or Rab10 were co-transformed with the
indicated full length and truncated catalytically inactive TBC1D13. Representative images
of three independent experiments are shown.
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Figure 4.
TBC1D13 binds to Rab10 in a GTP-dependent manner. The ability of Rab4 and Rab10
binding to TBC1D13 was determined using GST bead binding assay. GST-Rabs loaded with
GDP or GTPγS were incubated with HEK293 lysate expressing either FLAG-TBC1D13WT
or FLAG-TBC1D13RA. Rab interacting proteins were eluted by complexing free Mg2+.
Starting material and eluates were immunoblotted with FLAG antibody. Representative
image of three independent experiments is shown.
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Figure 5.
TBC1D13 stimulates GTP hydrolysis on Rab35. A) Profile of the GAP activity of 6×His-
TBC1D13 for 34 GST-Rab GTPases. Catalytic efficiency (kcat/Km) was determined from
initial velocities as described in the methods. B) Kinetics of GST-Rab35 GTP hydrolysis in
the presence and absence of 6×His-TBC1D13. Solid lines represent the model from a global
fit with a Michaelis-Menten function as described in the methods. The mean and deviation
for kinetic constants estimated from two independent experiments are as follows: kcat =
0.0024 ± 0.0004 s−1, Km = 6.3 ± 1.0 μM, kintr = 8 × 10−5 ± 6 × 10−5 s−1. The mean catalytic
efficiency and deviation calculated from the ratio of kcat and Km is kcat/Km = 400 ± 20 M−1

s−1. Raw data were corrected by dividing by the emission intensity for the phosphate sensor
alone (Iref). C) Rab effector pull-down from HEK293 cells co-expressing GFP-Rab35 and
FLAG-TBC1D13 or empty vector control. Cells were serum-starved for 2 h and stimulated
or not with 100 nM insulin for 2 min. GST-RBD35 pull-down and input were
immunoblotted with antibodies against FLAG, GFP and GST as indicated. Quantifications
of GFP-Rab35 normalised to input are indicated.
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Figure 6.
TBC1D13 overexpression blocks insulin stimulated GLUT4 translocation in a Rab35-
dependent manner. HA-GLUT4 expressing 3T3-L1 adipocytes were electroporated with
wildtype (WT) or catalyically inactive (RA) FLAG-tagged TBC1D13 and with or without
TagRFP-labelled constitutively active (QL) Rab35 and Rab10. Transfected cells were
detected with TagRFP signal and/or the FLAG antibody. 3T3-L1 adipocytes were serum-
starved in DMEM and then incubated with or without 100nM insulin for 20 min and GLUT4
translocation to the PM was determined by surface HA staining. A) Representative images
of insulin-stimulated cells are shown. Arrowheads indicate transfected cells. Scale bar 10
μm. B) Surface HA fluorescence levels were quantified for transfected and non-transfected
cells in A. The average HA-surface fluorescence of non-transfected cells was set to 100%
for each analysed image. Quantification of independent experiments for Rab35QL (n=3),
TBC1D13 WT (n=6), TBC1D13 WT plus Rab35QL (n=3), TBC1D13 RA (n=5), TBC1D13
RA plus Rab35QL (n=2), and TBC1D13 WT plus Rab10QL (n=2) are shown. Statistical
significance was determined by One-way ANOVA (***=p<0.001, **=p<0.01, *=p<0.05)
and error bars represent one SD.
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