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Abstract

Ypt/Rabs are Ras-related GTPases that function as key regulators of intracellular vesicular trafficking. Their slow intrinsic rates
of GTP hydrolysis are catalyzed by GTPase-activating proteins (GAPs). Ypt/Rab-GAPs constitute a family of proteins that contain
a TBC (Tre-2/Bub2/Cdc16) domain. Only three of the 51 family members predicted in the human genome are confirmed Ypt/Rab-
GAPs. Here, we report the identification and characterization of a novel mammalian Ypt/Rab-GAP, TBC domain family, member
15 (TBC1D15). TBC1D15 is ubiquitously expressed and localized predominantly to the cytosol. The TBC domain of TBC1D15
exhibits relatively high homology with that of Gyp7p, a yeast Ypt/Rab-GAP. Furthermore, TBC1D15 stimulates the intrinsic
GTPase activity of Rab7, and to a lesser extent Rab11, but is essentially inactive towards Rab4 or Rab6. These data increase
the number of mammalian TBC domain family members with demonstrated Rab-GAP activity to four, and suggest that TBC1D15
may be involved in Rab7-mediated late endosomal trafficking.
� 2005 Elsevier Inc. All rights reserved.
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Ypt/Rab proteins encompass a large family of ras-
related small GTPases that play central roles in coordi-
nating intracellular membrane trafficking pathways in
eukaryotic cells. In Saccharomyces cerevisiae, there are
11 Ypt/Rabs [1], while at least 60 different family mem-
bers are predicted in the human genome [2]. Members of
the Ypt/Rab family localize to distinct membranes
where they have been shown to control events such as
transport vesicle motility, and tethering to the appropri-
ate target compartment prior to SNARE-mediated ves-
icle fusion [3–5]. Ypt/Rabs cycle between inactive or
GDP-bound, and active or GTP-bound states. Intercon-
version between these states is catalyzed by guanine
nucleotide exchange factors that promote the exchange
of GDP for GTP, and GTPase-activating proteins
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(GAPs), that stimulate the slow intrinsic rate of GTP
hydrolysis by Ypt/Rabs. In the GTP-bound state,
Ypt/Rabs associate directly with a diverse and specific
set of effector molecules [3–5]. Ypt/Rab effectors include
the exocyst subunit Sec15 [6,7], which is involved in ves-
icle tethering to the plasma membrane, as well as molec-
ular motor proteins belonging to the myosin and kinesin
families [8–10]. Rab-GAP catalyzed GTP hydrolysis is
believed to result in disassembly of effector complexes
and recycling of Ypt/Rabs between membranes.

Rab-GAPs comprise a superfamily of proteins that
share a TBC (Tre-2/Bub2/Cdc16) domain. The TBC do-
main has been shown to be sufficient for the catalytic
activity and substrate specificity of two yeast Rab-GAPs,
Gyp1p, andGyp7p [11]. TBC domains contain conserved
sequence motifs [12], as well as an invariant arginine res-
idue that is essential for GAP activity [11]. Like the Ras-
and Rho-GAPs, the Rab-GAPs are believed to employ
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an �arginine-finger� catalytic mechanism involving the
invariant arginine in the TBC domain [11,13]. In S. cere-

visiae, there are 10Rab-GAP-related proteins (denoted as
Gyp proteins), 8 of which (Gyp1p-8p) have been con-
firmed to possess Rab-GAP catalytic activity in vitro
[14–19]. Some of the yeast Rab-GAPs characterized to
date stimulate theGTPase activities of a number of differ-
ent Ypt/Rabs and posses overlapping substrate specifici-
ties. For example, Gyp1p stimulates the intrinsic GTPase
activity of Sec4p, Ypt1p, Ypt7p, and Ypt51p [11,15]. In
contrast, Gyp5p, Gyp6p, and Gyp7p exhibit clear sub-
strate preferences for Ypt1p, Ypt6p, and Ypt7p, respec-
tively [14,18,19]. The in vivo activities of the yeast
Rab-GAPs have been more difficult to define, largely be-
cause their mutants lack observable phenotypes. Howev-
er, since Gyp1p localizes to the Golgi and functions
specifically as a negative regulator of Ypt1p in intact cells,
the in vivo substrate specificities of theRab-GAPsmay be
more restricted than observed in vitro [20].

Rab-GAPs are poorly characterized in higher eukary-
otes. Although the human genome predicts 51 TBC do-
main-containing proteins [21], only three of them have
been demonstrated to possess Rab-GAP activity. Among
the mammalian Rab-GAPs, GAPCenA localizes to cen-
trosomes as well as the cytosol, and exhibits a substrate
preference for Rab6, while also stimulating the GTPase
activity of Rab4 and Rab2 in vitro [22]. Two mammalian
TBC domain family members, RN-Tre and PRC17, have
been identified that stimulate Rab5 GTPase activity and
demonstrate transforming activity, possibly by regulating
the endocytosis of growth factor receptors [23–25]. Three
non-TBC domain family members, Rab3 GAP [26],
tuberous sclerosis complex 2 [27], and the p85a subunit
of phosphatidylinositol 3 0-kinase [28], have also been
shown to possess Rab-GAP activity. Here, we report
the identification and characterization of a fourth mam-
malian TBC domain family, member 15 (TBC1D15), that
displays a marked substrate preference for the Rab7
GTPase.
Materials and methods

Construction of cDNA clones. The cDNA clone encoding TBC1D15
was identified in a yeast two-hybrid screen for factors that interact with
the cytoplasmic domain (amino acids Met1-Lys94) of murine vesicle-
associated membrane protein-2 (VAMP2) in 3T3-L1 adipocytes as
described previously [29]. The longest TBC1D15 cDNA obtained
contained 2002 bp of coding sequence followed by a stop codon and
174 bp of 3 0 non-coding sequence. To obtain a full-length clone, a
cDNA probe was generated by EcoRI and BamHI double digestion of
the TBC1D15 cDNA (in the pJG4-5 ‘‘prey’’ vector) obtained in the
two-hybrid screen. This generated a 670 bp cDNA fragment corre-
sponding to the 5 0 end of the TBC1D15 clone. The cDNA probe was
labeled with [32P]dCTP using the Multiprime DNA labeling kit and
purified using a Sephadex G-50 NICK column (Amersham Pharmacia
Biotech). Library screening was performed using the cDNA Synthesis
kit (Stratagene). The 3T3-L1 adipocyte library was inserted into the
Uni-ZAP XR vector and 1 · 106 pfu were used to infect XL1-Blue
MRF 0 cells (Stratagene). Plaques were lifted onto Optitran BA-S 85
filters (Schleicher and Schuell) and hybridization of the radiolabeled
TBC1D15 cDNA probe (400 ng) was performed according to the
manufacturer�s instructions. Two phages were isolated that contained
an additional 16 bp of sequence at the 5 0 end of the TBC1D15 cDNA,
including an in-frame start codon. In addition, the coding sequence of
TBC1D15 was confirmed by sequencing two murine EST clones
(GenBank Accession Nos. AI036596 and AI315932). The full-length
TBC1D15 cDNA clone was amplified by PCR using the primers
5 0-CCGGAATTCATGGCGGCGGCGGGTGTTGTG and 5 0-CCG
CTCGAGTCATGCAGGTGTTAATCTGC, and ligated as an
EcoRI–XhoI restriction fragment in-frame into the following expres-
sion vectors: pcDNA4 HisMax C (Invitrogen) for Xpress-tagged
protein, pEGFP-C2 (Clontech Laboratories) for the GFP fusion
protein, and pFASTBAC HT (Invitrogen) for baculovirus expression.

Cell culture, transfections, and fluorescence microscopy. COS1 and
293T cells were cultured at 37 �C in DMEM supplemented with 10%
FBS (CSL Biosciences, Parkville, VIC, Australia) and 100 U/ml pen-
icillin and streptomycin. Transient transfections were performed using
Lipofectamine reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer�s instructions. Fluorescence microscopy was performed
as described previously [7].

Northern blotting. The murine TBC1D15 cDNA in pJG4-5 that was
isolated in the two-hybrid screen was digested with BamHI and XbaI to
yield a �900 bp cDNA fragment encoding amino acids 222–525 of
TBC1D15. The cDNA probe was labeled with [32P]dCTP using the
Multiprime DNA labeling kit and purified using a Sephadex G-50
NICK column (Amersham Pharmacia Biotech). The radiolabeled
probe was hybridized to a mouse MTN blot (Cat No. 7762-1;
Clontech). Hybridization and washing were performed using the
ULTRAhyb kit (Ambion) according to the manufacturer�s instruc-
tions. The blot was exposed to X-ray film for 72 h at �80 �C prior to
development.

Western blotting. A rabbit polyclonal antibody was prepared
(Quality Controlled Biochemicals) that was raised against an 18-resi-
due peptide (SEAKDDSPTQTLASPNAC) corresponding to amino
acids 649–666 of murine TBC1D15. To prepare detergent-solubilized
testis extract, the tissue was dissected from a freshly sacrificed mouse
and homogenized using a Polytron in lysis buffer (2% Triton X-100,
0.15 M NaCl, 2 mM EDTA, 1 mM DTT, and 50 mM Hepes, pH 7.2)
supplemented with a protease inhibitor cocktail (10 lM leupeptin,
7 lM pepstatin A, 20 lM AEBSF, and 0.7 lM aprotinin). Extracts
from transiently transfected 293T cells were prepared 40 h post-
transfection as described above. The testis and 293T cell extracts were
centrifuged at 20,000g for 10 min and the supernatants were diluted
into SDS-sample buffer, resolved by 8% SDS–PAGE, and subjected to
immunoblotting using the TBC1D15 antiserum (1:1000). An HRP-
conjugated anti-rabbit IgG (Pierce) was used as secondary antibody
and the blot was developed using enhanced chemiluminescence.

GTP binding and hydrolysis assays. TBC1D15 was expressed in
Sf21 cells using the BAC-TO-BAC baculovirus expression system
(Invitrogen) and purified according to the manufacturer�s instructions.
Histidine-tagged Rab proteins were expressed in E. coli as described
previously for Rab11 [7]. The activities of the purified Rabs were ini-
tially determined using [a-32P]GTP-binding assays. The Rabs (1.6 or
3.3 lM) were incubated with 2 lM [a-32P]GTP in buffer A (0.01%,
BSA, 0.15 M NaCl, 2 mM EDTA, 1 mM DTT, and 25 mM Tris–HCl,
pH 7.4) for 30 min at 30 �C. To terminate binding, samples (20 ll) were
removed from the incubations and diluted into 5 ml ice-cold stop
buffer (0.15 M NaCl, 25 mM MgCl2, and 25 mM Tris–HCl, pH 7.4).
Bound [a-32P]GTP was measured by filter binding (0.45 lm mem-
brane, Millipore) followed by liquid scintillation counting. For the
GTPase assays, Rab7 (0.69 lM active protein) was incubated at 30 �C
for 30 min with 0.05 lM [c-32P]GTP in buffer A supplemented with
15 mM ATP. To promote GTP hydrolysis, the samples were diluted 8-
fold with buffer A in the presence or absence of purified TBC1D15
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(0.7 lM), adjusted to 20 mM MgCl2, and incubated for 0, 2, 10, 15, 30,
60, and 90 min at 30 �C. At each time point, the reactions were ter-
minated by dilution of duplicate samples (25 ll) into 0.75 ml ice-cold
5% charcoal in 20% NaH2PO4. Following extraction of the solid phase
by centrifugation, the amount of [32P]Pi released was determined by
liquid scintillation counting. To examine the substrate specificity of
TBC1D15, the GTPase assays were performed as above using an
equivalent concentration of active Rab4, Rab6, Rab7, and Rab11.
Results

Identification of a novel TBC domain-containing protein

In order to isolate factors that interact with the
SNARE protein, VAMP2 in non-neuronal cells we uti-
lized the yeast two-hybrid system [30] to screen a mouse
3T3-L1 adipocyte cDNA library using the cytoplasmic
domain of VAMP2 as bait. Sequencing of the positive
clones revealed that one of the interacting factors iden-
tified encoded a novel protein with a TBC domain. By
sequencing available expressed sequence tags as well as
an additional clone identified by screening of a 3T3-L1
adipocyte cDNA library, we were able to determine
the full-length murine sequence. A start (ATG) codon
was identified that conforms to the consensus transla-
tion initiation sequence ([A/G]XXAUGG; [31]) and pre-
cedes an open reading frame encoding 671 amino acids
TBC1D15

Gyp1p

Gyp2p

Gyp3p

Gyp7p

YIFDSLRGSDPSTHQRPPSEMADFLSDAIPGLKINQQEEPGFEVITR

GIPKIHRPVVWKLLI--------------------------------

GVPNRMRGEIWELCS--------------------------------

GIPAEWRGNAWWHFA--------------------------------

LENDSLRGKVWGFLL--------------------------------

TBC1D15
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Gyp2p

Gyp3p

Gyp7p

QAWKFLLGYFPWDSTKEERTQLQKQKTAEYFRMKLQW-KSVSEAQEK

-------GYLPV-NTKRQEGFLQRKRKEYRDSLKHTFSDQHSR----

-------GAMYM-RYANSGEYERILNENAGKTSQA------------

-------RGQEK-LNKNKGVYSQLLRKMKQIKKQNPNEKQV------

-------EIYPWDSSQDERVQIDQTLAAEYDQLKLTWSKDFLQFDDE

TBC1D15
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------------EGQDNPGLILLHDILMTYCMYDFDLGYVQGMSDLL
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------------------IQRLRNVLTAYSWKNPDVGYCQAMNIVVA

------------------IIKSLRRVLVAFSLYNPKIGYCQSMNFLA

PESANDESDDADDGVRNPHLIHLQNILITYNVYNTNLGYVQGMTDLL

TBC1D15
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MHQNFEEQMQ---GMKTQLIQLSTLLRLLDSGFCSYLESQDSGYLY-

ITDNYIHGQ---PGILRQVKNLSQLVKRIDADLYNHFQNEHVEF---

YVPGYYSKTMYGTLLDQRVFESFVEDRMPVLWEYILQHIQLSV----

YLPGVHNINLEGVNIDQGVLMLCVKEYIPEVWSYIKPSIDHHQKNNK

MERNFLRDQS---GIHEQMLTLVELVQLMLPELSEHLNKCDSGNLF-
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Fig. 1. Alignment between the TBC domain of TBC1D15 and yeast Rab-GA
533) was aligned with that of the indicated S. cerevisiae Rab-GAPs using the
were aligned manually. Residues that are identical and conserved across a m
(deposited under GenBank Accession No. DQ054831).
During the course of this work, a predicted murine pro-
tein (GenBank Accession No. Q9CXF4) was deposited
in the database that is identical to the primary sequence
of the novel protein that we had cloned with the excep-
tion of a single amino acid substitution (Ala364 to Asp).
The predicted protein Q9CXF4 was denoted as TBC1
domain family, member 15 (TBC1D15) by the HUGO
Gene Nomenclature Committee (http://www.gene.ucl.a-
c.uk/nomenclature/), and we therefore assigned this
name to the novel protein identified in our study.

The TBC domain of TBC1D15 contains six sequence
motifs, A–F (Fig. 1), that were identified previously
based on sequence homology [12]. Within these motifs,
TBC1D15 contains residues that are strictly conserved,
such as Arg245 in motif A; Ile394, Asp397, and
Arg400 in motif B; and Glu453, Phe457, and Trp458
in motif D. Importantly, the conserved Arg present in
motif B of TBC1D15 has been shown, based on the
mutational analysis of Gyp1p and Gyp7p, to be essen-
tial for Rab-GAP activity [11]. GenBank database
searches using BLAST (Basic Local Alignment Search
Tool) revealed that among the known members of this
family the TBC domain of TBC1D15 exhibits the high-
est degree of homology (25% identity, 37% similarity)
with that of S. cerevisiaeGyp7p, suggesting that it might
be a mammalian ortholog of this Rab-GAP.
IDLGERPVVQRREPVSLEEWNKSLDPEGRLVAVESMKQKIFRGGLSHSLRK
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---------------------------------------------------
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RNSRLRDYRS-LIEKDVNRTDRTNKFY------------------------
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-------QDLDIIERDLNRTFPDNIHFQSSLHNKEGPP-------------

DEEEYWNDQLFRISKDVRRCDRNLEIFQYNTIDGLPPPPQQLPANENNSTS

SPLLYVMEN----------------------------EVDAFWCFASYMDQ
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GFLIFMS------------------------------EEQAFWCLCNLCDI
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---------------------------FCFRWLLIRFKREFSFLDILRLWE

-------------------------IQFAFRWMNCLLMREFQMGTVIRMWD

---------------------------VSLPWFLSLFFTSMPLEYAVRIMD

TFSPSNKKVLFNMQKNEFLYRLPPITLCTASWFMSCFVGVVPIETTLRIWD
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P proteins. The TBC domain of murine TBC1D15 (amino acids 238–
ClustalW program [34]. Shared motifs A–F as described previously [12]
inimum four sequences are highlighted in black and gray, respectively.
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Predicted proteins corresponding to human
TBC1D15 were identified in BLAST searches (GenBank
Accession Nos. AAH28352, Q8TC07, NP073608, and
BAB13971), which are 88% identical and 92% similar
to the murine ortholog (Fig. 2). In addition, BLAST
searches revealed that TBC1D15 is highly homologous
to another member of the TBC domain family,
TBC1D17 (Fig. 2). The human forms of TBC1D15
and TBC1D17 exhibit 46% identity and 63% similarity.
TBC1D17, like TBC1D15, has not been characterized
previously and therefore it remains to be determined
whether this TBC domain family member functions as
a Rab-GAP in mammalian cells.

Tissue distribution of TBC1D15

Northern blotting using a radiolabeled cDNA probe
encoding amino acids 222–525 of mouse TBC1D15 re-
vealed the presence of two mRNA transcripts at �2.2
and �3.3 kb in most tissues examined (Fig. 3A). Both
mRNAs are most abundant in heart, liver, and testis,
mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

M AA AGV VS GK IIY EQ EG VYI HS SC GKA ND QD SLI SG IL RVL EK DA EV
M AA AGV VS GK IIY EQ EG VYI HS SC GKT ND QD GLI SG IL RVL EK DA EV
M EG SSY -- -R VVF EK GG VYL HT SA RKH QD PD SLI AG VI RVV EK DS DV
M EG AGY -- -R VVF EK GG VYL HT SA KKY QD RD SLI AG VI RVV EK DN DV

mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

V TT VSF KK KP H-- -- TN GDA PG HR NGK SK WS FLF SL AD LKS VK QS KE
V NT VSF KR KP H-- -- TN GDA PS HR NGK SK WS FLF SL TD LKS IK QN KE
I ST V-- RP QP HLA EP RK GAE PS -- SSR SS WA FSV SL GE LKS IR RS KP
I ST V-- RP QP CHS EP TR GAE PS -- CPQ GS WA FSV SL GE LKS IR RS KP

mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

C QN KS- LS QS FEN LL DE PAY GL IQ --- -- -- --- -- -- --- KI KK DP
C QN KS- LS QS FEN LL DE PAY GL IQ AGL LD RR KLL WA IH HWK KI KK DP
P QD PSA LS DS FHH L- -- --- -- -Q LFD QD SS NVV -- -- --S RF LQ DP
P HD SSA LS NS FHH L- -- --- -- -Q LFD QD SS NVV -- -- --S RF LQ DP

mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

G FE VIT RI DL GER PV VQ RRE PV SL EEW NK SL DPE GR LV AVE SM KQ KI
G FE VIT RI DL GER PV VQ RRE PV SL EEW TK NI DSE GR IL NVD NM KQ MI
G FE VIS CV EL GQR PT VE RAP PV TE EEW NR YV GPE GR LQ NVP EL KN RI
G FE VIS CV EL GPR PT VE RGP PV TE EEW AR HV GPE GR LQ QVP EL KN RI

mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

A QE KRN SR LR DYR SL IE KDV NR TD RTN KF YE GQD NP GL ILL HD IL MT
E QE KRN SR LR DYR SL IE KDV NR TD RTN KF YE GQD NP GL ILL HD IL MT
E QE RRN SL LH GYR SL IE RDV SR TD RTN KF YE GPE NP GL SLL HD IL LT
E QE RRN SL LH GYR SL IE RDV SR TD RTN KF YE GPE NP GL GLL ND IL LT

mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

K TQ LIQ LS TL LRL LD SG FCS YL ES QDS GY LY FCF RW LL IRF KR EF SF
K TQ LIQ LS TL LRL LD SG FCS YL ES QDS GY LY FCF RW LL IRF KR EF GF
K RQ LGQ LL LL LRV LD QP LCD FL DS QDS GS LC FCF RW LL IWF KR EF PF
K RQ LGR LL LL LRV LD PL LCD FL DS QDS GS LC FCF RW LL IWF KR EF PF

mT BC 1D 15
hT BC 1D 15
mT BC 1D 17
hT BC 1D 17

M KI DVE DI LC KAE AI SL QMA QC KE LPQ AV CE ILG LQ DS EIT TP DS DT
M KI DVE DI LC KAE AI SL QMV KC KE LPQ AV CE ILG LQ GS EVT TP DS DV
M KL SVE DV LT RAE AL YR QLT AC PE LPH NV QE ILG LA QP E-- EP SS --
M KL SVE DV LT RAE AL HR QLT AC PE LPH NV QE ILG LA PP A-- EP HS --

Fig. 2. Alignment between the novel TBC domain family members, TBC
(mTBC1D15; GenBank Accession No. DQ054831) and human TBC1D15
TBC1D17 (mTBC1D17; GenBank Accession No. Q8BYH7) and human TB
using the ClustalW program [34]. The positions of the TBC domains are in
minimum four sequences are highlighted in black and gray, respectively.
with the �2.2 kb mRNA species being particularly
abundant in the latter tissue. Although the reason for
the existence of two mRNAs encoding TBC1D15 is un-
clear, the data suggest that it is ubiquitously expressed.
We raised a polyclonal antibody against a C-terminal
peptide of murine TBC1D15. Western blots detected a
robust band of 70–76 kDa in whole cell extracts of
293T cells transfected with an expression vector encod-
ing full-length TBC1D15, but not in control cells trans-
fected with the empty vector (Fig. 3B; lanes 2 and 3). In
addition, a single prominent band was detected in mouse
testis tissue extracts that migrated on SDS–PAGE with
a molecular mass equivalent to that of the recombinant
protein and consistent with its predicted molecular
weight of 76.5 kDa (Fig. 3B; lane 1).

Subcellular localization of TBC1D15

Although the polyclonal anti-TBC1D15 antibody
detected the endogenous protein on immunoblots, we
were unable to observe a signal above background in a
I VD WR PLD DA LD SSS IL CA GKD SS SVV EW TQ APK ER AH RGS DQ QS SYE AE WD M
I VD WR PLD DA LD SSS IL YA RKD SS SVV EW TQ APK ER GH RGS EH LN SYE AE WD M
F LH WA PVE EA GD PTQ IL F- KKD PS RGE PS TS QEE PT FD PG- -- -- -YE PD WA V
L LH WA PVE EA GD STQ IL FS KKD SS GGD SC AS EEE PT FD PG- -- -- -YE PD WA V

G MG WS YLV FC LK DDV ML PA LHF HQ GDS KL LI ESL EK YV VLC ES PQ DSR TL LV N
G MG WS YLV FC LK DDV VL PA LHF HQ GDS KL LI ESL EK YV VLC ES PQ DKR TL LV N
G LS WA YLV LV TQ AGG SL PA LHF HR GGT RA LL RVL SR YL LLA SS PQ DSR LY LV F
G LS WA YLV LV TQ AGG SL PA LHF HR GGT RA LL RVL SR YL LLA SS PQ DSR LY LV F

Y TA TM VGF SK VT NYI FD SL RGS DP STH QR PP SEM AD FL SDA IP GL KIN QQ EE P
Y TA TM IGF SK VT NYI FD SL RGS DP STH QR PP SEM AD FL SDA IP GL KIN QQ EE P
Y ST TF SSF SR VT NF- -- -F RGA -- --- LQ PH PEG AS -- SPN LP PL P-D DE PE P
Y ST TF SSF SR VT NF- -- -F RGA -- --- LQ PQ PEG AA -- S-D LP PP P-D DE PE P

F RG GL SHS LR KQ AWK FL LG YFP WD STK EE RT QLQ KQ KT AEY FR MK LQW KS VS E
F RG GL SHA LR KQ AWK FL LG YFP WD STK EE RT QLQ KQ KT DEY FR MK LQW KS IS Q
F SG GL SPG LR RE AWK FL LG YLS WE SSA EE HK AHV RK KT DEY FR MK LQW KS VS A
F SG GL SPS LR RE AWK FL LG YLS WE GTA EE HK AHI RK KT DEY FR MK LQW KS VS P

Y CM YD FDL GY VQ GMS DL LS PLL YV MEN EV DA FWC FA SY MDQ MH QN FEE QM QG M
Y CM YD FDL GY VQ GMS DL LS PLL YV MEN EV DA FWC FA SY MDQ MH QN FEE QM QG M
Y CM YH FDL GY VQ GMS DL LS PIL FV VQN EV DA FWC FC GF MEL VH GN FEE SQ ET M
Y CM YH FDL GY VQ GMS DL LS PIL YV IQN EV DA FWC FC GF MEL VQ GN FEE SQ ET M

L DI LR LWE VM WT ELP CK NF HLL LC CAI LE SE KQQ IM AK HYG FN EI LKH IN EL S
L DI LR LWE VM WT ELP CT NF HLL LC CAI LE SE KQQ IM EK HYG FN EI LKH IN EL S
P DV LR LWE VL WT GLP GP NL HLL VA CAI LD ME RDT LM LS GFG SN EI LKH IN EL T
P DV LR LWE VL WT GLP GP NL HLL VA CAI LD ME RDT LM LS GFG SN EI LKH IN EL T

- -D EN -VG SP CP VSA FP SS TLP IL AAS EA -K DDS PT QT LAS PN AC RLT PA
G ED EN VVM TP CP TSA FQ SN ALP TL SAS GA -R NDS PT QI PVS SD VC RLT PA
- -- PS PPV FP MP LSP TR AP LPP PL PEE VI PQ PDS SL EI LPE DE D- GA~ ~~
- -- PS PTA SP LP LSP TR AP PTP PP STD TA PQ PDS SL EI LPE EE DE GAD S~

1D15 and TBC1D17. The primary sequences of murine TBC1D15
(hTBC1D15; GenBank Accession No. Q8TC07), as well as murine
C1D17 (hTBC1D17; GenBank Accession No. Q9HA65) were aligned
dicated with a bar. Residues that are identical and conserved across a
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Fig. 3. Tissue distribution of TBC1D15. (A) Northern blotting
analysis of TBC1D15 expression in multiple mouse tissues. A
radiolabeled cDNA fragment encoding amino acids 222–525 of
TBC1D15 was used to probe a commercial multiple tissue Northern
blot. Subsequently, the blot was washed and subjected to autoradiog-
raphy. The tissues are as follows: He (heart); Br (brain); Sp (spleen); lu
(lung); Li (liver); Sk (skeletal muscle); Ki (kidney); and Te (testis). The
positions of RNA molecular weight standards are indicated. Two
mRNA species were detected across multiple tissues. (B) TBC1D15
expression examined by Western blotting. Protein extracts from mouse
testis tissue (lane 1), and 293T cells transfected with either control
vector (lane 2) or a TBC1D15 expression vector (lane 3) were analyzed
by Western blotting using a primary antibody raised against the
C-terminus of TBC1D15. The positions of protein molecular weight
standards (kDa) are indicated.

Fig. 4. Subcellular localization of TBC1D15. COS1 cells were trans-
fected with an expression vector encoding a GFP–TBC1D15 fusion
protein. The cells were subsequently fixed and examined by confocal
fluorescence microscopy. The diffuse intracellular fluorescence
observed is consistent with soluble cytoplasmic localization. A similar
distribution of GFP–TBC1D15 was observed in multiple mammalian
cell lines, and also when the GFP sequence was substituted for an N-
terminal Xpress epitope tag.
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panel of cell lines by fluorescence microscopy using the
same antibody. Therefore, we examined the subcellular
localization of overexpressed GFP-tagged TBC1D15.
In transfected COS1 cells (Fig. 4), GFP–TBC1D15
exhibited diffuse intracellular fluorescence, suggesting
that it is predominantly a cytosolic protein (consistent
with the fact that it lacks a putative transmembrane do-
main). A similar cytosolic localization was observed
using an alternative construct encoding TBC1D15 with
an Xpress epitope tag, and also when a panel of cell lines
were transfected with expression vectors encoding
Xpress- or GFP-tagged TBC1D15. This result is in con-
flict with the fact that TBC1D15 was isolated in a yeast
two-hybrid screen based on its interaction with the
intracellular transmembrane protein, VAMP2. To inves-
tigate the potential interaction further, we performed
protein:protein interaction assays. While binding be-
tween the recombinant proteins was observed using a
GST pull-down assay following transient transfection
of cultured cells, we were unable to demonstrate an
interaction between the endogenous proteins in co-im-
munoprecipitation experiments using detergent-solubi-
lized lysates of 3T3-L1 adipocytes (data not shown).

Rab-GAP activity and substrate specificity of TBC1D15

To investigate whether TBC1D15 functions as a Rab-
GAP, we expressed the His6-tagged full-length recombi-
nant protein using the baculovirus system and purified it
from the soluble fraction on Nickel beads. The protein
was isolated from insect cells at a relatively high level
of purity as assessed by SDS–PAGE (Fig. 5A). In addi-
tion, Rabs4, 6, 7, and 11 were synthesized in E. coli and
purified from the soluble fraction in order to examine
whether they behave as substrates for TBC1D15 in vitro.
Rab7 was included in the panel because of the relatively
high level of homology between the catalytic domains of
TBC1D15 and Gyp7p, a yeast Rab-GAP with a sub-
strate preference for Ypt7p (the yeast ortholog of
Rab7) [19]. The activities of the purified Rab proteins
were initially determined using [a-32P]GTP-binding as-
says, and for each Rab protein an equivalent concentra-
tion of active GTP-binding sites was added subsequently
to the [c-32P]GTP hydrolysis assays. As shown in Figs.
5B and C, Rab7 showed a low intrinsic rate of GTP
hydrolysis (0.583 fmol/min). However, when TBC1D15
was supplemented into the assay we found that it stim-
ulated the GTPase activity of Rab7 by 90-fold roughly
(44.61 fmol/min), confirming that it functions as a
GAP for Rab7. In parallel incubations, TBC1D15 accel-
erated the intrinsic rate of GTP hydrolysis by Rab11 (8-
fold), but was essentially inactive towards Rab4 (2-fold)
and Rab6 (3-fold). The lower fold stimulation of GTP
hydrolysis by Rab11 compared to Rab7 was due in large
part to the significantly higher intrinsic GTPase activity



Fig. 5. TBC1D15 functions as a Rab-GAP protein. (A) Analysis of the purified His6-TBC1D15 protein (1 lg; lane 1) by SDS–PAGE (Coomassie-
stained gel). The positions of the molecular weight markers (M) are shown. (B) Time-course of GTP hydrolysis by Rab7 in the absence and presence
of purified TBC1D15 measured using a charcoal-binding assay. Purified Rab7 was pre-loaded with [c-32P]GTP and incubated at a final concentration
of 0.087 lM in the absence or presence of TBC1D15 (0.7 lM) for the indicated time points at 30 �C. The amount of [32P]Pi released at each time
point was determined by liquid scintillation counting. (C) GTPase activities of purified Rab4, 6, 7, and 11 in the absence (control) and presence of
purified TBC1D15. In this experiment, the GTPase assays were performed for 0, 30, and 60 min at 30 �C, and the rates of [c-32P]GTP hydrolysis were
calculated following the determination of [32P]Pi released at each time point. These experiments were repeated at least three times and representative
data are shown.
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(4.86 fmol/min) of the former. Taken together, these
data indicate that TBC1D15 is a novel mammalian
Rab-GAP with a substrate preference for the Rab7
GTPase.
Discussion

Here, we report the isolation and characterization of
a novel mammalian TBC domain family member.
TBC1D15 was identified in a yeast two-hybrid screen
based on an interaction with the cytoplasmic domain
of VAMP2. Although an association between recombi-
nant TBC1D15 and VAMP2 was observed in biochem-
ical GST pull-down assays, we were unable to confirm
the interaction by co-immunoprecipitation of the endog-
enous proteins. Therefore, the physiological significance
of the interaction is unclear. In fluorescence microscopy
experiments, overexpressed TBC1D15 exhibited a pre-
dominantly cytosolic localization. This result is surpris-
ing, given that the substrate molecules for this protein
family, GTP-bound Ypt/Rabs, are predominantly mem-
brane-associated. For example, the yeast TBC domain-
containing protein, Gyp1p, colocalizes with its substrate
Ypt/Rab, Ypt1p on the Golgi apparatus [20], and two
additional family members, Gyp5p and Gyl1p, colocal-
ize with their substrate Ypt/Rab protein, Sec4p at bud
emergence sites during cytokinesis [32]. The apparent
lack of membrane association exhibited by TBC1D15
may be because: (a) it is not recapitulated by overexpres-
sion of the recombinant protein, (b) binding to mem-
branes may be transient in nature, or (c) membrane
association of TBC1D15 may be sensitive to the fixation
conditions employed in our experiments, as reported
previously in the case of Gyp1p [20].

TBC1D15 belongs to a large family of proteins con-
taining TBC domains that are likely to function as
Rab-GAPs. The presence in the TBC domain of
TBC1D15 of an invariant arginine that has been shown
previously to be required for the catalytic activity of
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yeast Gyp1p and Gyp7p [11] is consistent with the
observation that it behaves as a functional Rab-GAP.
The human and Drosophila genomes predict 51 and 24
TBC domain family members, respectively, that may en-
code Rab-GAP proteins [21]. However, to date only
three of the mammalian family members have been dem-
onstrated to possess Rab-GAP activity: GAPCenA [22],
RN-tre [24], and PRC17 [25]. Among the 10 TBC do-
main-containing proteins in yeast, the catalytic domain
of TBC1D15 shows the highest degree of homology with
Gyp7p. Furthermore, using in vitro GTPase assays we
demonstrated that TBC1D15 functions as a Rab-GAP
and displays a marked substrate preference for Rab7.
This observation increases the number of mammalian
TBC domain family members with demonstrated Rab-
GAP activity to four. The substrate specificity of
TBC1D15 is clearly distinct from those of the other
mammalian Rab-GAPs characterized to date; GAPCe-
nA, RN-tre, and PRC17 act preferentially as GAPs
for Rab6, Rab5, and Rab5, respectively [22,24,25].
BLAST searches revealed that an additional mammalian
TBC domain family member, TBC1D17, shows relative-
ly high homology to TBC1D15. It will be interesting to
determine whether the substrate specificities of these
proteins are overlapping or distinct.

We found that TBC1D15 stimulates the intrinsic
GTPase activity of Rab7, and to a lesser extent
Rab11, but is essentially inactive towards Rab4 or
Rab6 in vitro. In a previous study, it was reported that
S. cerevisiae Gyp7p exhibits a substrate preference for
Ypt7p, while it also accelerates the intrinsic rate of
GTP hydrolysis by Ypt31p, Ypt32p, and Ypt1p, and
has no effect on that of Ypt6p, Sec4p or H-ras [19].
The substrate preference for Ypt7p/Rab7 and lack of
GAP activity towards Ypt6p/Rab6 are consistent with
the possibility that Gyp7p and TBC1D15 represent
orthologous proteins, although confirmation of this
awaits analysis of their in vivo functions. Since Rab7
regulates late endosomal trafficking in mammalian cells
[33], it is not unreasonable to speculate that TBC1D15
may be involved also in this pathway.

Eleven genes encode Ypt/Rab GTPases [1], and 10
encode TBC domain-containing proteins in S. cerevisi-

ae, while the human genome predicts at least 60 Ypt/
Rabs [2] and 51 TBC domain-containing proteins [21].
This suggests that members of the TBC domain family
may exhibit a higher level of substrate specificity in vivo
than observed in GTPase assays using purified proteins.
One way this might be achieved is by selective colocal-
ization with a substrate Ypt/Rab protein on a specific
intracellular compartment. For example, Gyp1p stimu-
lates the GTPase activity of multiple Ypt/Rab proteins
in vitro, including Sec4p, Ypt1p, Ypt7p, and Ypt51p
[15]. However, it colocalizes with Ypt1p on the Golgi
apparatus and functions specifically as a negative regu-
lator of Ypt1p in vivo [20]. Elucidation of the substrate
specificities and in vivo functions of the mammalian
TBC domain family members represents a major chal-
lenge for future studies.
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