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TBC (Tre-2/Bub2/Cdc16) domains are predicted to encode GTPase-activating proteins (GAPs) for Rab
family G proteins. While approximately 50 TBC proteins are predicted to exist in humans, little is known about
their substrate specificity. Here we show that TRE17 (also called Tre-2 and USP6), a founding member of the
TBC family, targets the Arf family GTPase Arf6, which regulates plasma membrane-endosome trafficking.
Surprisingly, TRE17 does not function as a GAP for Arf6 but rather promotes its activation in vivo. TRE17
associates directly with Arf6 in its GDP- but not GTP-bound state. Mapping experiments pinpoint the site of
interaction to the TBC domain of TRE17. Forced expression of TRE17 promotes the localization of Arf6 to the
plasma membrane, leading to Arf6 activation, presumably due to facilitated access to membrane-associated
guanine nucleotide exchange factors (GEFs). Furthermore, TRE17 cooperates with Arf6 GEFs to induce GTP
loading of Arf6 in vivo. Finally, short interfering RNA-mediated loss of TRE17 leads to attenuated Arf6
activation. These studies identify TRE17 as a novel regulator of the Arf6-regulated plasma membrane recycling
system and reveal an unexpected function for TBC domains.

Vesicular trafficking is controlled by small GTPases of the
Rab/Ypt and Arf subfamilies (11, 14, 17, 42, 57). Over 60 Rab
and six Arf GTPases have been identified in mammals. In most
cases, both dominant negative and constitutively active alleles
perturb trafficking, indicating that cycling between the GTP-
and GDP-bound state is essential for normal function. Cycling
is regulated by guanine nucleotide exchange factors (GEFs),
which promote GTP-loading and GTPase-activating proteins
(GAPs), which accelerate GTP hydrolysis.

Regulators of the Rab and Ypt GTPases are relatively
poorly characterized. Studies of GAPs for Rab/Ypt in Saccha-
romyces cerevisiae have identified a core catalytic domain (63,
66, 69). Based on homology with this domain (3, 39), over 50
Rab GAPs have been predicted to exist in humans (5). The
Rab GAP homology domain has alternatively been referred to
as the TBC (Tre-2/Bub2/Cdc16) (58), PTM (6, 34, 72), and
TrH domain (33, 35). We refer to this domain hereafter as
TBC, as this nomenclature is used in the databases. Little is
known regarding their substrate specificity, as target GTPases
have been identified for only three mammalian TBC proteins,
RN-tre, PRC17, and GAP CenA (18, 33, 49). In the current

study, we reveal an unexpected role for a TBC domain in
regulating an Arf family GTPase.

In contrast to Rabs and Ypts, regulators of Arf GTPases are
relatively well characterized, with substrates identified for
many (20, 31, 40). For both the GEFs and GAPs, distinct
subfamilies have been defined based on the presence of dis-
tinct localization motifs, regulatory elements, and catalytic do-
mains (20, 31, 40). This complexity may allow trafficking to be
coupled to distinct upstream signaling events at discrete loca-
tions in the cell.

Arf6, the most divergent member of the Arf family, regu-
lates trafficking between the plasma membrane and an endo-
cytic compartment (12, 21, 23, 50, 53). While the morphology
and cargo of this compartment vary between cell types, Arf6
has a conserved role in regulating the flow of material between
this organelle and the plasma membrane (21, 23, 25, 50, 52, 53,
62). In many cells, the Arf6 compartment has a tubular shape
and is hence termed the tubular endosome (9, 52-54, 62).
Endocytosis through this pathway occurs independently of the
classical route requiring clathrin and adaptor protein 2 (53).
Furthermore, unique cargo, such as major histocompatibility
complex I and �1 integrin, are sorted into Arf6 endosomes.
After internalization, Arf6 endosomes can take one of two
routes (38): they can fuse with the tubular endosome, followed
by recycling of cargo to the plasma membrane, or they can fuse
with early endosomes of the classical pathway, followed by
targeting of cargo to the lysosome. Inactivation of Arf6 is
required for cargo to progress through either of these routes
(9). Thus, in cells expressing constitutively active Arf6 (Q67L),
membrane is internalized normally, but Arf6 endosomes fail to
fuse with the tubular compartment or with classical endo-
somes. Instead, endosomes and pinosomes induced by acti-
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vated Arf6 appear to undergo homotypic fusion, leading to the
accumulation of large vacuoles and a block in recycling of
cargo to the plasma membrane (9).

While plasma membrane recycling through this pathway oc-
curs constitutively, it can also be stimulated by agonists such as
epidermal growth factor (30), bombesin (8), colony-stimulating
factor (71), scatter factor/hepatocyte growth factor (44), se-
rum, and integrin activation (51). Some of these agonists have
been shown to induce GTP loading of Arf6, functioning in part
by inducing plasma membrane recruitment of Arf6 GEFs (26,
32, 36, 41, 44, 67, 68). Agonists also induce plasma membrane
recruitment of Arf6 by a poorly understood mechanism. In-
deed, little is known about the molecular machinery or signal-
ing pathways that regulate trafficking through this pathway.

Rab11 is the only other GTPase that has been shown to be
required for recycling from the tubular endosome to the
plasma membrane (51). Two additional proteins that appear to
regulate this pathway are EHD1 and Gas3/PMP22 (10, 15).
Overexpression of EHD1 enhances recycling of cargo to the
plasma membrane, while overexpression of Gas3/PMP22 in-
duces morphological alterations in the tubular endosome. The
mechanism by which either of these proteins functions is un-
defined. Aside from these studies, little else is known of how
trafficking through the Arf6-dependent plasma recycling sys-
tem is regulated.

Here, we characterized one of the founding members of the
TBC family, TRE17. The TRE17 gene (also referred to as
Tre-2 and USP6) was originally identified by virtue of its ability
to transform NIH 3T3 cells (37). Recent studies revealed that
it also promotes tumorigenesis in humans. The chromosomal
translocation t(16;17) (q22;p13) involving the TRE17 gene was
identified as a recurring event in aneurysmal bone cysts, a
locally aggressive osseous neoplasm in humans (43). This
translocation juxtaposed the highly active promoter of the os-
teoblast cadherin 11 gene with the entire coding sequence of
TRE17.

We previously reported that TRE17 encodes a component
of a novel effector pathway for the Rho GTPases Cdc42 and
Rac1 (34). Localization of TRE17 was controlled by mitogens:
upon serum or epidermal growth factor stimulation it was
recruited from a tubulovesicular compartment to the plasma
membrane. This relocalization was mediated by indirect inter-
action of TRE17 with activated Cdc42 and Rac1. Because TBC
domains encode putative GAPs for Rab GTPases, we pre-
dicted that TRE17 might regulate trafficking between the
plasma membrane and the tubulovesicular compartment. Sur-
prisingly, we found that the TRE17 TBC domain targets Arf6.
Our data indicate that the TBC domain does not encode an
active GAP for Arf6 but functions to bind Arf6 specifically in
its GDP-bound form. This interaction appears to promote
plasma membrane localization of Arf6, facilitating access to its
GEFs and leading to activation of Arf6 in vivo. Our studies
demonstrate an unexpected function for a TBC domain and
identify TRE17 as a novel regulator of Arf6-dependent traf-
ficking.

MATERIALS AND METHODS

Tissue culture. HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, penicillin, streptomycin, and fungi-
zone. Transfections were performed with Lipofectamine 2000 (Life Technolo-

gies, Inc.) or Fugene (Roche Biochemicals) according to the manufacturer’s
instructions.

Plasmids and constructs. Arf6 and Arf1 constructs, tagged with hemagglutinin
(HA) in pLNCX or untagged in pXS, and Myc-EFA6 were generously provided
by Julie Donaldson. TRE17 constructs were subcloned into HA-pcDNA3 or
pEGFP-C1; mutants T17(447), TBC, and �TBC have been described previously
(34).

Antibodies. Anti-HA was purchased from Santa Cruz Technologies and Roche
Biochemicals. Anti-Flag was from Sigma, and anti-Myc was from Roche Bio-
chemicals. Anti-Arf6 antibody was generously provided by Julie Donaldson.

Immunofluorescence and immunoelectron microscopy. Immunofluorescence
was performed as described (34). Cells were fixed, permeabilized, incubated with
primary antibodies, and washed. Samples were incubated with fluorescently
labeled secondary antibodies (anti-mouse antibody–indocarbocyanine, anti-rab-
bit antibody–fluorescein isothiocyanate, or anti-rabbit antibody–indodicarbocya-
nine), washed, and then mounted with SlowFade (Molecular Probes). For anti-
body internalization experiments, anti-major histocompatibility complex type I
(W6/32), anti-�1 integrin (TS216), or transferrin-Alexa Fluor 488 (Molecular
Probes) was added to the medium for 2 to 3 h. Cells were fixed and processed as
above. Samples were viewed on a Zeiss 510 laser scanning confocal microscope
with a C-Apochromat 63x1.2Wcorr objective, with excitation wavelengths of 488
nm (fluorescein isothiocyanate), 546 nm (indocarbocyanine), or 633 nm (indodi-
carbocyanine). Images were processed with LSM510 software and Adobe Pho-
toshop.

For immunoelectron microscopy, HeLa cells were transfected with HA-
T17(447)/pCDNA, fixed in 0.2% glutaraldehyde, permeabilized in 0.2% saponin,
and then incubated with anti-mouse immunoglobulin G conjugated to 1.4-nm
gold particles. Samples were then refixed with 0.2% glutaraldehyde and sub-
jected to silver enhancement and osmium treatment.

Coimmunoprecipitation of TRE17 and Arf6. HeLa cells were transfected with
Lipofectamine 2000. Cells were lysed in Arf6 lysis buffer (50 mM Tris [pH 7.5],
100 mM NaCl, 2 mM MgCl2, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxy-
cholate, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride, 0.7 �g of pepstatin per ml, and 1 �g of leupeptin per ml),
then pelleted at 16,000 � g for 10 min at 4°C. An aliquot of the clarified
supernatant was immunoblotted directly. The remainder was precipitated with
glutathione-Sepharose for 4 h at 4°C. Beads were washed three times in Arf6
wash buffer (phosphate-buffered saline, 5 mM MgCl2, 0.5% Triton X-100, 1 mM
dithiothreitol, plus protease inhibitors as above), then fractionated by sodium
dodecyl sulfate (SDS)–12% polyacrylamide gel electrophoresis (PAGE). The top
part of the gel was immunoblotted with anti-glutathione S-transferase (GST) to
detect TRE17 peptides, the bottom part with anti-HA to detect Arf6.

In vitro binding assays. Plasmids encoding wild-type Arf6 and N-myristoyl-
transferase were cotransformed into Escherichia coli BL21. Myristoylated Arf6
was purified as previously described (56). Arf6 isolated in this manner is pre-
dominantly GDP bound; this was confirmed with GGA3 pulldown assays (un-
published data). T17(447) and the TBC domain were subcloned into pMAL-C2
and then expressed in BL21. Maltose-binding protein (MBP) fusions were ex-
pressed and isolated with amylose resin as described (4). Arf6 was added to
MBP, MBP-TBC, or MBP-T17(447) bound to amylose resin in phosphate-buff-
ered saline with 5 mM MgCl2 and 0.5 mg of azolectin per ml. Following incu-
bation for 2 h, samples were washed 3 times in the same buffer, fractionated by
SDS–12% PAGE, and immunoblotted with anti-MBP and anti-Arf6. Alterna-
tively, Arf6 was first loaded with GTP�S or GDP in vitro as previously described
(22) and then subjected to pulldowns with MBP fusions as above.

GGA3 pulldown assays. Assays to monitor Arf6 activation were performed as
described (60). HeLa cells were cotransfected with HA-Arf6 and the indicated
plasmid with Lipofectamine 2000. The following day, cells were lysed in Arf6 lysis
buffer and pelleted at 16,000 � g for 5 min at 4°C. An aliquot of the clarified
supernatant was taken directly for immunoblotting. The remainder was incu-
bated with GST-GGA3 (20 to 25 �g) conjugated to glutathione-Sepharose for 30
min at 4°C. Beads were washed three times in 50 mM Tris (pH 7)–100 mM
NaCl–2 mM MgCl2–1% NP-40–10% glycerol–1 mM dithiothreitol plus protease
inhibitors. Samples were fractionated by SDS–12% PAGE. For assays testing the
effects of T17(447) on Arf6, cells were treated with cytochalasin D (200 nM) for
30 min prior to lysis to quiesce Arf6. Previous studies have shown that Arf6
accumulates in its inactive form at the tubular endosome under these conditions
(21, 52, 62). Minimal effects on the actin cytoskeleton were observed with this
treatment (unpublished data). For the assays examining cooperativity between
T17(447) and EFA6, cytochalasin D was not used.

Generation and analysis of TRE17-depleted cells. TRE17 expression was
ablated by subcloning 5�-GATCCCCTATGACAAGGGACACCGAG-TTCAA
GAGACTCGGTGTCCCTTGTCATATTTTTGGAAAGC-3� (annealed to its
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complement) into siRNAneo (provided by Christopher Phiel and Peter Klein,
University of Pennsylvania). This construct targets bp 64 to 82 of TRE17. As a
negative control, we subcloned 5�-GATCCCCTCGTCAGTGTCAGACACATT
AAGCTTGTGTGGTCTG-ACACTGACGATTTTTGGAAAGC-3� into siR-
NAneo. This construct targets an exon which is absent from the TRE17 splice
variant expressed in HeLa cells and serves as a control for nonspecific effects of
short double-stranded RNA. HeLa cells were transfected with the indicated
siRNAneo plasmid with Lipofectamine 2000. The next day, cells were reseeded
and supplemented with neomycin (Life Technologies; 800 �g/ml). RNA was
isolated after 6 to 7 days, at which time untransfected HeLa cells were killed.
RNA was isolated with Trizol (Life Technologies). Reverse transcription-PCR
was performed with the ProSTAR HF single-tube system (Stratagene). For
amplification of TRE17, the primers were 5�-TGCACTTAAGGTTCAGCAGA
A-3� and 5�-ATGGATCCGTGCTCAAGCAT-3� ; for glyceraldehyde 3-phos-
phate dehydrogenase, the primers were 5�-GAGTCAACGGATTTGGTC-3�
and 5�-CCATGCCAGTGAGCTTCC-3�.

For measuring Arf6-GTP levels, neomycin-selected cells were reseeded and
cotransfected with HA-Arf6 and the indicated siRNAneo construct. GGA3 pull-
down assays were performed as above.

RESULTS

TRE17 localizes to the Arf6-regulated tubular endosome.
Three TRE17 isoforms, TRE17(long), TRE17(onco), and
TRE17(short), are generated through alternative splicing (37,
48) (Fig. 1A). All three are identical through their amino-
terminal 359 amino acids, comprising the TBC domain, but
have divergent carboxy termini: TRE17(long) encodes a func-
tional ubiquitin-specific protease (47), consisting of the essen-
tial cysteine (Cys) and histidine (His) subdomains (Fig. 1A).
TRE17(onco) is identical to TRE17(long) but is truncated
following the Cys subdomain. Thus, TRE17(onco) is inactive
as a ubiquitin-specific protease (47). Finally, the C terminus of
TRE17(short) encodes a unique 17-amino-acid peptide with

no additional conserved motifs. Both TRE17(onco) (which was
the focus of our previous studies) and TRE17(long) promote
tumorigenesis when overexpressed (37, 43). We determined
that TRE17(long) is the sole detectable isoform expressed in
HeLa cells and the predominant isoform expressed in a variety
of adult human tissues and immortalized cell lines (unpub-
lished data). It is therefore the focus of our current studies.

Given its TBC domain, we explored TRE17’s role in vesic-
ular trafficking. To identify the compartment in which it func-
tions, we examined TRE17’s localization by confocal micros-
copy. Because none of the five anti-TRE17 antibodies that we
generated was sensitive enough for immunofluorescence mi-
croscopic detection of endogenous TRE17(long), hemaggluti-
nin epitope-tagged forms of TRE17(long) and TRE17(onco)
were transiently expressed in HeLa cells. Consistent with our
previous work, HA-TRE17(onco) localized to tubulovesicular
structures and the plasma membrane in asynchronously grow-
ing cells (Fig. 1B). In contrast, while occasional tubulovesicular
staining of HA-TRE17(long) was seen, it was more typically
found at the plasma membrane in the majority of cells (Fig.
1B). We had previously shown that tubulovesicular staining of
HA-TRE17(onco) was enhanced at the expense of plasma
membrane staining by treatment of cells with cytochalasin D
(34). Cytochalasin D similarly enhanced tubular staining of
HA-TRE17(long) (Fig. 1B). These results suggest that TRE17
peptides traffic between a tubular compartment and the plasma
membrane in a manner that depends on F-actin. Furthermore,
they suggest that sequences at the C terminus of TRE17(long)
may promote its steady-state localization to the plasma mem-
brane.

The enhanced tubular staining of TRE17 upon cytochalasin
D treatment was highly reminiscent of what has been described
for Arf6 (53). This led us to examine whether the TRE17-
positive tubules correspond to the Arf6 tubular endosome.
Since Arf6 antibodies did not efficiently detect endogenous
Arf6, HA-Arf6 and green fluorescent protein (GFP)-TRE17
were coexpressed in HeLa cells. Under normal conditions (i.e.,
in the absence of cytochalasin D) Arf6 localized predominantly
to vesicles but was occasionally found on tubules (Fig. 2A and
3A), consistent with previous reports (21, 52, 54). As shown in
Fig. 2A, GFP-TRE17(onco) colocalized with HA-Arf6 on tu-
bules and vesicles. TRE17(onco) did not enhance the tubular
staining of Arf6 or perturb the morphology of the tubular
endosome. In contrast, coexpression of TRE17(long) with
Arf6 caused dramatic alterations in the morphology of this
compartment (see next section).

To confirm that TRE17 peptides localize to the Arf6 tubular
endosome, we examined its colocalization with another marker
of this compartment. Previous studies have shown that the
tubular endosome is enriched in phosphatidylinositol 4,5-
bisphosphate, with a GFP-tagged pleckstrin homology (PH)
domain from phospholipase C� (9). The TRE17(onco) tubules
colocalized precisely with GFP-PLC�(PH) (Fig. 2B). The
staining pattern of GFP-PLC�(PH) was comparable in the
absence (Fig. S1 in the supplemental material) or presence of
TRE17(onco) coexpression, indicating that TRE17(onco) does
not enhance the formation of tubules or perturb the morphol-
ogy of this compartment. We also confirmed that endogenous
cargo of this pathway colocalized with TRE17 (see below).
Together, these results demonstrate that TRE17 peptides lo-

FIG. 1. TRE17 peptides traffic between plasma membrane and tu-
bulo-vesicular compartment. (A) Domain structure of the three
TRE17 isoforms TRE17(long), TRE17(onco), and TRE17(short).
Also shown is mutant T17(447), encoding amino acids 1 to 447 of
TRE17(long). The length of each (in amino acids) is indicated. TBC,
Rab GAP homology domain; C and H, cysteine and histidine subdo-
mains of the ubiquitin-specific protease domain, respectively. Dark
bars at the C termini of TRE17(onco) and TRE17(short) represent
unique sequences. (B) HA-tagged TRE17 isoforms were transfected
into HeLa cells, visualized with anti-HA, and analyzed by confocal
microscopy. Cells expressing TRE17(long) were treated with cytocha-
lasin D (cyto D, 200 nM) for 30 min (right). Scale bar, 10 �m.
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calize to the Arf6-regulated tubular endosome. Because Arf6’s
role in plasma membrane recycling has been studied most
extensively in HeLa cells, we continued our analysis of TRE17
in these cells.

TRE17 induces morphological alterations indicative of Arf6
activation. In examining the colocalization of TRE17(long)
with Arf6, we found that this isoform had profound effects on
the morphology of the tubular endosome upon coexpression
with Arf6. When expressed by itself, Arf6 localized predomi-
nantly to the plasma membrane and small vesicles (Fig. 3A).
However, coexpression with TRE17(long) induced the forma-
tion of large vacuoles on which the two proteins colocalized
(Fig. 3B). While this vacuolar morphology was induced in a low
percentage (22%) of cells overexpressing wild-type Arf6, this
was increased dramatically to 54% in cells coexpressing

TRE17(long) and wild-type Arf6 (Fig. 3F). This phenotype is
highly reminiscent of that induced by constitutively active Arf6
(Q67L) (Fig. 3C).

Previous studies have shown that the vacuoles induced by
Arf6 Q67L are coated with F-actin (Fig. 3C) and accumulate
cargo specific to the Arf6 pathway, such as major histocom-
patibility complex type I (9; unpublished data). We found that
the TRE17(long)/wild-type Arf6 vacuoles also accumulated
major histocompatibility complex type I and were coated with
F-actin (Fig. 3D and E). Vacuoles were never observed in cells
expressing TRE17(long) alone, suggesting that the formation
of these structures requires a degree of Arf6 activation ob-
tained only upon coexpression with wild-type Arf6.

In addition to the vacuolar morphology described above, a
more modest phenotype was observed in a small fraction of
cells coexpressing lower levels of TRE17(long) and wild-type
Arf6. In these cells, tubular elements of the endosome were
still visible, and enlarged vesicle-like structures that were often
clustered near the tubules accumulated (Fig. 4A). We sur-
mised that this morphology might also arise from activation of
Arf6, since constitutive activation of Arf6 is believed to pro-
mote homotypic fusion of endosomes and prevent their fusion
with the tubular compartment. We further reasoned that these
cells might be more physiological than the vacuolar cells, given
the gross morphological alterations in the latter. We therefore
searched for TRE17 mutants that gave an enlarged-vesicle
phenotype while containing the smallest possible deletion of
TRE17(long). This led to identification of T17(447), which
encodes the N-terminal 447 amino acids of TRE17(long) (see
Fig. 1 for domain structure). T17(447) was able to induce the
formation of enlarged vesicle-like structures when expressed
by itself (Fig. 4B). In contrast, TRE17(long) was only able to
do so when coexpressed with Arf6, suggesting that T17(447)
may represent a constitutively active allele. As seen with
TRE17(long), T17(447) could also induce the formation of
vacuoles when coexpressed with wild-type Arf6 (data not
shown).

FIG. 2. TRE17 localizes to the Arf6 tubular endosome. HeLa cells
were cotransfected with HA-Arf6 (red) and GFP-TRE17(onco)
(green) (A) or HA-TRE17(onco) (red) and GFP-PLC�(PH) (green)
(B). Cells were subjected to indirect immunofluorescence with anti-
HA antibody and then analyzed by confocal microscopy. Scale bar, 5
�m.

FIG. 3. TRE17(long) and Arf6 cooperate to induce a constitutively active Arf6 phenotype. HeLa cells were transfected with wild-type Arf6
(A) or Q67L (C) and then subjected to indirect immunofluorescence microscopy with anti-Arf6 antibody. For C, F-actin was visualized with
fluorescein isothiocyanate-phalloidin (bottom). (B, D, and E), HA-TRE17(long) and wild-type Arf6 were cotransfected. In B, the two proteins
were detected with anti-HA and anti-Arf6 antibodies, respectively. (D) Live cells were labeled with anti-major histocompatibility complex type I
for 2 h prior to fixation. (E) F-actin was visualized with fluorescein isothiocyanate-phalloidin. Scale bar, 10 �m in A, C, and E; 5 �m in B and D.
(F) Cells were transfected with wild-type Arf6 alone or with TRE17(long) or TRE17(onco). Numbers represent the percentage of cells
coexpressing Arf6 and the indicated TRE17 peptide that contain vacuoles. The data represent the results of at least three independent experiments
in which 100 cells were counted per experiment.
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While the vacuoles induced by coexpression of TRE17(long)
or T17(447) with Arf6 precisely phenocopied Arf6 Q67L (re-
garding molecular markers and morphology), the enlarged ves-
icle-like structures induced by T17(447) alone had a distinct
appearance (compare Fig. 3 and 4). We therefore sought to
characterize them further. We first confirmed that these struc-
tures were indeed vesicular by performing immunoelectron
microscopy. As shown in Fig. 4C, the T17(447)-positive struc-
tures were clearly delimited by a membrane bilayer. We next
determined whether they arose through activation of endoge-
nous Arf6 by testing whether their formation was blocked by
coexpression of dominant negative Arf6 (T27N). While 33% of
cells expressing T17(447) alone exhibited enlarged vesicles, as
typified in Fig. 4B, this was reduced to 14% in cells coexpress-
ing Arf6 T27N (Fig. 4D). In the remaining cells, vesicles were
either absent or greatly reduced in size (data not shown). This
result strongly suggests that activation of endogenous Arf6 is
required for the ability of T17(447) to induce the formation of
enlarged vesicles. In sum, these data provide strong, albeit
indirect evidence that TRE17 peptides promote activation of
Arf6 in vivo.

TRE17 selectively regulates trafficking of cargo of the Arf6
but not the classical endocytic pathway. We wished to deter-
mine the specificity of TRE17’s effects on endocytic trafficking.
As mentioned above, the Arf6 pathway carries cargo such as
major histocompatibility complex type I and �1-integrin but
excludes cargo from the classical endocytic pathway, such as
the transferrin receptor (9). To assess whether Arf6 cargo

selectively accumulated in the T17(447) vesicles, anti-major
histocompatibility complex type I, anti-�1-integrin, or fluores-
cently labeled transferrin was added to the culture medium of
transfected HeLa cells and allowed to internalize for 2 h. Cells
were then fixed and processed for indirect immunofluores-
cence. Both anti-major histocompatibility complex type I (Fig.
5A) and anti-�1-integrin (Fig. 5B) were incorporated into the
T17(447) vesicles, confirming that they are endocytic in nature.
Serial optical sectioning revealed that these structures were
clearly inside the cell and not projections from the plasma
membrane (Fig. 5A). In striking contrast, transferrin (Fig. 5B)
and EEA1 and Rab5 (unpublished data) were excluded from
the T17(447) vesicles. Transferrin did colocalize with �1-inte-
grin on a distinct subpopulation of vesicles (Fig. 5B, magenta
staining in merge panel), consistent with previous studies
showing that endosomes of the Arf6 and classical pathways
later fuse (38). These results support the notion that TRE17
selectively regulates trafficking through the Arf6 pathway at a
step prior to convergence with the classical pathway.

TRE17 specifically promotes GTP loading of Arf6 in vivo.
The morphological studies above suggested that TRE17 pro-
motes activation of Arf6. We wished to confirm this by directly
measuring Arf6-GTP levels in vivo. To this end, we used a
fragment of the Golgi-localized, � ear-containing, Arf-binding

FIG. 4. Alterations in tubular endosome morphology induced by
TRE17 arise through activation of endogenous Arf6. HeLa cells were
transfected with (A) HA-TRE17(long) and wild-type Arf6 or (B) HA-
T17(447), encoding the N-terminal 447 amino acids of TRE17(long)
(see Fig. 1 for domain structure) and then analyzed by confocal mi-
croscopy. (C) HeLa cells were transfected with HA-T17(447), and
immunoelectron microscopy was performed with anti-HA antibody
and secondary antibody conjugated to 1.4-nm gold particles. (D) The
percentage of HA-T17(447)-expressing cells containing enlarged ves-
icles (as typified in B) was quantified in the absence and presence of
coexpressed Arf6 T27N. The results are representative of three inde-
pendent experiments in which at least 100 cells were counted per
experiment. Scale bar, 10 �m.

FIG. 5. TRE17 vesicles specifically accumulate cargo of the Arf6
pathway. (A) Live HeLa cells expressing HA-T17(447) were incubated
with anti-major histocompatibility complex type I for 2 h. Samples
were fixed and subjected to indirect immunofluorescence microscopy,
visualizing internalized anti-major histocompatibility complex type I
(red) and T17(447) (green). (B) HeLa cells expressing T17(447)
(green) were incubated with anti-�1-integrin (red) and Alexa Fluor
488-transferrin (blue) for 2 h prior to fixation. Scale bar, 10 �m.
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protein GGA3, which binds to Arfs in a GTP-dependent man-
ner (19, 65). GGA3 was purified as a GST fusion from E. coli
and used as an affinity reagent to pull down active Arf6 from
HeLa cell extracts (60). GST-GGA3 pulled down Arf6 Q67L
but not T27N (Fig. 6A), demonstrating that it specifically rec-
ognizes active Arf6.

We next monitored the effects of T17(447) on Arf6 activity
by coexpressing it with wild-type HA-Arf6 and then perform-
ing GGA3 pulldowns. Levels of active Arf6 were monitored by
anti-HA immunoblotting. Strikingly, Arf6 was potently acti-
vated by T17(447) relative to control samples (Fig. 6B). The
degree of activation by the Arf6 GEF, EFA6, is shown for
comparison. With this assay, Arf6 was not significantly acti-
vated by TRE17(long) or TRE17(onco), but this is likely due
to the relatively low percentage of cells expressing HA-Arf6
that actually coexpressed these isoforms. In cells on which
coexpression was confirmed by immunofluorescence micros-
copy (as in Fig. 3), TRE17(long) efficiently promoted Arf6
activation, as judged from its ability to mimic the Arf6 Q67L
phenotype.

We also monitored the effects of T17(447) on endogenous
Arf6 but observed no activation (unpublished data). This is
likely due to the technical limitations of this assay, since EFA6
also failed to detectably activate endogenous Arf6. Because the
assays above required cotransfection of Arf6, we wished to
confirm that T17(447)’s effects were not a consequence of
promiscuous activity due to overexpression. We therefore ex-
amined activation of another Arf family member, Arf1. HA-
Arf1 was coexpressed with T17(447) or ARNO (a GEF for
Arf1 and Arf6) (13, 27) and subjected to GGA3 pulldown
assays. While ARNO activated Arf1, T17(447) had no effect
(Fig. 6C). These results indicate that TRE17 selectively pro-
motes the activation of Arf6 in vivo.

Arf6 binds directly to the TBC domain of TRE17 in a GDP-
dependent manner. To better understand the mechanism by
which TRE17 promotes Arf6 activation, we examined whether
the two proteins associate. GST-TRE17(long) was coexpressed
with HA-Arf6 Q67L or T27N. TRE17(long) was precipitated
with glutathione-Sepharose, and associated Arf6 was moni-
tored by anti-HA immunoblotting. Surprisingly, TRE17(long)
coprecipitated with Arf6 T27N but not Q67L, indicating a
GDP-dependent interaction (Fig. 7A). This interaction was
highly specific, as no association of TRE17 with Rab4, Rab5, or
Rab11 was detected (unpublished data).

To map the Arf6-binding site, mutants of TRE17 (Fig. 7B)
were tested for their ability to bind Arf6 T27N. TRE17(onco),
T17(447), and the isolated TBC domain coprecipitated with
Arf6 T27N as efficiently as TRE17(long) (Fig. 7A). However,
a mutant deleted of the TBC domain (�TBC) exhibited sig-
nificantly reduced binding. Thus, the TBC domain of TRE17 is
both necessary and sufficient for binding to inactive Arf6 in
vivo.

We wished to confirm that TRE17 could also bind to wild-
type Arf6 in its GDP-bound state, to exclude the possibility
that binding to Arf6 T27N resulted nonspecifically from con-
formational abnormalities of this mutant. To test this, wild-
type Arf6 was cotransfected with T17(447). Cells were treated
or not with the glycolytic inhibitor 2-deoxyglucose, which re-
duces the cellular level of free GTP (61). As seen in Fig. 7C,
wild-type Arf6 exhibited a basal association with T17(447) that
was further enhanced by 2-deoxyglucose treatment, providing
additional evidence for the GDP-dependent association of
TRE17 with Arf6 in vivo.

To determine whether this interaction is direct, binding was
examined with recombinant proteins. Wild-type Arf6 purified
from E. coli, which is predominantly GDP bound (56), was
incubated with maltose-binding protein (MBP)-tagged T17(447)
or the isolated TBC domain conjugated to amylose beads. Arf6
bound to MBP-T17(447) and MBP-TBC but not to MBP alone
(Fig. 7D, top panel). To confirm that this interaction was GDP
dependent, Arf6 was loaded with GTP�S or GDP prior to
incubation with the MBP fusion proteins. As shown in Fig. 7D
(bottom panel), Arf6 coprecipitated specifically with the TBC
domain in the presence of GDP.

Taken together, our data demonstrate that the TBC domain
of TRE17 binds directly to Arf6-GDP. These results were
surprising, given that GAP domains interact with GTPases in a
GTP-dependent manner and that TBC domains are predicted
to interact with Rab GTPases.

TRE17 promotes plasma membrane localization of Arf6 and
cooperates with GEFs in Arf6 activation. Given that TRE17
binds to Arf6-GDP and promotes its activation in vivo, we
hypothesized that it might function as a GEF. However, we
were unable to detect intrinsic GEF activity for recombinant
MBP-T17(447) by in vitro GEF assays (unpublished data). We
therefore considered alternative mechanisms by which binding
of TRE17 with Arf6-GDP might promote its activation.

Arf6-GDP is largely intracellular on tubules and vesicles and

FIG. 6. TRE17 specifically activates Arf6 but not Arf1 in vivo. (A) Extracts were prepared from HeLa cells transfected with HA-Arf6 Q67L
or T27N and then subjected to pulldowns (pdn) with GST-GGA3. Arf6 was detected by anti-HA immunoblotting. (B) HA-Arf6 was cotransfected
with vector, HA-T17(447), or Flag-EFA6, and GGA3 pulldowns were performed as in A. EFA6 was detected with anti-Flag. Active Arf6, GGA3
pulldowns; total Arf6, whole-cell lysates. (C) HA-Arf1 was cotransfected with vector, HA-T17(447), or Myc-ARNO. GGA3 pulldown assays were
performed. ARNO was detected with anti-Myc antibody. Active Arf1, GGA3 pulldowns; total Arf1, whole-cell lysates.
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is believed to become activated upon recruitment to the
plasma membrane, where Arf6 GEFs reside. We hypothesized
that TRE17 might bind to Arf6-GDP at the tubular endosome
and promote localization of vesicles to the plasma membrane.
To test this, we examined the effects of T17(447) on the local-
ization of Arf6 T27N. Consistent with previous reports (25, 50,
53), Arf6 T27N was predominantly found on vesicles and tu-
bules (Fig. 8A). However in 14% of cells, some plasma mem-
brane staining could be discerned. Coexpression of T17(447)
dramatically increased the percentage of cells exhibiting
plasma membrane-localized Arf6 T27N to 37% (Fig. 8B). In
some cells, Arf6 T27N was almost entirely localized to the
plasma membrane (Fig. 8C), a distribution that was never
observed in cells expressing Arf6T27N alone. TRE17(long)
and TRE17(onco) were also able to enhance plasma mem-
brane localization of Arf6 T27N (Fig. 8D), although the latter
did so less efficiently.

Our results suggest that TRE17 peptides function in part by
promoting localization of Arf6 to the compartment where its
GEFs reside. Thus, one might predict that TRE17 and GEFs
would cooperate in Arf6 activation. To test this, levels of trans-
fected EFA6 and T17(447) and EFA6 were titrated down so
that modest or no activation by either alone was observed.
Strikingly, coexpression of the two at these levels cooperatively
activated Arf6 (Fig. 8E). Similar results were obtained with the
Arf6 GEF ARNO (Fig. S2 in the supplemental material).
These data support a model in which TRE17 functions to
facilitate access of Arf6 to its GEFs at the plasma membrane.

TRE17’s effects on Arf6 and endosome morphology are in-
dependent of intrinsic GAP activity. While our results indicate

that TRE17 is not a GAP for Arf6, it remained possible that it
might function as a GAP for another GTPase. Indeed, TBC
proteins in Saccharomyces cerevisiae have been shown to act on
multiple GTPases, at least in vitro (1). The only other GTPase
reported to localize to the tubular endosomal compartment is
Rab11 (51). However, we found that TRE17 neither interacts
with Rab11 nor stimulates its GTPase activity (unpublished
data).

We considered that TRE17 might function as a GAP for a
GTPase that we have yet to identify. To determine whether
this putative activity was required for TRE17’s effects on Arf6
activation or morphology of the tubular endosome, we gener-
ated a mutant that is predicted to be catalytically inactive. TBC
domains contain two highly conserved arginine residues that
are essential for activity (Fig. 9A, asterisk and arrow). Muta-
tion of either residue in all TBC domain proteins tested thus
far renders the enzyme inactive (1–3, 28, 33, 49, 55). The
C-terminal arginine residue (arrow, Fig. 9A) functions directly
in catalysis and is conserved in GAPs for multiple GTPase
subfamilies (5). Strikingly, this position has a threonine (T150)
in TRE17, suggesting that it might be catalytically inactive.
While the adjacent residue is an arginine (R149), it is likely
nonfunctional, based on mutagenic and X-ray crystal structure
analysis of other TBC proteins (3, 55). Nevertheless, we enter-
tained the possibility that it might be able to participate in the
catalytic mechanism.

To determine whether GAP activity is required for TRE17’s
effects, we mutated both of the arginines above (arginines 106
and 149) to lysine. This double mutation (RKRK) was made in
the context of T17(447) to allow us to monitor its effects on

FIG. 7. TBC domain of TRE17 binds directly to Arf6-GDP. (A) HA-tagged Arf6 Q67L (QL) or T27N (TN) was cotransfected with the
indicated GST-tagged TRE17 allele into HeLa cells. TRE17 peptides were precipitated with glutathione-Sepharose beads, and associated Arf6 was
detected by anti-HA blotting. WCL, whole-cell lysate. Pdn, pulldown. (B) Domain structure of the TRE17 mutants used in A. (C) HeLa cells were
cotransfected with GST-T17(447) and wild-type HA-Arf6. Cells were incubated with or without 100 mM 2-deoxyglucose (2DG) for 2 h and then
harvested as in A. (D) Purified wild-type Arf6 was incubated with MBP, MBP-TBC, or MBP-T17(447) conjugated to amylose beads. The beads
were washed, and the associated Arf6 was detected by anti-Arf6 immunoblotting (top panel); use of comparable levels of MBP fusions was
confirmed by anti-MBP blotting (middle panel). In the bottom panel, Arf6 was loaded with GTP�S or GDP in vitro prior to performing pulldowns
with MBP or MBP-TBC.
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morphology and Arf6 activation biochemically. RKRK in-
duced the formation of enlarged vesicles that accumulated
major histocompatibility complex type I at a frequency indis-
tinguishable from that of wild-type T17(447) (Fig. 9B and data
not shown). We next examined whether this mutation per-
turbed T17(447)’s effects on Arf6. As seen in Fig. 9C and D,
T17(447) RKRK activated and associated with Arf6 as well as
its wild-type counterpart did in vivo.

These experiments suggest that TRE17’s effects on Arf6
activation and tubular endosome morphology do not require

intrinsic GAP activity. Further support for this is provided by
an experiment in which we attempted to enhance TRE17’s
potential GAP activity. Since TRE17 lacks the catalytic argi-
nine residue at the conserved position, we reasoned that con-
verting T150 to arginine might render it more active. However,
we found that this substitution had no effect on the ability of
T17(447) to induce the formation of enlarged vesicles (unpub-
lished data). Thus, while it remains formally possible that
TRE17 functions as a GAP for a GTPase that we have yet to
identify, our results suggest that this is unlikely. Rather, our
data strongly suggest that the TBC domain of TRE17 serves as
an Arf6-GDP interaction motif.

Depletion of TRE17 attenuates Arf6 activation. Our data
above revealed that overexpression of TRE17(long) or the
T17(447) mutant promoted Arf6 activation in vivo. To assess
the role of endogenous TRE17(long) in Arf6 activation, we
depleted its expression with short interfering RNA. HeLa cells
were transfected with a vector encoding a short hairpin se-
quence modeled after the N terminus of TRE17(long) (T17	).
In order to control for nonspecific effects of expressing short
double-stranded RNA, we also generated a construct targeting
an exon that is absent from the TRE17 splice variant expressed
in HeLa cells. Following transfection, HeLa cells were selected
in neomycin and then subjected to reverse transcription-PCR
to monitor TRE17 mRNA levels. As shown in Fig. 10A, TRE17
expression was essentially abolished in the T17	 cells. Strik-
ingly, GGA3 pulldown assays revealed that Arf6 activity was
specifically reduced in the T17	 cells (Fig. 10B). These data
strongly support a role for endogenous TRE17 in promoting
Arf6 activation.

DISCUSSION

Our studies identify a role for TRE17 in regulating traffick-
ing through the Arf6-dependent plasma membrane recycling
system. Unexpectedly, we find that the TBC domain of TRE17
serves as an Arf6-GDP interaction motif and not as a GAP.
Our results are consistent with recent work suggesting that
TRE17 is catalytically inactive (7). While it remains formally
possible that TRE17 serves as a GAP for a GTPase that we
have yet to identify, our mutagenic analysis strongly suggests
that GAP activity is not required for TRE17’s ability to activate
Arf6 or for its effects on the morphology of the tubular endo-
somal compartment. Interestingly, both TRE17 and PRC17
(TRE17’s closest homologue) lack the highly conserved argi-
nine residue that has been shown to function in catalysis in
other TBC proteins. However, PRC17 was reported to func-
tion as a GAP for Rab5 (49). These results, together with our
current findings, underscore the need for caution in predicting
the substrate specificity and catalytic mechanism for this poorly
characterized family of proteins.

Our studies support a model in which TRE17 promotes Arf6
activation by binding to Arf6-GDP at the tubular endosome
and facilitating its recruitment to the plasma membrane, thus
bringing it into proximity with its GEFs. An important unan-
swered question is how TRE17(long) gets recruited to the
plasma membrane. Our previous studies indicated that TRE17
is recruited to the membrane by mitogenic stimuli, mediated by
an indirect association with Rac1 and Cdc42 (34). Notably,
constitutively active Rac1 is sufficient to drive plasma mem-
brane recruitment of both TRE17 (34) and Arf6 (30, 70; our

FIG. 8. TRE17 induces plasma membrane recruitment of Arf6 and
cooperates with GEFs to promote activation. Arf6 T27N was ex-
pressed by itself (A) or with HA-T17(447) (B and C) in HeLa cells.
(B) Representative image of plasma membrane-localized Arf6 T27N
upon coexpression with T17(447). (C) Complete redistribution of Arf6
T27N to the plasma membrane was observed in a fraction of cells
coexpressing T17(447). Scale bar, 10 �m. (D) Arf6 T27N was ex-
pressed by itself or with the indicated TRE17 peptide. The percentage
of cells exhibiting plasma membrane (P.M.)-localized Arf6 T27N as
typified in B was quantified. Results represent three independent ex-
periments in which 100 cells were counted in each. (E) HA-Arf6 was
cotransfected with the indicated plasmids into HeLa cells. GGA3 pull-
down assays were performed as above.

VOL. 24, 2004 TBC PROTEIN TRE17 PROMOTES Arf6 ACTIVATION 9759



unpublished observations). Thus, it is tempting to speculate
that TRE17 serves to link agonist-induced Rac1 activation to
enhanced recycling through the Arf6 pathway. Investigating
this possibility will be among our future goals.

Following membrane internalization, Arf6 must normally be
inactivated by GAPs to allow fusion of endocytic vesicles with
the tubular endosome. However, forced expression of TRE17
appears to cause sustained activation of Arf6 on endosomes. In

the case of T17(447) this leads to the formation of enlarged
vesicles which accumulate cargo. Coexpression of TRE17
(long) with Arf6 similarly causes sustained Arf6 activation,
inducing the formation of vacuoles or, less frequently, enlarged
vesicles similar to those induced by T17(447). At present, we
do not fully understand the molecular basis of these different
phenotypes, both of which appear to arise through hyperacti-
vation of Arf6.

We believe that the vacuolar phenotype may arise from
higher levels of Arf6 activation, based on the fact that Arf6
Q67L induces this morphology (9). We hypothesize that the
vacuoles arise from enhanced formation and fusion of pino-
somes and macropinosomes, as has been described for Arf6
Q67L (9). In contrast, the enlarged vesicles may result from
fusion of endosomes en route to the tubular compartment. The
frequent association of the enlarged vesicles with tubules (Fig.
4 and 5) is consistent with such a notion. Because T17(447)
lacks the ubiquitin-specific protease domain but was able to
induce Arf6 activation, this indicates that TRE17’s de-ubiquiti-
nating activity is not absolutely essential for this effect. How-
ever, TRE17(onco) was unable to cooperate with wild-type
Arf6 in vacuole formation (Fig. 3), suggesting that ubiquitin-
specific protease activity may have a modulatory role. Consis-

FIG. 9. TRE17 activates Arf6 independently of intrinsic GAP activity. (A) Sequence alignment of TBC proteins; only a portion of the TBC
domain is shown. Numbers indicate the amino acid position of the first residue shown. The arginine residue that functions in catalysis is highlighted
with an arrow; the corresponding residue in TRE17 is threonine (T150). Another conserved arginine residue required for activity is marked with
an asterisk (corresponding to R106 in TRE17). (B) HeLa cells were transfected with a T17(447) mutant in which arginines 106 and 149 were
mutated to lysines (RKRK). Live cells were incubated with anti-major histocompatibility complex type I antibody and then processed for indirect
immunofluorescence. Scale bar, 10 �m. (C) Wild-type GST-T17(447) or the RKRK mutant was cotransfected with HA-Arf6 Q67L or T27N.
T17(447) was precipitated with glutathione-Sepharose, and associated Arf6 was detected by anti-HA immunoblotting. (D) HA-Arf6 was cotrans-
fected with wild-type T17(447) or the RKRK mutant. GGA3 pulldown assays were performed as above. Immunoblotting of whole-cell extracts
confirmed uniform expression of the Arf6 and T17(447) mutants (data not shown).

FIG. 10. Arf6 activity is attenuated in HeLa cells depleted of
TRE17. (A) HeLa cells were transfected with a construct targeting
TRE17 (T17	) or a negative control plasmid (Cont) and then selected
in neomycin. RNA was isolated from pooled populations, and reverse
transcription-PCR was performed with primers against TRE17 (top
panel) or glyceraldehyde-3-phosphate dehydrogenase (bottom panel).
(B) T17	 and control cells were transfected with HA-Arf6 and then
subjected to GGA3 pulldowns.
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tent with this notion, a point mutant of TRE17(long) in which
ubiquitin-specific protease activity was abolished, TRE17
(long)/USP	, was also unable to cooperate with wild-type
Arf6 in vacuole formation (unpublished observations). It may
be speculated that TRE17(onco) (which contains only one of
the two subdomains required for ubiquitin-specific protease
activity) and TRE17(long)/USP	 function as dominant nega-
tive alleles, being able to bind but not deubiquitinate substrates
which regulate either Arf6 activation or vesicle dynamics. In
contrast, T17(447), which lacks the entire C terminus, might
not function in a dominant negative manner.

While our results indicate that TRE17 induces Arf6 activa-
tion by promoting its recruitment to the plasma membrane, we
believe that it may have additional functions. This is suggested
by the fact that T17(447) and TRE17(long) promote mem-
brane recruitment of Arf6 T27N equally well, but only the
former can promote Arf6 activation when expressed by itself
(as inferred from effects on endosome morphology). This may
reflect the dysregulated nature of T17(447), as suggested by
our previous work (34); the putative additional function of
TRE17 may be mediated by a domain that is exposed in
T17(447) but autoinhibited and subject to regulation in
TRE17(long) and TRE17(onco). What might this additional
function be? The direct binding of TRE17 to Arf6-GDP raises
several possibilities. One is that TRE17 might function as a
GEF itself. While we failed to detect intrinsic GEF activity for
MBP-T17(447) in in vitro GEF assays (data not shown), future
experiments with TRE17 purified from eukaryotic cells will be
necessary to eliminate this possibility. Alternatively, TRE17
might directly bridge the interaction of Arf6-GDP with its
GEFs, as has been described for �-arrestin (16). Yet another
possibility is that binding of TRE17 might alter the conforma-
tion of Arf-GDP in a manner that enhances its ability to serve
as a GEF substrate. Future studies will examine these potential
roles for TRE17 in Arf6 activation.

An outstanding question is the mechanism by which TRE17
causes transformation. Initial studies suggested that TRE17
(onco) was the only isoform capable of causing transformation
in NIH 3T3 cells (37). However, more recent studies indicate
that TRE17(long) also has tumorigenic properties in vivo. As
mentioned, the TRE17 gene undergoes a chromosomal trans-
location event in bone neoplasms, leading to its high-level
expression. TRE17(long) was the only isoform detected in
these tumors (A. Oliveira and J. A. Fletcher, personal com-
munication). Since Arf6 has been shown to promote motile,
invasive behavior (26, 29, 45, 46, 59, 60, 64), we suggest that
this is a key component of TRE17(long)’s mechanism of trans-
formation. In addition, it may be speculated that TRE17 has
additional cellular functions that are dependent on ubiquitin-
specific protease activity, such as stabilizing proteins (such as
tumor suppressors, for example), that are normally targeted
for proteasomal or lysosomal degradation. In the case of
TRE17(onco)-mediated transformation, degradation of such
proteins might be enhanced due to its ability to act in a dom-
inant negative manner. Exploring these possibilities may lead
to the identification of novel mechanisms of cellular transfor-
mation.
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