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Rabex-5 is a guanine nucleotide exchange factor (GEF) for Rab5. Here, we report the identification of a novel functional
domain of Rabex-5 that is essential for its membrane targeting and Rab5 GEF activity in vivo. The data show that
full-length Rabex-5 efficiently activates Rab5 in the cell. However, the GEF domain itself (residues 135–399) is inactive in
this respect, despite its activity in vitro. Generation and characterization of a series of Rabex-5 constructs reveal that the
GEF domain is unable to target to early endosomes and that a sequence N-terminal to the GEF domain can restore its early
endosomal targeting and its ability to activate Rab5 in the cell. This region (residues 81–135) is termed membrane-binding
motif, which together with the downstream helical bundle domain (residues 135–230) forms an early endosomal targeting
(EET) domain necessary and sufficient for association with early endosomes. Furthermore, several active Rabex-5
constructs do not contain the Rabaptin-5-binding domain in the C-terminal region. Thus, Rabex-5 can target to early
endosomes via the EET domain and activate Rab5 in a Rabaptin-5–independent manner in vivo. We discuss a model to
reconcile these in vivo data with previous in vitro results on Rabex-5 function and its interaction with Rabaptin-5.

INTRODUCTION

Rabex-5 is a guanine nucleotide exchange factor (GEF) for
Rab5 (Horiuchi et al., 1997), a small GTPase regulating
early endosome fusion and endocytosis (Gorvel et al.,
1991; Bucci et al., 1992; Li et al., 1994; Hoffenberg et al.,
1995; Li and Liang, 2001). Interestingly, Rabex-5 was orig-
inally purified as a soluble complex with Rabaptin-5, and
immunodepletion of this complex can reduce early endo-
some fusion in vitro (Horiuchi et al., 1997). Rabex-5 itself
shows very little GEF activity in vitro, and it requires
interaction with Rabaptin-5 to gain activity (Esters et al.,
2001; Lippe et al., 2001). Furthermore, the core GEF do-
main (Vps9 domain plus the upstream helical bundle and
the downstream �-helix, residues 132–391) of Rabex-5 is
also much more active than the full-length protein in in
vitro biochemical assays (Delprato et al., 2004). It is un-
clear why the full-length Rabex-5 has such low GEF ac-
tivity in vitro and how interaction with Rabaptin-5 can

stimulate this activity. This could be due to a folding or
conformational problem of the full-length Rabex-5 in vitro
or it could reflect a physiologically relevant regulatory
mechanism in the cell.

Rabex-5 contains multiple functional domains (Delprato
et al., 2004). A coiled-coil domain downstream of the GEF
domain may mediate the binding to Rabaptin-5, as shown
in a yeast two-hybrid assay (Mattera et al., 2006), whereas
a Zn2� finger (ZnF) domain at the N terminus is shown to
bind ubiquitin (Lee et al., 2006; Mattera et al., 2006;
Penengo et al., 2006). Recently, Rabex-5 (also called Rab-
GEF1) knockout mice have been generated, and they die
early and develop severe skin inflammation (Tam et al.,
2004). Mast cells isolated from these Rabex-5– deficient
mice show enhanced stem cell factor/c-Kit–mediated sig-
nal transduction and biological responses (Kalesnikoff et
al., 2006). It is not yet clear whether these effects are
related to the Rabex-5 GEF activity for Rab5. In addition
to Rabex-5, there are other Vps9 domain-containing pro-
teins, e.g., the RIN proteins (Tall et al., 2001; Saito et al.,
2002), which may contain signal transduction-activated
Rab5 GEF activity (Carney et al., 2006).

In this study, we investigate Rabex-5 function in vivo, and
we specifically address the following questions: 1) Is the
full-length Rabex-5 protein itself active as a Rab5 GEF in
the cell? 2) Is the GEF domain itself active as a Rab5 GEF in
the cell? 3) What is the role of Rabaptin-5 in Rabex-5 GEF
activity? and 4) Can Rabex-5 target to early endosomes
independently of Rabaptin-5 in the cell? If so, which domain
is responsible? Our data identify a novel mechanism in the
membrane targeting and function of Rabex-5 in the cell, and
they clarify unresolved issues by reconciliation with in vitro
studies.

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E07–02–0100)
on August 15, 2007.
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MATERIALS AND METHODS

Plasmids
pGEX-6p-1, pGEX-4T-2, and pGEX-3X were purchased from GE Healthcare
(Little Chalfont, Buckinghamshire, United Kingdom). pET-11a, pET-15b, and
pET28a were from Novagen (Madison, WI). pMAL-2c was from New En-
gland Biolabs (Natick, MA). pBI was from BD Biosciences (San Jose, CA).

Protein Expression and Purification
Rabex-5 cDNA (Bos taurus, NCBI accession no. NM_174591) and truncated
fragments were cloned into the pGEX and pMAL vectors for expression as
glutathione S-transferase (GST) and maltose-binding protein (MBP) fusion
proteins or into the pET-28a vector for expression as His-tagged proteins.
Rabaptin-5 cDNAs were cloned into pET-15b for expression as His-tagged
proteins or into pET-11a vectors for expression as free proteins (Zhu et al.,
2004b). The plasmid constructs were transformed into the Escherichia coli
strain BL21(DE3), and the expressed proteins were purified as soluble pro-
teins by following the procedure described previously (Zhu et al., 2004a). To
purify Rabex-5–Rabaptin-5 complexes, pET-28a/Rabex-5(135-480) and pET-
11a/Rabaptin-5(572-641) were cotransformed into BL21(DE3), and the trans-
formed bacteria were grown in LB medium containing both ampicillin (60
mg/l) and kanamycin (30 mg/l). Protein expression was induced by adding
0.1 mM isopropyl �-d-thiogalactoside at OD600 of 0.6, and the bacterial
cultures were allowed to grow for another 15 h at 16°C, before being har-
vested and lysed with lysozyme. Recombinant proteins were purified from
the supernatants of cell lysates by affinity His-Select resin (Sigma-Aldrich, St.
Louis, MO). The eluted complex was cleaved by thrombin to remove the
His-tag and further purified with Resource Q ion-exchange chromatography
(GE Healthcare). The purified complex was analyzed by SDS-polyacrylamide
gel electrophoresis (PAGE) (20% gel) and visualized by Coomassie brilliant
blue staining.

GST and MBP Pull-Down Assays
Recombinant GST- and MBP–Rabex-5 fusion proteins were immobilized on
glutathione Sepharose-4B (GE Healthcare) and Amylose (New England Bio-
labs) resins, respectively. Five micrograms of recombinant Rabaptin-5 pro-
teins were incubated with the resin containing 5 �g of GST- or MBP-Rabex-5
as indicated for 30 min in the binding buffer (200 �l) according to the
manufacturer’s instructions. The final concentration of each protein was �2
�M for detection of specific binding. The resins were subsequently washed
three times with phosphate-buffered saline (PBS) and resuspended in 20 �l of
SDS sample buffer. The samples were subjected to 20% SDS-PAGE analysis,
and the proteins were visualized by Coomassie brilliant blue staining.

Guanosine 5�-O-(3-thio)triphosphate (GTP�S) Loading
Assay
GST-Rab5 was purified with glutathione Sepharose-4B resin in PBS contain-
ing 10 mM MgCl2 and 1 mM GDP to keep GDP on Rab5. Rab5-GDP was then
separated from GST and released into the supernatant by thrombin, which
was later removed by benzamidine-Sepharose (GE Healthcare). The protein
was dialyzed in the binding buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
5 mM MgCl2, 1 mM EDTA, and 1 mM dithiothreitol). A modified version of
the filter binding assay (Lippe et al., 2001) was used to determine the
[35S]GTP�S binding rate of Rab5-GDP, which reflected its nucleotide ex-
change rate. Briefly 1 �M Rab5-GDP was incubated with 2 �M [35S]GTP�S
(GE Healthcare) in 100 �l of the binding buffer in the absence or presence of
0.1 �M of various Rabex-5 fragments or Rabex-5–Rabaptin-5 complexes. At
indicated times, samples were taken and filtered through a hemagglutinin-
type nitrocellulose membrane (0.45 �m; Millipore, Billerica, MA) by using a
vacuum manifold. After washing with 2 ml of the binding buffer, the mem-
brane was dried and [35S]GTP�S retained on the membrane was quantified
with a liquid scintillation counter.

Mammalian Cell Cultures and Transfection
Baby hamster kidney (BHK)-21 cell monolayers were grown in 35-mm culture
dishes with 3 ml of �-minimal essential medium containing 10% fetal bovine
serum (Invitrogen, Carlsbad, CA). Cells were transfected with the plasmid
constructs capable of expressing Rabex-5, Rabaptin-5, or Rab5 proteins as
indicated via the Lipofectamine 2000-mediated procedure (Invitrogen), and
they were incubated at 37°C for 24 h. The expression plasmids used included
pcDNA3 (Invitrogen) and pBI (BD Biosciences). The pBI vector requires
cotransfection with pTet-Off, and they can express two cloned proteins simul-
taneously. Protein expression was confirmed by immunoblot analysis and
intracellular localization and endosomal morphology were determined by
confocal fluorescence microscopy (see below).

Immunoblot Analysis
Cells were lysed in 1% SDS (200 �l/dish), and the lysates were sheared to
reduce the stickiness by passing through a 26-gauge needle five times with a
1-ml syringe, followed by SDS-PAGE (12% gel) and immunoblot assay by

using the enhanced chemiluminescence reagents (GE Healthcare). The pri-
mary antibodies used in these assays included anti-MYC monoclonal anti-
body (mAb) (Sigma-Aldrich), anti-FLAG mAb (Sigma-Aldrich), and anti-
Rabaptin-5 antibody (BD Biosciences) as indicated.

Confocal Fluorescence Microscopy
We used a Leica confocal laser scanning microscope with Ar-488 and Kr-568
laser excitation in the Flow and Image Lab on campus (University of Okla-
homa, Oklahoma City, OK) and followed a procedure described previously
(Li and Liang, 2001). Briefly BHK-21 cells were grown on coverslips and
transfected with pBI and/or pcDNA3 constructs expressing various Rabex-5,
Rabaptin-5, or Rab5 proteins as indicated. At 24 h after transfection, the cells
were processed for microscopy. Some of the proteins were expressed as green
fluorescent protein (GFP) (enhanced green fluorescent protein; BD Bio-
sciences) or red fluorescent protein (RFP) (ds-Red monomer; BD Biosciences)
fusion proteins. For these fluorescent protein-tagged proteins, cells were
rinsed three times with PBS and fixed for 20 min with 4% paraformaldehyde
(wt/v in PBS) at room temperature. The coverslips were then mounted in PBS
on glass slides and viewed with the microscope. For Myc-tagged proteins,
indirect immunofluorescence microscopy was performed to identify the pro-
teins. In this case, after fixation (see above), the cells were permeabilized with
0.05% saponin (in PBS) for 15 min and incubated with the anti-Myc antibody
(Sigma-Aldrich) for 60 min in PBS containing 1% bovine serum albumin. Cells
were rinsed three times with PBS to remove unbound primary antibody,
followed by incubation with the secondary antibody (goat anti-mouse immu-
noglobulin G conjugated with Alexa568; Invitrogen) for 60 min. The cover-
slips were rinsed, mounted, and viewed as described above.

Subcellular Fractionation
BHK-21 cell monolayers in 35-mm dishes were grown and transfected as
described above. At 24 h after transfection, the cells were rinsed with ice-cold
PBS and scraped into 250 �l of 100 mM Tris-HCl, pH 7.4, containing the
protease inhibitor cocktail (Sigma-Aldrich) with a cell scraper (Fisher Scien-
tific, Pittsburgh, PA). The cells were then homogenized by passing through a
26-gauge needle attached to a 1-ml syringe 20 times. Cell homogenates were
centrifuged at 850g for 5 min to remove nuclei and cell debris, and post-
nuclear supernatants were then subjected to ultraspeed centrifugation at
200,000 � g for 7 min in a TL-100 centrifuge (Beckman Coulter, Fullerton, CA)
to separate the membrane fraction (pellet) from the cytosol fraction (super-
natant). The membrane pellet was resuspended in the same volume of 100
mM Tris-HCl buffer as the cytosol fraction, and SDS was added to both
fractions at a final concentration of 1% (wt/v). Proteins in each fraction (10 �l)
were analyzed by SDS-PAGE and immunoblot assay as described above.

RESULTS

Biochemical Characterization of the GEF Domain and the
Rabaptin-5-binding Domain in Rabex-5
Purified recombinant Rabex-5 showed only weak GEF ac-
tivity for Rab5 in vitro (kcat � 0.007 s�1), but preformed
Rabex-5-Rabaptin-5 complex was much more active (Esters
et al., 2001; Lippe et al., 2001). In addition, the core GEF
domain (residues 132–391) was also highly active (kcat �0.1
s�1) (Delprato et al., 2004). These observations might reflect
an “autoinhibition” mechanism in which other domain(s) in
Rabex-5 blocks the GEF domain activity, and Rabaptin-5
interaction may relieve this inhibition. Alternatively the pu-
rified recombinant Rabex-5 used in these in vitro studies
might have some folding/conformation problems, and
Rabaptin-5 interaction could help regain proper conforma-
tion and activity. Our results described in this and following
sections support the second possibility, and they indicate
that Rabex-5 activity in vivo in intact cells can bypass the
requirement for Rabaptin-5.

We first dissected the domains involved in the interaction
between Rabex-5 and Rabaptin-5, and we found that the
Rabaptin-5-binding domain of Rabex-5 blocked its GEF ac-
tivity in vitro. To identify the interacting domains in Rabex-5
and Rabaptin-5, we made a number of GST or MBP fusion
proteins of Rabex-5, and we used them to pull-down 6-His–
tagged Rabaptin-5 proteins. Our results showed the interac-
tion between the coiled-coil domain (residues 401–480) of
Rabex-5 and the four-helical bundle region (residues 572-
641) of Rabaptin-5 (Figure 1). Rabex-5(135-480), which in-
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cludes the GEF domain and the downstream coiled-coil
domain, formed a complex with Rabaptin-5(551-661) in the
pull-down assay (Figure 1A, lane 2), but Rabex-5(135-399),
the GEF domain itself, failed to bind Rabaptin-5(551-661)
(Figure 1A, lane 1). A longer fragment Rabaptin-5(551-862),
which contains all the C-terminal sequence, showed the
same binding characteristics (Figure 1A, lanes 4–6). The
GST Rabex-5(135-480) and Rabex-5(135-399) resins alone
contained no contamination of any Rabaptin-5 proteins,
which served as negative controls (Figure 1A, lanes 8 and 7).
Furthermore, MBP-Rabex-5(401-480), the coiled-coil domain
alone, was sufficient to bind a 70-amino acid Rabaptin-5(572-
641) fragment in the pull-down assay (data not shown).
Finally, we coexpressed Rabex-5(135-480) and Rabaptin-
5(572-641) in E. coli, and we demonstrated that they were
copurified as a complex (Figure 1B, lane 2). These biochem-
ical results are consistent with a recent report showing sim-
ilar domain interactions in a yeast two-hybrid assay
(Mattera et al., 2006).

We next examined the GEF activity of these Rabex-5 do-
mains by determining their effect on [35S]GTP�S loading
onto Rab5-GDP. The intrinsic nucleotide exchange rate, as
reflected by the GTP�S loading rate, was extremely low in

the presence of 5 mM Mg2� and served as a negative control
in these experiments (Figure 2A). The GEF domain alone
(residues 135–399) strongly stimulated the GTP�S loading of
Rab5-GDP (Figure 2A), consistent with a previous report
(Delprato et al., 2004). In this regard, full-length Rabex-5 had
little exchange activity (Esters et al., 2001; Lippe et al., 2001).
To determine which region in Rabex-5 was responsible for
blocking the high activity of the GEF domain, we made a
series of N- and C-terminal extensions to the GEF domain.
Rabex-5(1-399), which contained the entire sequence N ter-
minal to the GEF domain, showed similar high exchange
activity as the GEF domain itself (Figure 2A). In contrast,
Rabex-5(135-480), which contained the coiled-coil domain C
terminal to the GEF domain, showed much reduced ex-
change activity (Figure 2A), indicating that the coiled-coil
domain (i.e., the Rabaptin-5-binding domain) blocked the
GEF domain activity. However, the purified Rabex-5(135-
480)–Rabaptin-5(572-641) complex (Figure 1B) exhibited full
exchange activity similar to the GEF domain itself (Figure
2A), indicating that the 70-amino acid Rabaptin-5(572-641)
fragment was sufficient to bind the coiled-coil domain (res-
idues 401–480) of Rabex-5 and to overcome its inhibitory
effect on the GEF domain.

Rabex-5 Activates Rab5 in a Rabaptin-5–independent
Manner In Vivo
Strikingly, when we expressed Rabex-5 and the truncation
mutants in mammalian cell cultures and examined their
GEF activity in vivo, full-length Rabex-5 showed full activ-
ity, whereas Rabex-5(135-399), the GEF domain, showed
reduced activity (Figure 2B), which was in contrast to the
results obtained in vitro (Figure 2A). In this case, we coex-
pressed Rab5 and Rabex-5 or various Rabex-5 truncation
mutants in BHK cells, and the amount of activated GTP-
bound Rab5 in cell lysates was determined by pull-down
assays by using GST-R5BD (the Rab5-binding domain of
Rabaptin-5). Rabex-5 strongly stimulated GTP loading on
Rab5, and it increased the Rab5-GTP level in the cell, in
comparison with control cells without coexpression of Ra-
bex-5 (Figure 2, B and C). In contrast, the GEF domain alone
[Rabex-5(135-399)] was much less active than the full-length
Rabex-5 (Figure 2, B and C), after standardizing Rab5-GTP
level with total Rab5 level in each sample. Interestingly,
Rabex-5(81-399), which contains an additional sequence N
terminal to the GEF domain, restored the Rab5 GEF activity
to a level similar to full-length Rabex-5 (Figure 2, B and C).
Rabex-5(135-480), like Rabex-5(135-399), showed low GEF
activity in vivo (Figure 2, B and C). However, Rabaptin-5,
coexpressed from the same vector, significantly increased
the activity of Rabex5(135-480) (Figure 2, B and C). The
Rabex-5(1-135) fragment without the GEF domain showed
no activity (Figure 2, B and C).

The data indicate the differences in the ways Rabex-5
activates Rab5 in solution and in the cell where Rab5 is
mostly on the endosomal membrane, and these differences
can be reconciled if in the cell there is a membrane-targeting
step by Rabex-5 before it can act on its substrate, i.e., mem-
brane-associated Rab5-GDP. In addition to the Rabaptin-5–
mediated membrane targeting, Rabex-5 may also directly
target to early endosomes and activate Rab5. In this regard,
the low activity of Rabex-5(135-399) and Rabex-5(135-480) is
probably due to defective endosomal targeting, and addi-
tion of the endosomal targeting domain, as in Rabex-5(81-
399), restores full activity. This direct endosomal targeting
may not require Rabaptin-5, because Rabex-5(81-399) does
not contain the downstream Rabaptin-5-binding domain.
Furthermore, the activity of full-length Rabex-5 may also

Figure 1. Domains involved in Rabex-5 and Rabaptin-5 interac-
tion. (A) The GST-Rabex-5 proteins (5 �g) were used to pull-down
purified Rabaptin-5(551-661) (5 �g) in a 200-�l reaction. The bound
proteins were analyzed by SDS-PAGE and visualized by Coomassie
blue staining. Lane 1, GST-Rabex-5(135-399) incubation with 6-His-
Rabaptin-5(551-661); lane 2, GST-Rabex-5(135-480) incubation with
6-His-Rabaptin-5(551-661); lane 3, 6-His-Rabaptin-5(551-661) di-
rectly loaded as a control; lane 4, GST-Rabex-5(135-399) incubation
with 6-His-Rabaptin-5(551-862); lane 5, GST-Rabex-5(135-480) incu-
bation with 6-His-Rabaptin-5(551-862); lane 6, 6-His-Rabaptin-
5(551-862) directly loaded as a control; lane 7, GST-Rabex-5(135-399)
directly loaded as a control; lane 8, GST-Rabex-5(135-480) directly
loaded as a control. Molecular mass standards (in kilodaltons) are
indicated on the left of the panel. (B) 6-His-tagged Rabex-5(135-480)
was coexpressed with Rabaptin-5(572-641) in E. coli BL21 (DE3) and
affinity purified with the His-Select resin (Sigma-Aldrich), followed
by thrombin cleavage and further purification with Resource Q
ion-exchange chromatography (GE Healthcare). Lane 1, molecular
mass standards (in kilodaltons); lane 2, purified Rabex-5(135-480)
and Rabaptin-5(572-641) complex.
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result from direct membrane targeting rather than from
interaction with endogenous Rabaptin-5, which is appar-
ently insufficient to interact with and support Rabex-5(135-
480). The residual activity of Rabex-5(135-399) and Rabex-
5(135-480) may reflect their activation of the cytosolic
fraction of Rab5, because the pull-down assay does not
distinguish cytosolic and membrane-bound Rab5-GTP sig-
nals. These concepts are further investigated and confirmed
by the following microscopy experiments that focus on the
early endosome-associated Rab5 activation in the cell.

We expressed GFP-Rab5 to label early endosomes and
coexpressed Rabex-5 or various Rabex-5 truncation mutants
(Figure 3, A and B) to determine whether these Rabex-5
proteins can activate Rab5 and consequently enlarge the

early endosomes in BHK cells. This assay was based on
previous observations that Rab5 activity in these cells is rate
limiting (Bucci et al., 1992; Li and Stahl, 1993). Indeed, the
full-length Rabex-5, which has little activity in vitro (Esters
et al., 2001; Lippe et al., 2001), exhibited high activity in the
cell and led to great enlargement of the Rab5-positive early
endosomes, similar to the effect of constitutive active Rab5:
Q79L mutant (Figure 3, C and 3D). In contrast, Rabex-5(135-
399), which is the GEF domain and highly active in vitro
(Figure 2), was inactive in the cell, and it failed to enlarge the
early endosomes (Figure 3, C and D), indicating that the GEF
domain alone cannot activate early endosome-associated
Rab5 in the cell. We examined �100 Rabex-5(135-399)-trans-
fected cells, and none contained the large endosomes seen in

Figure 2. GEF activity of Rabex-5 and mutants
in vitro and in vivo. (A) Purified Rabex-5(1-399),
Rabex-5(135-399), Rabex-5(135-480), and Rabex-
5(135-480)/Rabaptin-5(572-641) complex were
examined for their ability to stimulate the load-
ing of [35S]GTP�S onto Rab5-GDP. The reaction
without any of the Rabex-5 constructs (Rab5
alone) served as a negative control. Samples
were taken at the indicated times, and the
amount of [35S]GTP�S bound to Rab5 in each
case was determined by the filter binding assay.
The results were reproducible in two indepen-
dent experiments. (B) FLAG-tagged Rab5 was
coexpressed in BHK cells with either the pBI
vector control or pBI constructs expressing Ra-
bex-5(1-135), Rabex-5, Rabex-5(135-399), Rabex-
5(135-480), Rabex-5(135-480)/Rabaptin-5, Ra-
bex-5(81-399) as indicated. Top, amount of
Rab5-GTP in each case as determined by GST-
R5BD pull-down assay, followed by immuno-
blot analysis with the anti-FLAG antibody. Mid-
dle, total amount of Rab5 in each cell lysate used
for the pull-down assay as determined by im-
munoblot analysis of the lysate directly (1% of
the amount for the pull-down assay) with the
anti-FLAG antibody. Bottom, expression of the
indicated Rabex-5 constructs (Myc-tagged) in
the cell as determined by immunoblot analysis
with the anti-Myc antibody. Molecular mass
standards (in kilodaltons) are indicated on the
left. The results were reproducible in three ex-
periments. (C) Ratio of Rab5-GTP over total
Rab5 quantified by densitometry of the immu-
noblots in B. Error bars indicate SEM in three
experiments.
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Rabex-5–transfected cells, i.e., endosomes with diameter �4
�m. Corroborating the results with the GFP-Rab5–labeled
early endosomes, GFP-EEA1–labeled early endosomes were
also enlarged by full-length Rabex-5 but not by Rabex-5(135-
399) (Supplemental Figure 1S). The data indicate that the
Rabaptin-5-binding domain does not block the GEF activity
of Rabex-5 in vivo, in contrast to its negative effect in vitro.
Furthermore, endogenous Rabaptin-5 is insufficient to ac-
count for the observed Rabex-5 activity in the cell (Figure
3C; see below).

The data also indicate that in addition to the core GEF
domain, one or more other domains are necessary for Ra-
bex-5 to activate Rab5 in vivo. We made several Rabex-5
constructs with various combinations of domains (Figure
3A) to identify regions essential for the GEF activity (Figure
3C) and the endosomal targeting (Figure 4) of Rabex-5. To
determine whether sequences N terminal to the GEF domain
can confer Rab5 GEF activity to Rabex-5(135-399) in the cell,

Rabex-5(1-399), Rabex-5(81-399), and Rabex-5(91-399) were
expressed in BHK cells (Figure 3B) to determine their ability
in the enlargement of early endosomes. Although Rabex-
5(91-399) remained inactive, the two longer N-terminal ex-
tension constructs Rabex-5(81-399) and Rabex-5(1-399) were
both able to enlarge early endosomes (Figure 3, C and D, and
Supplemental Figure 1S), albeit to a lesser extent than full-
length Rabex-5. Another N-terminal extension construct, Ra-
bex-5(48-399), also colocalizes with Rab5 on early endo-
somes, and it was active in enlarging the early endosomes
(Supplemental Figure 2; data not shown). Importantly, these
active Rabex-5 constructs do not contain the downstream
coiled-coil domain involved in Rabaptin-5 binding (residues
401–455), indicating that interaction with Rabaptin-5 is not
necessary for Rabex-5 to exhibit Rab5 GEF activity in vivo.

To determine whether sequences C-terminal to the GEF
domain, such as the Rabaptin-5-binding domain, may restore
the Rab5 GEF activity of Rabex-5(135-399) in vivo, we made

Figure 3. Expression and activity of Rabex-5 and various truncation mutants in BHK cells. (A) Schematic illustration of the domain
structures of full-length Rabex-5 and the truncation mutants used in this and the following experiments. Vps9, Vps9 domain; CC, coiled-coil
domain. The arrows and numbers indicate the positions and amino acid residue numbers where the truncations were made. (B) Immunoblot
showing the expression of some of the above Rabex-5 constructs with the GEF domain and N-terminal Myc-tag in BHK cells as identified
with the anti-Myc antibody. Molecular mass standards (in kilodaltons) are indicated on the left. (C) Confocal fluorescence microscopy images
showing the morphological changes of GFP-Rab5–labeled early endosomes in BHK cells coexpressing the indicated Rabex-5 constructs.
GFP-Rab5 and GFP-Rab5:Q79L alone (cotransfection with the empty vector) serve as negative (vector) and positive (Rab5:Q79L) controls. Bar,
16 �m. (D) The graph quantifies the experiments described in C, and it shows the different sizes of GFP-Rab5–labeled early endosomes in
control cells and cells expressing the indicated Rabex-5 constructs. The diameters of 90 of the largest GFP-Rab5–labeled endosomes in 30 cells
were measured in each case, and the graph shows the mean and calculated SEM. All cells measured coexpressed the indicated Rabex-5
constructs as evidenced by immunofluorescence microscopy with the anti-Myc antibody as shown in Figure 4.
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Figure 4. The EET domain necessary and sufficient for
early endosomal targeting by Rabex-5. (A) Immunoblot
showing the membrane and cytosol distribution of the
indicated Rabex-5 constructs, which are schematically
illustrated in Figure 3A. M, membrane; C, cytosol. Mo-
lecular mass standards (in kilodaltons) are indicated on
the left. (B) Confocal fluorescence microscopy images
showing intracellular localization of the indicated Ra-
bex-5 constructs and coexpressed GFP-Rab5 in BHK
cells. The Myc-tagged Rabex-5 constructs were identi-
fied by indirect immunofluorescence microscopy with
the anti-Myc antibody. Bar, 16 �m.
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Rabex-5(135-455), Rabex-5(135-480), and Rabex-5(135-492), all
of which contained the Rabaptin-5-binding domain with the
last one extending all the way to the C terminus. However, like
Rabex-5(135-399), Rabex-5(135-480) and Rabex-5(135-492) were
inactive in terms of enlarging the early endosomes in BHK cells
(Figure 3, C and D, and Supplemental Figure 1S), as was
Rabex-5(135-455) (Supplemental Figure 2S; data not shown),
indicating that endogenous Rabaptin-5 is insufficient to confer
activity to these C-terminal extension constructs. Along this
line, endogenous Rabaptin-5 is unlikely to contribute to the
full-length Rabex-5 activity observed in the cell. Together, the
data suggest that Rabex-5 can function independently of
Rabaptin-5 in the cell.

A Novel Early Endosomal Targeting Domain in Rabex-5
Is Essential for Its Rab5 GEF Activity In Vivo
To further investigate why the sequence N terminal to the
GEF domain is critical for its activity in vivo, we determined
the membrane-targeting properties of the aforementioned
and additional Rabex-5 constructs, and we found that the
region (residues 81–135) immediately upstream of the GEF
domain represents a novel membrane-binding motif (MBM),
which together with the downstream helical bundle (HB)
domain (residues 135–230) forms a novel early endosomal
targeting (EET) domain for Rabex-5 (Figures 3A and 4). In
the initial experiments, Myc-tagged Rabex-5 fragments were
expressed in BHK cells, and cell homogenates were sub-
jected to centrifugation to separate membrane and cytosol
fractions. The Rabex-5 proteins in each fraction were iden-
tified by immunoblot analysis with an anti-Myc antibody.
Full-length Rabex-5 was mostly membrane associated (Fig-
ure 4A). However, Rabex-5(135-399), i.e., the GEF domain,
was mostly cytosolic (Figure 4A), suggesting that its inabil-
ity to activate Rab5 in vivo may be due to defective mem-
brane targeting. In this regard, all Rabex-5 constructs that
showed Rab5 GEF activity in vivo, including Rabex-5(1-399)
and Rabex-5(81-399), were also significantly membrane as-
sociated, whereas all inactive Rabex-5 constructs, including
Rabex-5(135-480), Rabex-5(135-492), and Rabex-5(91-399),
shifted toward a mostly cytosolic distribution (Figure 4A).
Thus, there is a general correlation between efficient mem-
brane association of a Rabex-5 construct and its Rab5 GEF
activity in vivo. Examination of additional Rabex-5 con-
structs were consistent with this observation, including the
active Rabex-5(48-399) and inactive Rabex-5(135-455) and
Rabex-5(230-399), which is the Vps9 domain itself (Supple-
mental Figure 2S). Although Rabex-5(135-399) might also
interact directly with membrane-bound Rab5, which could
account for the residual membrane-bound fraction (�20%),
this direct interaction is apparently too inefficient to activate
Rab5 sufficiently and enlarge endosomes in the cell. We also
examined the membrane/cytosol distribution of additional
Rabex-5 constructs lacking the Vps9 domain, including Ra-
bex-5(1-71) Rabex-5(1-135), Rabex-5(81-135), and Rabex-
5(81-230). Rabex-5(1-71), which encompasses the ZnF and
UIM domains, was in the cytosol, but Rabex-5(1-135), Rabex-
5(81-135), and Rabex-5(81-230) were able to associate with
the membrane (Figure 4A), suggesting that the region en-
compassing residues 81–135 represents a novel MBM. Rab5
and the Rab5�C4 mutant that lacks C-terminal prenylation
served as membrane and cytosol controls, respectively (Fig-
ure 4A).

To address more specifically whether the Rabex-5 proteins
indeed targeted to Rab5-containing early endosomes, we coex-
pressed the Myc-tagged Rabex-5 constructs with GFP-Rab5 in
BHK cells, and we determined whether they colocalize with
GFP-Rab5 by confocal immunofluorescence microscopy with

the anti-Myc antibody. GFP-Rab5–labeled early endosomes,
which exhibited a punctate pattern in the cell (Figure 3C). All
Rabex-5 constructs that were able to activate Rab5 in vivo, such
as full-length Rabex-5, Rabex-5(1-399), Rabex-5(81-399), and
Rabex-5(48-399), were targeted and colocalized to the GFP-
Rab5–labeled early endosomes, which as a result were gener-
ally larger (Figure 4B and Supplemental Figure 2S). In contrast,
the Rabex-5 constructs that failed to activate Rab5 in vivo, such
as the core GEF domain Rabex-5(135-399) and Rabex-5(135-
480), showed no detectable colocalization with GFP-Rab5 on
the early endosomes (Figure 4B), neither did Rabex-5(135-455)
and Rabex-5(135-492) (Supplemental Figure 2S). Instead, these
inactive Rabex-5 proteins exhibited a diffused cytosolic staining
pattern throughout the entire cell (Figure 4B and Supplemental
Figure 2S).

Importantly, Rabex-5(81-230), which contains the newly
identified MBM and HB domains, was sufficient to target
to early endosomes and colocalize with Rab5 (Figure 4B),
although the MBM alone [Rabex-5(81-135)] occurred
mostly on the plasma membrane (Supplemental Figure
2S). Rabex-5(1-71) containing the ZnF and UIM domains
showed cytosolic distribution (Supplemental Figure 2S).
Interestingly, Rabex-5(1-135) were associated with vesi-
cle-like structures, but these structures were distinct from
Rab5-containing endosomes, even though they were oc-
casionally found adjacent to each other (Supplemental
Figure 2S, arrow and arrowhead). Further investigation
revealed that Rabex-5(1-135) colocalized with Rab7 on the
late endosomes (Supplemental Figure 3S). Thus, MBM
(residues 81–135) represents a novel membrane-binding
motif, and they can associate with different membranes in
different sequence contexts. Importantly, MBM and the
downstream HB domain (residues 135–230) together rep-
resent a novel EET domain, which is critical for Rabex-5 to
associate with early endosomes and to activate Rab5 in
vivo. Because the EET domain lacks the Vps9 domain
necessary for interacting with Rab5, it must associate with
early endosomes through other early endosomal pro-
tein(s) or lipid(s). Phosphatidylinositol 3-phosphate is an
important phospholipid involved in recruiting early en-
dosomal proteins, but it seems to not be required for the
association of EET domain or Rabex-5 with early endo-
somes, as evidenced by its insensitivity to wortmannin, a
phosphatidylinositol 3-kinase inhibitor (data not shown).

Rabex-5 Can Also Target to Early Endosomes in a
Rabaptin-5-dependent Manner In Vivo
The expression of Rabex-5(135-480) and Rabex-5(135-492)
constructs both of which contained the Rabaptin-5-binding
domain (residues 400–480) did not show any enlargement
of early endosomes in the cell (Figure 3C). However, it was
possible that endogenous Rabaptin-5 was limiting. Thus, we
coexpressed Rabex-5(135-480) with either full-length Rabap-
tin-5 or Rabaptin-5(551-661) with the bidirectional vector
pBI, which can simultaneously express two proteins on a
single plasmid. Indeed, the full-length Rabaptin-5 was able
to rescue Rabex-5(135-480) activity in terms of enlargement
of GFP-Rab5–labeled early endosomes (Figure 5A). In con-
trast, the Rabaptin-5(551-661) fragment was unable to do so
(Figure 5A), even though it formed an active complex with
Rabex-5(135-480) in vitro (Figures 1 and 2). Consistent with
the recovery of GEF activity, full-length Rabaptin-5 but
not Rabaptin-5(551-661) helped Rabex-5(135-480) localize to
the Rab5-positive endosomes (Figure 5B). The expression of
Rabaptin-5 and Rabaptin-5(551-661) was further confirmed
by immunoblot analysis (Figure 5C). Because the full-length
Rabaptin-5 contains the Rab5-binding domain at the C ter-
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minus, the results are consistent with previous reports that
Rabex-5–Rabaptin-5 complex can target to early endosomes
via Rabaptin-5 binding to Rab5-GTP (Lippe et al., 2001; Zhu
et al., 2004b).

Rabex-5 Can Rescue Rab5:S34N-mediated Inhibition of
Early Endosome Fusion
Dominant-negative mutants, such as Rab5:S34N, were sug-
gested to inhibit endogenous Rab5 by sequestration of a
Rab5 GEF (Li and Stahl, 1993; Stenmark et al., 1994), but this
contention was not formally demonstrated. If endogenous
Rabex-5 is the target of sequestration by Rab5:S34N, then
overexpression of Rabex-5 should be able to overcome Rab5:
S34N-mediated inhibition of early endosome fusion. We
coexpressed GFP-Rabex-5 with RFP-Rab5:S34N in BHK
cells, and then we examined the morphology of RFP-Rab5:
S34N-labeled early endosomes by confocal fluorescence mi-
croscopy. Indeed, GFP-Rabex-5 targeted to RFP-Rab5:S34N–
labeled early endosomes, and it restored their fusion, as
evidenced by the enlargement of RFP-Rab5:S34N–labeled
early endosomes in these cells (Figure 6, A and B). In control
cells without Rabex-5 overexpression, the RFP-Rab5:S34N–
labeled endosomes were much smaller, and they accumu-
lated at the perinuclear region (Figure 6A), due to the inhi-
bition of endosome fusion (Li et al., 1994; Stenmark et al.,
1994). Expression of GFP-Rabex-5(135-399), i.e., the GEF do-
main, did not show any activity to enlarge the Rab5:S34N-
labeled endosomes (Figure 6A). Although GFP-Rabex-5(135-
399) exhibited a mostly diffused cytosolic pattern, a portion
of the protein was consistently found on the Rab5:S34N-
labeled endosomes (Figure 6B, arrows). Because Rabex-
5(135-399) lacks the EET domain and it is not found on
normal early endosomes (Figure 4B), its partial localization

to Rab5:S34N-labeled endosomes is likely due to direct in-
teraction with Rab5:S34N, consistent with the contention
that the dominant-negative Rab mutant has higher affinity
for and thus can sequester the GEF. The sequestered Rabex-
5(135-399) on the Rab5:S34N-labeled endosomes is appar-
ently inactive, because it cannot activate endogenous Rab5
to enlarge these endosomes (Figure 6). In this regard, full-
length Rabex-5 contains the EET domain to mediate its
targeting to Rab5:S34N-containing endosomes; thus, it can
bypass Rab5:S34N sequestration and retain the ability to
activate endogenous Rab5 and enlarge these endosomes
(Figure 6), even though a fraction of Rabex-5 molecules may
still bind Rab5:S34N and become sequestered and inactive.
That the sequestration occurs on the membrane is consistent
with previous findings that the dominant-negative pheno-
type of Rab5:S34N is dependent on its membrane associa-
tion and that it can be abolished by truncation of its C-
terminal isoprenylation motif (Li et al., 1994).

DISCUSSION

This study investigates Rabex-5 function in vivo and iden-
tifies a direct, Rabaptin-5–independent targeting pathway to
early endosomes by Rabex5. Rabex-5 needs to associate with
early endosomes first before it can interact effectively with
Rab5, and this two-dimensional interaction in the endoso-
mal membrane is not reflected by in vitro nucleotide ex-
change reactions in solution. For example, the soluble GEF
domain itself (residues 135–399) is a potent Rab5 GEF in in
vitro nucleotide exchange reactions, but it is inactive in the
cell in terms of activating Rab5 on the early endosomes.
These data strongly suggest that the soluble GEF domain
cannot directly act on membrane-bound Rab5-GDP or at

Figure 5. Rabaptin-5–mediated Rabex-5 targeting to
early endosomes in BHK cells. (A) Confocal fluores-
cence microscopy images showing the morphology of
GFP-Rab5–labeled early endosomes in BHK cells coex-
pressing Rabex-5(135-480), Rabex-5(135-480)/Rabaptin-
5(551-661), or Rabex-5(135-480)/Rabaptin-5, as indi-
cated. Bar, 16 �m. (B) Confocal fluorescence microscopy
images showing intracellular localization of GFP-Rab5
and coexpressed Rabex-5(135-480) when expressed
alone or together with Rabaptin-5 or Rabaptin-5(551-
661), as indicated. The Myc-tagged Rabex-5(135-480)
was identified by indirect immunofluorescence micros-
copy with the anti-Myc antibody. Bar, 16 �m. (C) Im-
munoblot confirming the coexpression of Rabaptin-
5(551-661) that contains a FLAG tag (lane 2) and
Rabaptin-5 (lane 4) with the anti-FLAG and anti-Rabap-
tin-5 antibodies, respectively. Either of the Rabaptin-5
constructs is on the same pBI vector with Myc-Rabex-
5(135-480); thus, they are coexpressed with Myc-Rabex-
5(135-480) in the same cells as shown in B. The pBI
vector that contains only Myc-Rabex-5(135-480) shows
no expression of either FLAG-Rabaptin-5(551-661) (lane
1) or Rabaptin-5 (lane 3). Molecular mass standards (in
kilodaltons) are indicated on the left of each panel.
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least that this interaction is very inefficient, unless it contains
additional early endosomal targeting information. The EET
domain itself (residues 81–230) is sufficient to target to early
endosomes, and it contains a novel MBM (residues 81–135)
and the HB domain (residues 135–230). The MBM is not
hydrophobic, but it is rich in positively charged residues (10
Lys and 3 Arg), and it is likely to form an amphipathic helix
for binding to the membrane, whereas the HB domain may
provide specificity via interaction with an early endosome-
specific protein or lipid whose nature remains to be inves-
tigated. The GEF domain lacks the MBM, and it cannot
target to early endosomes efficiently. The two-step mechanism
for Rab activation, i.e., GEF targeting to the membrane fol-
lowed by GEF–Rab interaction, seems conserved in the Rab
GTPase family and another well-characterized Rab GEF, Sec2p
(the GEF for Sec4p), also contains a membrane-targeting do-
main necessary for its in vivo function (Elkind et al., 2000).

Rabex-5 efficiently targets to early endosomes and acti-
vates Rab5 in the cell, as evidenced by the Rab5-GTP pull-
down assay and enlargement of early endosomes. This pro-
cess does not require interaction with Rabaptin-5, because
Rabex-5 truncation mutants lacking the Rabaptin-5-binding
domain can target to early endosomes and activate Rab5 in
the same manner. Increased Rabex-5 expression can increase
Rab5 activity and endosome fusion, suggesting that Rabex-5
level is limiting in these cells. The increased Rabex-5 activity
is unlikely to be mediated by Rabaptin-5, because endoge-
nous Rabaptin-5 level is too low and insufficient to form new
complexes with the newly expressed Rabex-5 (Figure 5; see
below). In this context, it is necessary to reconcile with
previous in vitro data, which show that full-length Rabex-5
has little Rab5 GEF activity in in vitro biochemical reactions
(Lippe et al., 2001). Our results described in Figure 2 extend
this observation and they reveal that the low activity of
Rabex-5 in vitro is due to its Rabaptin-5-binding domain.
The data are most consistent with the interpretation that the
purified Rabex-5 may have a folding/conformational prob-
lem in vitro with its active site blocked by the Rabaptin-5-
binding domain. Truncation of the Rabaptin-5-binding do-
main, like binding to Rabaptin-5, can greatly enhance the
Rabex-5 GEF activity in vitro. However, in the cell, Rabex-5
has no such folding/conformational problem and it is fully

active without Rabaptin-5, although the Rabex-5–Rabaptin-5
complex may play a role in establishing a positive feedback
loop to increase rapidly the number of Rab5-GTP molecules in
the formation of functional Rab5 domains in the endosomal
membranes (Zerial and McBride, 2001; Grosshans et al., 2006).

Rabex-5 specifically targets to early endosomes in the cell,
and it is not detected in other intracellular membranes.
Rabex-5 can also associate with early endosome prepara-
tions in vitro in a Rab5-independent manner, although the in
vitro targeting process is rather inefficient in comparison
with the Rab5-dependent recruitment of Rabex-5–Rabap-
tin-5 complex (Lippe et al., 2001). The aforementioned con-
formational problem may contribute to the inefficient mem-
brane targeting of Rabex-5 in vitro. However, in the cell,
Rabex-5 is fully active, and there is no further increase of
Rabex-5 activity upon coexpression of Rabaptin-5 (data not
shown), suggesting that there is no additive or synergistic
effect between the EET and Rabaptin-5-bindng domains.
Nonetheless, coexpression of Rabaptin-5 can rescue the ac-
tivity of Rabex-5(135-480), which itself cannot target to early
endosomes because of the truncation of the EET domain,
indicating that the Rabaptin-5–mediated Rabex-5 membrane
targeting pathway identified in vitro (Lippe et al., 2001) also
functions in the cell. In addition, these data suggest that
endogenous Rabaptin-5 is already in complexes with endog-
enous Rabex-5 and/or other proteins and that it is unavail-
able to form new complexes.

Thus, there are two parallel pathways for Rabex-5 to
associate with early endosomes: direct targeting via the
EET domain and indirect targeting via Rabaptin-5 binding
to Rab5-GTP (Figure 7). Direct targeting may account for
most of the membrane-associated pool of Rabex-5,
whereas Rabaptin-5 determines the cytosolic pool of Ra-
bex-5, taken into consideration that Rabex-5 was origi-
nally isolated as a soluble Rabex-5–Rabaptin-5 complex
(Horiuchi et al., 1997), and there is little free Rabex-5 in the
cytosol (Lippe et al., 2001). Interestingly, Rabaptin-5 bind-
ing to Rabex-5 seems to block the direct membrane tar-
geting pathway, possibly by masking the EET domain,
because the Rabex-5–Rabaptin-5 complex either remains
in the cytosol or targets to early endosomes in a Rab5-
dependent manner via Rabaptin-5 binding to Rab5-GTP

Figure 6. Rescue of Rab5:S34N-blocked endosome fu-
sion by overexpression of Rabex-5. (A) Confocal fluo-
rescence microscopy images showing the morphology
of RFP-Rab5:S34N-labeled early endosomes in BHK
cells with or without coexpression of GFP-Rabex-5 or
GFP-Rabex-5(135-399) as indicated. Bar, 16 �m. (B) Con-
focal fluorescence microscopy images showing localiza-
tion of GFP-Rabex-5 or GFP-Rabex-5(135-399) in the
above-mentioned cells expressing RFP-Rab5:S34N. Ar-
rows indicate partial localization of GFP-Rabex-5(135-
399) on RFP-Rab5:S34N endosomes. Bar, 16 �m.
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(Lippe et al., 2001; Zhu et al., 2004b). Because the intrinsic
exchange rate from Rab5-GDP to Rab5-GTP is extremely
low, an apparent advantage of direct targeting is to pro-
vide a basal level of Rabex-5 on early endosomal mem-
branes, which in turn produces a basal level of Rab5-GTP.
In this context, the cytosolic Rabex-5–Rabaptin-5 complex
can function via binding to Rab5-GTP and targeting to
early endosomes, which forms a positive feedback loop to
produce more Rab5-GTP and consequently establish a
functional Rab5 domain in the endosomal membrane
(Zerial and McBride, 2001; Grosshans et al., 2006).

Note added in proof. While this article was in revision, a
new paper was published and showed that a region
downstream of the Vps9 domain exerted “autoinhibition”
on the GEF activity of Rabex-5 and that this inhibition
could be partially relieved by Rabaptin-5 in vitro
(Delprato and Lambright, 2007). These results are consis-
tent with our data in Figure 2.
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Figure 7. Model on direct and indirect membrane targeting and
Rab5 activation by Rabex-5. Rabex-5 targets to the early endoso-
mal membrane in two parallel pathways: direct targeting via the
EET domain identified in this report and indirect targeting via
Rabaptin-5–mediated binding to Rab5-GTP described previously
(Lippe et al., 2001). Direct targeting of Rabex-5 is necessary to
promote the production of a basal level of Rab5-GTP, which in
turn recruits Rabaptin-5–Rabex-5 complexes to the endosomal
membrane to convert more Rab5-GDP to Rab5-GTP. This effec-
tively creates a positive feedback loop to accumulate Rab5-GTP
molecules on the membrane, leading to the establishment of
functional Rab5 domains.
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