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The small GTPase Rab family, which cycles between
GTP-bound active and GDP-bound inactive states, plays
an important role in membrane trafficking. Among
them, Rab5 is involved in early endocytic pathway, and
several Rab5-binding proteins have been identified as
regulators or effectors to coordinate the docking and
fusion processes of endocytic vesicles. We describe a
novel binding protein exhibiting unique biochemical
properties for Rab5. The Rab5-binding protein enhances
GDP-GTP exchange reaction on Rab5 but preferentially
interacts with its GTP-bound form. Gel filtration and
immunoprecipitation analyses indicate that the Rab5-
binding protein functions as a tetramer composed of
anti-parallel linkage of two parallel dimers. These re-
sults suggest that the newly identified protein may func-
tion as an upstream activator and/or downstream effec-
tor for Rab5 in endocytic pathway. Possible roles of the
quaternary structure have been discussed in terms of
the Rab5-mediated signaling.

Recent studies (1–5) on endocytosis and exocytosis have in-
dicated that vesicular transport between various membrane
compartments is very complex and strictly regulated. Common
steps in each pathway include membrane budding to form
vesicles, their transport to a particular destination, and the
docking and fusion of vesicles to their target membranes. Spec-
ificity of vesicular transport seems to be ensured by a number
of factors including soluble N-ethylmaleimide-sensitive fac-
tor-1 attachment protein receptor molecules and the small
GTPase Rab family. The proper pairing and complex formation
between target and vesicular soluble N-ethylmaleimide-sensi-
tive factor-1 attachment receptor proteins are responsible for
the stable attachment of the vesicles to the target membranes.
On the other hand, the small GTPase Rab family, which cycles
between GTP-bound active and GDP-bound inactive states,

appears to be involved in the membrane-tethering step in con-
cert with their binding proteins (1–5). However, the molecular
mechanisms underlying the coupling of these processes are not
fully understood.

At present, more than 40 members of the Rab family have
been identified, and several members appear to be involved in
each specific step of endocytic pathways (6–12). Rab5 has been
principally implicated in the fusion process of endosomes and is
known as a rate-limiting factor for homotypic endosome fusion
(10, 13). GDP-bound Rab5 is mostly abundant in endosome
membranes and is extracted by GDI1 (10, 14–17). Recent stud-
ies have revealed that p38 activates the extraction of Rab5 by
phosphorylating GDI (18). After extraction, GDI-Rab5 complex
is delivered to the appropriate target membrane where Rab5 is
reloaded via a yet unidentified GDI displacement factor (19,
20). GDP-Rab5 in the target membrane is subsequently acti-
vated by guanine nucleotide exchange factors (GEF). As one of
Rab5 stimulators, the 60-kDa Rabex-5, which is homologous to
the yeast vacuolar protein-sorting 9 (Vps9) protein, has been
identified (21, 22). GTP-Rab5 then interacts with several Rab5
effectors such as phosphatidylinositol 3-kinases, Rabaptin-5,
EEA-1, and Rabenosyn-5 to coordinate endosome fusion
(23–27).

Recently, Rab5 has also been implicated in membrane recep-
tor internalization (28–30) and in organelle association with or
movement upon cytoskeletal networks (31). The GTP form of
Rab5 appeared to be required for sequestering ligands into
clathrin-coated vesicles in the endocytosis of the ligand-recep-
tor complexes. Moreover, Rab5 may directly interact with a
motor protein to regulate the motility of early endosomes on
microtubules. These results suggest that the activation of Rab5
should be coordinated with the receptor activation by ligands,
because sequestration of receptor is tightly connected with its
activation.

In the present study, we report a novel Rab5-binding protein,
RIN2, that has a sequence similar to the recently reported
Ras-mediated Rab5 stimulator, RIN1 (32). RIN2 displays
unique biochemical properties compared with well known
GEFs for small GTPases. RIN2 preferentially interacts with
the GTP form of Rab5 rather than the GDP form, although it
enhances the guanine exchange reaction on Rab5. Moreover,
gel filtration and immunoprecipitation analyses suggest that
RIN2 could form a tetramer composed of anti-parallel linkage
of two parallel dimers. These results suggest that RIN2 may
function as an upstream activator and/or downstream effector
for Rab5 in the endocytic pathway.
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EXPERIMENTAL PROCEDURES

Materials—Monoclonal anti-FLAG(M2) and anti-Myc (9E10) anti-
bodies were purchased from Sigma. All other reagents were from com-
mercial sources and of analytical grade.

Yeast Two-hybrid Assay—A yeast two-hybrid screen was performed
according to the method described previously (33) utilizing the Match-
maker two-hybrid system (CLONTECH Laboratories). A human leuko-
cyte cDNA library in the pGAD10 vector was screened with Rab5b/
Q79L as bait, which was inserted into pGBT9. The cDNA library and
bait were co-transformed into the yeast two-hybrid strain HF7c by
using a lithium acetate-based method. Positive clones grown on His�

medium were selected for activation of HIS3 reporter gene, and �-ga-
lactosidase assay was performed as described previously (34, 35). The
1575-bp human cDNA encoding the partial sequence of RIN3 (see
“Results”) has been submitted to the DDBJ/EMBL/GenBankTM data
bases under accession number AB060338. Deletion mutants of RIN2
(see “Results”) were constructed using a PCR-based strategy. PCR
products encoding amino- and carboxyl-terminal truncations of RIN2
were subcloned into pGBT9 in-frame with the GAL4 DNA-binding
domain. The two-hybrid vectors obtained were co-transformed into the
yeast host strain Y190 or SFY526. Transformed colonies were replated
on tryptophan- and leucine-deficient medium.

Cloning of the Full-length RIN2 cDNA—Extension of JC265 cDNA
was performed by 5�-rapid amplification of cDNA end-PCR to a human
brain Marathon Ready cDNA (CLONTECH), according to the manufac-
turer’s protocols. To amplify the complete coding sequence of the cDNA,
an oligonucleotide corresponding to the upstream sequence of the ATG
initiation codon was selected. The 5�-rapid amplification of cDNA end-
PCR fragment was purified and subcloned into pGEM-T (Promega) and
sequenced. The 2685-bp cDNA encoding RIN2 has been submitted to
the DDBJ/EMBL/GenBankTM Data Bank under accession number
AB060339.

Northern Blot Analysis—A human multiple tissue RNA blot contain-
ing various tissues (2 �g/lane of poly(A) RNA) was obtained from
CLONTECH Laboratories. Total cellular RNAs were also prepared
from various cell lines using TRIZOL reagent (Invitrogen). Poly(A)
RNAs were separated from the total RNA by a Poly(A)Tract mRNA
Isolation System III (Promega), according to the manufacturer’s proto-
cols. The isolated poly(A) RNAs (2 �g) were denatured by heating at
65 °C for 5 min in 2.2 M formaldehyde and 50% (v/v) formamide and
size-fractionated by 1.2% agarose gel containing 2.2 M formaldehyde.
The RNAs were transferred directly to nylon membrane filters. An
[�-32P]dCTP-labeled fragment corresponding to the amino acid se-
quence 213–570 of RIN2 was hybridized to the filters overnight at 65 °C
in an ExpressHyb Solution (CLONTECH), and the filters were washed
and subjected to autoradiography.

Production of Recombinant Proteins—COS-7 or HeLa cells were
transfected with pCMV5 containing the cDNA of FLAG-tagged RIN2.
Transfected cells were washed twice with phosphate-buffered saline
and solubilized with buffer A consisting of 40 mM Hepes-NaOH (pH 7.4),
75 mM NaCl, 15 mM NaF, 1 mM Na3VO4, 10 mM Na4P2O7, 2 mM EDTA,
1 �g/ml leupeptin, 2 �g/ml aprotinin, 1% Nonidet P-40 by vortexing.
After gently rotated for 15 min at 4 °C, lysates were centrifuged at
15,000 rpm for 15 min at 4 °C. Supernatants were precleared with 20 �l
of anti-mouse IgG-agarose resin (50% slurry, American Qualex Inc.)
and immunoprecipitated with 10 �l of the agarose resin that had been
conjugated with 0.5 �g of the anti-FLAG monoclonal antibody. The
resin was washed three times with 1 ml of 20 mM Tris-HCl (pH 7.5), 150
mM NaCl, and 1% (w/v) Nonidet P-40, and three more times with a
buffer consisting of 50 mM Hepes-NaOH (pH 7.5), 100 mM NaCl, 7.7 mM

MgCl2, 2 mM EDTA, and 0.1% (w/v) Nonidet P-40. FLAG-tagged RIN2
was eluted from the resin with the same buffer containing 1 mg/ml of
FLAG peptide.

Prenylated Rab5b was purified from baculovirus-infected Sf9 cells
according to the method described previously (36), unless 10 �M GDP
was added to each buffer. To prepare GTP�S and GDP forms of Rab5b,
the purified protein was incubated with the nucleotides (250 �M) at
30 °C for 45 min in 11.2 mM Tris-HCl (pH 8.0), 50 mM Hepes-NaOH (pH
7.5), 110 mM NaCl, 0.5 mM DTT, 0.27% (w/v) CHAPS, 5 mM EDTA, and
2.2 mM MgCl2. The reaction was terminated by adding MgCl2 to the
final concentration of 10 mM.

Assays for GTP�S Binding and in Vitro Association between Rab5b
and RIN2—[35S]GTP�S binding assay was performed by the filter
method as described previously (16). Prenylated Rab5b (10 nM) was
incubated with 25 nM [35S]GTP�S (50,000 cpm/pmol) at 30 °C for the
indicated times with or without FLAG-tagged RIN2 purified from the
transfected HeLa cells in a reaction mixture (50 �l) consisting of 20 mM

Tris-HCl (pH 8.0), 62.5 mM NaCl, 0.5 mM DTT, 500 nM GDP, 0.36% (w/v)
CHAPS, 5 mM EDTA, and 15 mM MgCl2, 0.3 mg/ml FLAG peptide.

To assay the association between Rab5 and RIN2, the GDP- or
GTP�S-bound Rab5b was incubated with the resin (10 �l) conjugating
FLAG-RIN2 at 25 °C for 60 min in 0.25 ml of 50 mM Hepes-NaOH (pH
7.4), 10 mM MgCl2, 5 mM EDTA, 0.5 mM DTT, 100 mM NaCl, and 0.1%
(w/v) Nonidet P-40. The agarose resin was washed four times with a
buffer (500 �l) consisting of 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 7
mM MgCl2, 2 mM EDTA, and 0.2% (w/v) Nonidet P-40. Proteins were
eluted from the resin with 30 �l of the same buffer containing 1 mg/ml
FLAG peptide. After centrifugation, 24 �l of the supernatant was mixed
with 8 �l of 4� SDS sample buffer, boiled for 5 min, and followed by
SDS-PAGE. The concentrations of acrylamide used to separate FLAG-
RIN2 and Rab5b are 8 and 15%, respectively. Immunoblotting was
performed with the anti-FLAG monoclonal antibody and the anti-
Rab5b polyclonal antibody A-20 (Santa Cruz Biotechnology),
respectively.

Immunoprecipitation and Gel Filtration Analyses—Transfected
HeLa cells were washed twice with phosphate-buffered saline and
solubilized with buffer A and then diluted with buffer A not containing
Nonidet P-40 to lower the concentration of Nonidet P-40 to 0.5%. After
gently rotated for 15 min at 4 °C, lysates were centrifuged at 15,000
rpm for 15 min at 4 °C. Supernatants were precleared with Sepharose
4B resins (Amersham Biosciences) and immunoprecipitated with anti-
FLAG M2-agarose beads (Sigma) or anti-Myc 9E10 (Sigma)-conjugated
anti-IgG-agarose resin by gently rotating for 2 h at 4 °C. The beads,
after washing three times with 0.5 ml of Tris-buffered saline, 0.1%
Nonidet P-40 were washed three more times with buffer B consisting of
75 mM Tris-HCl (pH 7.5), 1 mM EDTA, 100 mM NaCl, 0.2% Nonidet
P-40. For SDS-PAGE analysis, the beads were mixed with 24 �l of
buffer B and 12 �l of 4� sample buffer and boiled for 2 min. The
samples were resolved by SDS-PAGE, and immunoblotting was per-
formed with anti-FLAG and anti-Myc antibodies.

For gel filtration analysis, the beads were washed six times with 0.5
ml of buffer C consisting of 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.2%
CHAPS and subsequently eluted with 0.2 ml of buffer C containing 1
mg/ml FLAG peptide by gently vortexing for 1 h at 4 °C. The eluted
fraction was diluted with an equal volume of buffer C and applied to a
Superdex 200 column (HR 10/30 Amersham Biosciences) that had been
equilibrated with buffer C. Elution was carried out at room temperature
at a flow rate of 0.5 ml/min with a fraction volume of 0.25 ml. The
fractions were concentrated by precipitation with 10% (final) trichloro-
acetic acid and subjected to SDS-PAGE and silver staining. The frac-
tions were also analyzed by SDS-PAGE and immunoblotted with anti-
FLAG antibody. The elution profile of the column was calibrated with
the sizing standards (Oriental Yeast Co. Ltd.) of glutamate dehydro-
genase (290 kDa), lactate dehydrogenase (142 kDa), enolase (67 kDa),
adenylate kinase (32 kDa), and cytochrome c (12.4 kDa).

RESULTS

Complementary DNA Cloning of Rab5-binding Proteins—We
searched for binding proteins for GTP-bound form of Rab5 in a
yeast two-hybrid screening system. A human leukocyte cDNA
library was screened with the GTPase-deficient mutant Rab5b/
Q79L. Screening of 5 � 107 transformants yielded five positive
clones that strongly interacted with Rab5b/Q79L. One of the
five clones, tentatively termed as HK281, consisted of a 1575-
base pair (bp) cDNA encoding 525 amino acids. Further anal-
ysis of HK281, together with the isolation of its full-length
sequence, is currently under investigation in our laboratory
and will be described elsewhere as RIN3.

Homology search using data base with FASTA and BLAST
revealed that HK281 has sequence similarity with two inde-
pendent cDNA clones, Ras-interaction/interference 1 (RIN1)
and a partially identified RIN1-raleted JC265 (37, 38). Full-
length sequence of JC265 was obtained by 5�-rapid amplifica-
tion of cDNA ends, with an initiation codon based on the Kozak
consensus sequence. The total cDNA encodes an 895-amino
acid protein, in which the originally isolated fragment of JC265
corresponds to the amino acid sequence 425–895. This protein
contained an SH2 domain, two proline-rich motifs, a Vps9
domain, and Ras association (RA) domain from the amino ter-
minus (see Fig. 3A). Because this protein has similar domain
architecture and high sequence homology to RIN1, it was
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henceforth referred to as RIN2. Fig. 1 shows the amino acid
alignment of RIN1, RIN2, and the partial sequence of RIN3
(clone HK281).

Expression of RIN2 mRNA in Human Tissues and Cells—
The distribution of RIN2 mRNA in human tissues was exam-
ined by Northern blot analysis with a radiolabeled probe con-
taining a 1.07-kb coding sequence of RIN2. As shown in Fig. 2A,
a 5.1-kb transcript was the most abundant in human heart and
kidney with the lowest expression level in the spleen and
peripheral blood cells. Furthermore, the 5.1-kb mRNA was also
present in human cell lines, HeLa and N-1321 astrocytoma
cells, but not in leukemic cell lines, Jurkat and THP-1 cells
(Fig. 2B). The expression pattern of RIN2 mRNA was different
from those of other RIN family proteins, because RIN1 has
been reported to be abundant in brain tissues (39) and RIN3
displayed rather ubiquitous distribution including blood cells.2

Specificity of the Interaction between Rab5 and RIN2—We
further examined the interaction between RIN2 and Rab5b in
the yeast two-hybrid system. RIN2 sufficiently interacted with
Rab5b/WT, in addition to the constitutively active form Rab5b/
Q79L (Fig. 3B). However, the dominant negative form Rab5b/
S34N exhibited weak interaction with RIN2. Other members of
the Rab family including Rab4, Rab7, Rab9, and Rab11 failed
to interact with RIN2. Although Ha-Ras was reported to inter-
act with RIN1 in the yeast two-hybrid system (39), neither the
wild type (Ha-Ras/WT) nor the active form (Ha-Ras/G12V)

associated with RIN2 under our assay conditions.
To identify the Rab5-binding region, various deletion mu-

tants of RIN2 were generated and further analyzed in the
two-hybrid system (Fig. 3C). In addition to the full-length
RIN2, its carboxyl-terminal half-sequence (residues 497–895)
strongly interacted with Rab5b. Such strong interaction was
completely abolished by further deletion of its amino-terminal2 H. Kajiho and K. Saito, unpublished data.

FIG. 1. Amino acid sequence align-
ments of RIN family. The sequence
alignment among HK281 (partial RIN3),
RIN2, and RIN1 (DDBJ/EMBL/Gen-
BankTM, accession number L36463) is
shown in the single-letter amino acid
code. The numbers represent positions of
the amino acid residues. Block boxes indi-
cate identical amino acids. The SH2 do-
main is boxed with a bold line. Proline-
rich motif is underlined with a bold line.
The RH domain is boxed. The Vps9 do-
main is underlined with a dashed line.
The RA domain is boxed with a dashed
line.

FIG. 2. Northern blot analysis of RIN2. The probe was labeled by
random priming and hybridized to a human multiple tissue RNA blot
containing poly(A) mRNA from various human tissues (A) and to a
nylon membrane to which poly(A) mRNA from the human cell lines of
HeLa, Jurkat, THP-1, and 1321N1 had been transferred (B). Two �g of
poly(A) mRNA were loaded in each lane.
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region (RH domain, see “Discussion”), but not changed by the
elimination of RA domain. RH, Vps9, or RA domain alone failed
to interact with Rab5b. Thus, the sequence 497–784 of RIN2,
which contains both RH and Vps9 domains, appeared to be
minimally required for Rab5 binding.

Unique Biochemical Properties of RIN2—We next investi-
gated how the nucleotide-bound state of Rab5 exerts its influ-
ence on the interaction with RIN2 in an in vitro binding assay.
FLAG-tagged RIN2 immobilized to resins was incubated with
GDP- or GTP�S-bound form of Rab5b. The Rab5 binding was
estimated by immunoblotting with an anti-Rab5b antibody. As
shown in Fig. 4 (lanes 3 and 4), the GTP�S form of Rab5b more
efficiently bound to RIN2 than did its GDP form, in accordance
with the results in the yeast two-hybrid system (see Fig. 3B).

Because RIN2 contained the Vps9 domain (the amino acid
sequence 648–766) conserved in other characterized GEFs for
Rab5 (21, 22), we also investigated whether this binding pro-
tein has a GEF activity for Rab5. For the analysis, [35S]GTP�S-
binding experiments were performed with FLAG-tagged RIN2
and prenylated Rab5b that had been purified from transfected
HeLa cells and baculovirus-infected Sf9 cells, respectively (Fig.
5A). As shown in Fig. 5B, [35S]GTP�S binding to the purified
Rab5b was very slow at the physiological concentration (milli-
molar order) of Mg2�, which resulted from slow GDP dissocia-
tion from the small GTPase. Under these conditions, RIN2
markedly accelerated GTP�S binding to Rab5b, although the
binding protein itself had no detectable GTP�S binding activ-
ity. Interestingly, the binding accelerated by RIN2 was appar-
ently maximal during the first 5 min, and further incubation

did not stimulate guanine nucleotide exchange reaction on
Rab5b (Fig. 5B). The GTP�S binding to Rab5b was dependent
on the concentration of RIN2, and the maximum level reached
to the stoichiometric amount (10 nM) of the small GTPase (Fig.
5C). These properties observed in RIN2 are quite different from
those of other characterized GEFs, which act catalytically on
the small GTPases (see “Discussion”).

FIG. 3. Interaction of Rab5b with RIN2 in yeast two-hybrid
system. A, RIN2 contains the SH2 domain, two proline-rich motifs, the
RH domain, the Vps9 domain, and the RA domain. The numbers rep-
resent the amino acid residues. B, the interaction between the full-
length RIN2 and various forms of Rab5b or other members of small
GTPase family was analyzed in the yeast two-hybrid assay as described
under “Experimental Procedures.” C, the amino- and carboxyl-terminal
deletion mutants of RIN2 and Rab5b/WT were inserted into pGBT9 and
pGAD10 vectors, respectively, and transformed into SFY526 cells.
�-Galactosidase activity was assayed as described under “Experimental
Procedures.”

FIG. 4. In vitro binding of Rab5b to RIN2. FLAG-tagged RIN2
(lanes 3 and 4) and FLAG peptide alone (lanes 1 and 2) were expressed
in COS-7 cells and subjected to immunoprecipitation with anti-FLAG
antibody-conjugated resin. The precipitated resin was washed and in-
cubated with GDP- (lanes 1 and 3) or GTP�S-bound (lanes 2 and 4)
Rab5b. Proteins bound to the resin were separated by SDS-PAGE and
immunoblotted (IB) with anti-FLAG (A) and anti-Rab5b (B) antibodies.

FIG. 5. Effect of RIN2 on GTP�S binding to Rab5b. A, prenylated
Rab5b (left) and FLAG-tagged RIN2 (right) that had been purified as
described under “Experimental Procedures” were analyzed by SDS-
PAGE and stained with silver and Coomassie Brilliant Blue, respec-
tively. B, Rab5b (10 nM) was incubated with [35S]GTP�S at 30 °C for the
indicated times in the presence or absence of 60 nM RIN2, and
[35S]GTP�S binding to Rab5b was measured. C, Rab5b (10 nM) was
incubated with [35S]GTP�S at 30 °C for 15 min in the presence of the
indicated concentrations of RIN2.
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Gel Filtration Analysis of RIN2—When FLAG-tagged RIN2,
purified from transfected HeLa cells, was analyzed by immu-
noblotting with an anti-FLAG antibody, we noticed a faint
band of more than 200 kDa, in addition to a band corresponding
to the RIN2 monomer of 116 kDa (see Fig. 4A, lanes 3–5).
Because this band was not detected in control cells (Fig. 4A,
lanes 1 and 2), we speculated that RIN2 might form a multi-
complex. To investigate this possibility, FLAG-tagged RIN2
was applied to a gel filtration column, and fractions eluted from
the column were analyzed by SDS-PAGE and immunoblotting
with the anti-FLAG antibody. As shown in Fig. 6, FLAG-tagged
RIN2 was eluted at an apparent molecular weight of �420,000.
There was no detectable protein stoichiometrically associated
with RIN2. These results indicate that RIN2 could self-interact
to form a homophilic tetramer.

Tetramer Formation of RIN1 Composed of Anti-parallel
Linkage of Two Parallel Dimers—To investigate the structural
features of RIN2, various forms of FLAG and Myc epitope-
tagged RIN2 were expressed in HeLa cells. We first checked
whether the self-interaction of full-length RIN2 could be de-
tected with this system. As shown in Fig. 7, Myc-tagged RIN2
was efficiently co-immunoprecipitated with the anti-FLAG an-
tibody when co-expressed with FLAG-RIN2 (Fig. 7B, lane 3).
FLAG-RIN2 was also detected when Myc-tagged RIN2 was
precipitated with the anti-Myc antibody (data not shown).
These results support the idea that RIN2 forms a homophilic
tetramer.

Further experiments were performed with Myc-tagged full-
length RIN2 and FLAG-tagged deletion mutants. Under the
conditions that each of the FLAG-tagged deletion mutants
could be detected with the anti-FLAG antibody (data not
shown), the existence of Myc-tagged full-length RIN2 was an-
alyzed (Fig. 8B). Deletion of carboxyl-terminal RH, Vps9, and
RA domains and amino-terminal SH2 domain did not diminish
the self-interaction (Fig. 8B, lanes 1–3), whereas further dele-
tion of amino-terminal proline-rich motifs completely abolished
the interaction (lane 4). Moreover, carboxyl-terminal Vps9 and
RA domains also interacted with full-length RIN2, although
the interaction was rather weak (lanes 5 and 6).

We also investigated whether the amino- and carboxyl-ter-
minal parts of RIN2 can interact with themselves or with each
other. As shown in Fig. 8C, the region between the SH2 domain
and proline-rich motifs was responsible for the amino-terminal
self-interaction (lanes 1–4). The carboxyl-terminal part of

RIN2 also interacted with itself, and the interacting region was
assigned to the carboxyl-terminal RA domain (lanes 5–10),
although the RH domain fairly interacted with itself (lane 8).
These results indicate that RIN2 might form parallel com-
plexes. To clarify whether RIN2 might form anti-parallel com-
plexes, the interaction between the amino and carboxyl termini
was further investigated. As shown in Fig. 8D, the amino- and
carboxyl-terminal interaction appeared to be existent. The re-
gion between SH2 domain and proline-rich motifs was required
for interaction with carboxyl-terminal RH and Vps9 domains.
These results indicate that RIN2 might also form anti-parallel
complexes.

DISCUSSION

Structural Features of the RIN Family Rab5-binding Pro-
teins—In the present study, we have identified a novel Rab5-
binding protein, RIN2, consisting of 895 amino acids. RIN2
contains SH2 domain, two proline-rich motifs, Vps9 domain,
and RA domain, which have also been conserved in RIN1 (39).
Moreover, another Rab5-binding protein, RIN3, partially iden-
tified in this study seems to belong to this family, although its
amino-terminal sequence has not been determined yet. The
alignment of the three proteins allowed us to depict a conserved
100-amino acid sequence in the central region of this family.
We termed this conserved region as RH domain (for RIN
Homology).

This RH domain, together with Vps9 domain, constituted a
region necessary for Rab5 binding (Fig. 3B). On the other hand,
the carboxyl-terminal RA domain of RIN2 was not responsible
for the Rab5 binding, consistent with recent report for RIN1
(32). Although the RA domain of RIN1 has been identified as a
Ras-binding region (39), we could not observe the significant
interaction between full-length RIN2 and Ha-Ras under the
present conditions (Fig. 2). Another significant feature differ-
ent from RIN1 is that both RIN2 and RIN3 have an insertion of
an extra 120-amino acid sequence between Pro-rich motif and
RH domain. The extra sequence exhibits the lowest homology
between RIN2 and RIN3.

Homophilic Tetramer Formation of RIN2—In this report, we
show the evidence that RIN2 exists as a tetramer composed of
anti-parallel linkage of two parallel dimers. First, RIN2 was
eluted at �420 kDa in gel filtration column chromatography,
approximately four times as large as the apparent molecular
mass of the monomer (Fig. 6). Second, self-interaction was
observed between different epitope-tagged forms of full-length
RIN2 (Fig. 7). Third, amino- and carboxyl-terminal RIN2 frag-
ments could dimerize homogeneously and heterogeneously

FIG. 6. Tetramer formation of RIN2. FLAG-tagged RIN2 was pu-
rified from HeLa cells and applied to a Superdex 200 gel filtration
column as described under “Experimental Procedures.” The elution
position was compared with those of the globular size markers (arrow-
heads). A, the fraction (0.5 ml) eluted from the column was analyzed by
SDS-PAGE, and proteins were stained with silver. B, the fraction was
analyzed by SDS-PAGE and immunoblotted (IB) with the anti-FLAG
antibody. Arrows indicate the position of FLAG-tagged RIN2.

FIG. 7. Self-interaction of full-length RIN2. FLAG-tagged RIN2
plus Myc peptide (lane 1), FLAG peptide plus Myc-tagged RIN2 (lane 2),
and FLAG-tagged plus Myc-tagged RIN2 (lane 3) were co-expressed in
HeLa cells and subjected to immunoprecipitation (IP) with anti-FLAG-
agarose beads. The precipitants were analyzed by SDS-PAGE and im-
munoblotted (IB) with anti-FLAG (A) and anti-Myc (B) antibodies.
Arrow indicates the position of FLAG- or Myc-tagged RIN2.
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(Fig. 8). Based on these results, we propose the quaternary
structure of RIN2 as indicated in Fig. 9.

Recent reports indicate that several proteins implicated in
early endocytic pathways form homo-multimeric complexes.
For example, Eps15, a phosphorylation substrate of the epider-
mal growth factor receptor kinase forms a tetramer consisting
of parallel and anti-parallel dimers (40, 41), which resembles
the proposed structure of RIN2. As for Rab5 effectors, Rabap-
tin-5 and EEA-1 has been respectively shown to form dimers
(42, 43). Moreover, it is suggested that Rab5 can be dimerized
depending on the GTP-bound conformation (44). RIN2 may
function as a component of early endocytic machinery in the
form of homophilic complex, in coordination with other oligo-
meric complexes (45).

Unique Properties of RIN2 for Rab5—In the present study,
we revealed that RIN2 stimulates a guanine nucleotide ex-
change reaction on Rab5 (Fig. 4) and preferentially interacts
with the GTP-bound activated form of the small GTPase (Fig.
5). These RIN2 properties are somewhat intriguing, because
other identified GEFs for Rab5 including RIN1 have been re-
ported to interact with the GDP form (21, 32). However, such

RIN2-like properties have been also observed in a complex of
Rabex-5 and Rabaptin-5. Rabex-5, previously identified as
other Rab5-GEF (22), forms a tight complex with Rabaptin-5,
which specifically interacts with GTP-Rab5 to stabilize its ac-
tivated form (26, 46). Rabaptin-5 forms a homodimer in the
multicomplex (42), and the complex formation between Rabap-
tin-5 and Rabex-5 is essentially required for endosome fusion
(47). Thus, the unique properties of RIN2 found here may
resemble to that of the Rabaptin-5-Rabex-5 complex.

The unique properties of RIN2 may be responsible for the
amplification of Rab5-mediated signaling. In the endocytic path-
way, RIN2 would translocate to a particular subcellular compart-
ment by its association with the GTP form of Rab5 and catalyze
re-activation of the inactivated GDP form, thereby causing the
amplification of cellular responses induced by the small GTPase.
Such a mechanism has been found previously (48, 49) in another
GEF for the small GTPase Rap1, RA-GEF. Alternatively, the
properties of RIN2 may suggest that it functions not only as an
upstream GEF but also as a downstream effector for Rab5. This
idea could be supported by our present data. The acceleration of
nucleotide exchange reached maximum within a few minutes,
and further incubation did not stimulate the exchange reaction
(Fig. 5B). Such features of RIN2 may be explicable by its nucle-
otide preference for GTP-bound Rab5. We speculate that RIN2,
which accomplished the nucleotide exchange on Rab5, was sub-
sequently bound to the activated Rab5, leading to the formation
of a tight ternary complex (GTP-Rab5b-RIN2). Consequently,
other GDP-Rab5 molecules that remained in the reaction mix-
ture were unable to associate with RIN2. Thus, it is likely that
RIN2 may function to Rab5 stoichiometrically rather than cata-
lytically. In the present study, we have not investigated whether
the RIN2 region responsible for the GEF activity is distinguish-
able from the binding site for GTP-Rab5. Furthermore, we could
not precisely estimate the integrity and protein stability of RIN2
used in the GEF assay, because it was immunologically purified
from transfected HeLa cells. Further experiments under well
established conditions should be required for clarifying these
points.

Tall et al. (32) recently reported that RIN1 enhances its
guanine exchange activity on Rab5 by its interaction with
Ha-Ras. Although the direct interaction between RIN2 and
Ha-Ras was not observed in the present yeast two-hybrid sys-
tem, we cannot totally rule out the possibility that the GEF
activity of RIN2 may be stimulated by a certain member of the
Ras family other than Ha-Ras. Alternatively, the GEF function
of RIN2 would be regulated by receptor-mediated signaling,
because this GEF contains SH2 and Pro-rich domains, which
are capable of interacting with a Tyr-phosphorylated sequence
and SH3 domain, respectively. Further investigation would be
also required for revealing the cross-talk between the cell sig-
naling and the membrane trafficking.

Acknowledgment—We are grateful to Dr. David W. Russell for gen-
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FIG. 8. Analysis of self-interacting regions on RIN2. A, sche-
matic representation of RIN2 deletion mutants used in this experiment.
RIN2 contains SH2 domain, two proline-rich motifs, RH domain, Vps9
domain, and RA domain. The letters in brackets correspond to the lane
definitions in B–D. B–D, Myc-tagged full-length RIN2 and each of the
FLAG-tagged deletion mutants (B), a pair of Myc-tagged and FLAG-
tagged deletion mutants (C), and FLAG-tagged amino-terminal and
Myc-tagged carboxyl-terminal mutants (D) were co-expressed in HeLa
cells and immunoprecipitated (IP) by anti-FLAG agarose beads. The
precipitants were analyzed by SDS-PAGE and immunoblotted (IB) with
anti-Myc antibody. B, arrow indicates the position of Myc-tagged RIN2.
C and D, asterisks indicate Myc-tagged deletion mutants immunopre-
cipitated with FLAG-tagged mutants. Arrows indicate the position of Ig
light chain.

FIG. 9. Possible model of the RIN2 tetrameric structure. Sche-
matic view of the RIN2 tetramer inferred from the present experiments.
Right-hatched areas represent the amino-terminal self-interaction of
RIN2. Left-hatched areas represent the carboxyl-terminal interaction,
and horizontally striped areas represent the amino- and carboxyl-ter-
minal cross-interaction.
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