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Summary

The small GTPase Rab5, which cycles between active early endosomes. RIN3 was also capable of interacting via
(GTP-bound) and inactive (GDP-bound) states, plays its Pro-rich domain with amphiphysin Il, which contains
essential roles in membrane budding and trafficking inthe SH3 domain and participates in receptor-mediated
early endocytic pathway. However, the molecular endocytosis. Interestingly, cytoplasmic amphiphysin Il was
mechanisms underlying the Rab5-regulated processes are translocated into the RIN3- and Rab5-positive vesicles
not fully understood other than the targeting event to early when co-expressed with RIN3. These results indicate that
endosomes. Here, we report a novel Rab5-binding protein, RIN3 biochemically characterized as the stimulator and
RIN3, that contains many functional domains shared with  stabilizer for GTP-Rab5 plays an important role in the
other RIN members and additional Pro-rich domains. transport pathway from plasma membrane to early
RIN3 displays the same biochemical properties as RIN2, endosomes.

the stimulator and stabilizer of GTP-Rab5. In addition,

RIN3 exhibits its unique intracellular localization. RIN3

expressed in Hela cells localized to cytoplasmic vesicles Supplemental data available online

and the RIN3-positive vesicles contained Rab5 but not the

early endosomal marker EEAL. Transferrin appeared to be  Key words: Small GTPase Rab5, RIN, Amphiphysin Il, Endocytosis,
transported partly through the RIN3-positive vesicles to  Guanine nucleotide exchange factor

Introduction budding of clathrin-coated vesicle from plasma membranes
Rab proteins constitute a subfamily of small GTPases that pl&nd its transport to early endosomes (Barbieri et al., 1998;
central roles in intracellular membrane trafficking. At presentBucci et al., 1992; Gorvel et al., 1991; Stenmark et al., 1994).
more than 40 members of the Rab GTPases have bebhthe process of homotypic early endosomal fusion, the
identified, and they localize to distinct intracellular complex of Rabex-5 and Rabaptin-5 functions as both the
compartments and regulate the transport between specififmulator and the stabilizer for Rab5 (Horiuchi et al., 1997),
organelles (Olkkonen and Stenmark, 1997; Zerial an@nd the resultant GTP-bound Rab5 recruits hVps34, a class-lI
McBride, 2001). The functional state of Rab GTPases depeng@éosphatidylinositol (Ptdins) 3(OH)-kinase that specifically
on the conformation, which is determined by their bindings t@enerates PtdIns(3)phosphate [PtdIr3}3p early endosomes
guanine nucleotides. In the GDP-bound state, Rab forms (&hristoforidis et al., 1999). The localized lipid production also
cytoplasmic complex with the regulatory protein Rab GDP-allows the recruitment of Rab5 effectors such as EEAl
dissociation inhibitor (RabGDI), which prevents the (Stenmark et al., 1996) and Rabenosyn-5 (Nielsen et al., 2000),
association with improper cellular compartments. Howeverbecause these proteins contain the FYVE domain, which binds
Rab replaces GDP with GTP through its interaction with théo Ptdins(3p with high affinity (Burd and Emr, 1998). Thus,
guanine nucleotide exchange factor (GEF) at the targdtab5 organizes a specific membrane domain that defines the
membranes. This causes a conformational change of Rab tleatry site to early endosomes, leading to the fusion event by
allows the recruitment of a range of downstream effectors ontine SNARE machinery (McBride et al., 1999).
the membranes. During or after the membrane fusion, aIn contrast to the homotypic fusion process of early
regulatory protein called Rab-GAP enhances the intrinsiendosomes, the molecular mechanism underlying the Rab5-
GTPase activity of Rab and promotes the hydrolysis of GTRlependent regulation of fission and initial vesicular transport
Once this has occurred, GDP-bound Rab reforms the compléx poorly understood. Possible candidates for Rab5 regulators
with RabGDI and dissociates from the membranes. responsible for these early endocytic processes have not been
Rab5, the most thoroughly characterized member of the Rabported yet. In the present study, we have identified and
GTPase subfamily, is mainly localized to early endosomesharacterized a novel Rab5-binding protein, RIN3, whose
(Gorvel et al., 1991). Rab5 is involved not only in thesequence is similar to those of RIN1 and RIN2 (Colicelli et al.,
homotypic fusion process of early endosomes but also in tHE991; Saito et al.,, 2002). We first confirmed that the
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biochemical properties of RIN3 are similar to those of otheNorthern blot analysis

RIN members and further found that it displays uniqueHuman 12-lane multiple tissue northern blot containing poly(A)
intracellular localization. RIN3 localizes to Rab5-positive, butmRNA was obtained from Clontech. Ami-f2P] dCTP-labelled
not EEAl-positive, vesicles in HelLa cells, and transferrirfragment encoding amino acids 434-678 of RIN3 was hybridized
appears to be transported partly through the RIN3-positive® the membrane overnight at 65°C in ExpressHyb Solution (BD
vesicles to early endosomes. Furthermore, we found th&josciences). The membrane was washed twice wWitBSC (sodium

; ; ; ; i :chloride/sodium citrate) containing 0.1% SDS for 10 minutes each
amphiphysin Il, which mediates receptor-induced endOCytOSI%\’nd twice with ¥ SSC containing 0.1% SDS for 20 minutes each.

interacts with .RIN3 and that cytoplasmic amp_h_|physm .” 'SThe filter was autoradiographed for 12 hours at —80°C and analysed
translocated into the RIN3- and Rab5-positive vesicles,, gas1800 (FujiFilm)
Collectively, these results suggest that RIN3 is a novel playely )
in the transport pathway from plasma membranes to early
endosomes. Cell culture and transient transfection
COS7 and Hela cells were maintained in Dulbecco’s modified

. Eagle’s medium (DMEM) supplemented with 10% foetal calf serum
Materials and Methods (FCS), 0.16% (w/v) NaHC® 0.6 mg mit! L-glutamine, 10Qug mt
Materials streptomycin and 100 IU mi of penicillin at 37°C in 95% air and
Alexa-488 secondary antibody and human Alexa-488 transferrin wefa% CQ. For electroporation, the cells 10" cells) were washed
purchased from Molecular Probes (Eugene, OR). pFastBacHTa vectayice and resuspended in 0.2 ml Opti-MEM. The cell suspension was
was from Invitrogen. pEGFP-C1 and pDsRed-1 vectors and humamixed with 10ug of plasmids and transferred to a 0.4-cm gap cuvette
leukocyte MATCHMAKER cDNA library were obtained from BD (BioRad). After being electroporated (220 V, 969), the cells were
Biosciences. Antibody sources were as follows: monoclonal antibodgtiluted into 20 ml of DMEM and cultured at 37°C for 2-3 days.
against the Flag epitope (M2) (Sigma); monoclonal antibodies against
DsRed and Rab5 (BD biosciences); polyclonal antibody again

glutathioneStransferase (GST) (Santa Cruz Biotechnology). Production of recombinant proteins

Prenylated Rab5b was purified from baculovirus-infected Sf9 cells

according to the method described previously (Horiuchi et al., 1995).
cDNA constructs To prepare guanosine-B-thioltriphosphate (GT¥S)- and GDP-
A DNA fragment encoding the Flag epitope (MDYKDDDDK) was bound forms of Rab5bh, the purified protein was incubated with
substituted for & histidine affinity tag of pFastBacHTa and the nucleotides (25QM) at 30°C for 45 minutes in 11.2 mM Tris-
constructed into the pFastbac-Flag vector. To express Flag-RIN3 aftCl (pH 8.0), 50 mM Hepes-NaOH (pH 7.5), 110 mM NacCl,
Flag-RIN2, fragments coding RIN3 and RIN2 were inserted betwee@.5 mM DTT, 0.27% (w/v) CHAPS (3-[(3-cholamidopropyl)-
theEcaRl site andSal site of the pFastBac-Flag vector. pCMV5-Flag dimethylammonio]-1-propane sulfonate), 5 mM EDTA and 2.2 mM
vector was obtained by inserting a DNA fragment encoding a staMgClz. The reaction was terminated by the addition of MgClthe
methionine followed by the Flag epitope between HuweRl and  final concentration of 10 mM. Flag-RIN3 and RIN2 were purified
BanH| sites of pCMV5. Human amphiphysin Il was obtained usingfrom baculovirus-infected Sf9 cells with anti-Flag M2 agarose beads.
the human leukocyte MATCHMAKER cDNA library as a template. GST-fused amphiphysin Il was purified from the cytoplasmic fraction
Deletion mutants of RIN3 and amphiphysin Il were constructed usingf PGEX4T-1-transformedE. coli BL21-CodonPlus(DE3)-RIL
a PCR-based strategy. (Stratagene) using glutathione Sepharose 4B (Amersham

Biosciences).

Yeast two-hybrid screening

A yeast two-hybrid assay was performed according to the methoﬁssays for guanine nucleotide exchange and GDP-dissociation

described previously (Hoshino et al., 1999; Kontani et al., 2002). Thgactions

yeast reporter-strain Hf7c was transformed with pGBT9-Rab5b/Q79The GDP-dissociation assay was performed by monitoring the time-

using a lithium-acetate-based method and grown in synthetic mediugtependent release ofHIGDP from Rab5 as described previously

lacking tryptophan at 30°C for 5 days. The cells were transformefHama et al., 1999). Prenylated Rab5 (18 nM) that had been treated

with the human leukocyte MATCHMAKER cDNA library and plated with 5pM [3H]GDP (10,000 cpm pmol) at 30°C for 30 minutes was

on synthetic medium lacking leucine, tryptophan and histidine at 30°@cubated in the presence or absence of Flag-RIN3 or RIN2 in a

for 7 days. For interaction analysis, the transformed yeasts were liftégaction mixture (6%l) consisting of 40 mM Tris-HCI (pH 8.0), 62.5

onto filter papers and lysed by brief liquid-nitrogen treatment andnM NacCl, 0.5 mM DTT, 0.36% (w/v) CHAPS, 1320M unlabelled

incubated with 5-bromo-4-chloro-3-indoly3-D-galactopyranoside. GDP, 40uM GTP, 5 mM EDTA and 15 mM Mg@! The GTRS-

Library plasmids from positive clones were rescued Egoherichia ~ binding assay was performed by the filter method as described

coli HB101 cells plated on leucine-free medium. True Rab5h/Q79Lpreviously (Araki et al., 1990). Prenylated Rab5 (18 nM) was

interacting clones were sequenced by the dideoxynucleotide chaincubated with JuM [3°S]JGTR/S (20,000 cpm pmol) at 30°C for

termination method on both strands. When RIN3 was screened as béalit¢ indicated times in the presence or absence of Flag-RIN3 or RIN2

the same method described above was adopted. purified from baculovirus-infected Sf9 cells in a reaction mixture (50
pl) consisting of 40 mM Tris-HCI (pH 8.0), 62.5 mM NacCl, 0.5 mM
DTT, 0.36% (w/v) CHAPS, 5M ATP, 5 mM EDTA and 15 mM

Cloning of the full-length RIN3 cDNA MgCl>.

Upstream and downstream sequences of HK281 clone were obtained

by 5 and 3 rapid amplification of cDNA end (RACE) PCR using the o o

same library as described above, according to the manufacture/$say for the in vitro association between Rab5 and RIN3

protocols. The RACE PCR fragment was purified and subcloned@he association between Rab5 and Flag-tagged RIN3 was assayed as

into pGEM-T easy (Promega). The complete nucleotide sequenaiescribed previously (Saito et al., 2002). The GDP- oryS#dund

was confirmed by isolating and sequencing multiple clones, anBab5 was incubated with agarose resinyf}@onjugated with Flag-

designated as RIN3. RIN3 at 30°C for 60 minutes. The resin was washed, and proteins
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were eluted from the resin with B0of the washing buffer containing supernatants were pre-cleared and immunoprecipitated with agarose

100 ng mit! of Flag peptide. After centrifugation, the supernatant (24resin (10pl) conjugated with 0.5ug of the anti-Flag monoclonal

pl) was mixed with 81 of 4x SDS sample buffer, boiled for 5 minutes antibody. After incubation at 4°C for 90 minutes, the resin was washed

and subjected to SDS-PAGE. Immunoblotting was performed witlthree times with 10Ql TBS containing 0.1% (w/v) NP-40 and three

anti-Flag monoclonal and anti-Rab5 polyclonal antibodies. more times with 10Qul buffer C, consisting of 75 mM Tris-HCI (pH
7.5), 100 mM NacCl, 1 mM EDTA and 0.1% (w/v) NP-40. Proteins
were eluted from the resin with the buffer C containing 50 ng ml

GST pull-down assay Flag peptide. After centrifugation, the supernatanti(4vas mixed

Hela cells were transfected with pCMV5 that contains the cDNAwith 8 pl 4x SDS sample buffer, boiled for 5 minutes and subjected

encoding Flag-RIN3 or its deletion mutants. The cells were harvesteth SDS-PAGE. Immunoblotting was performed with anti-RIN3

washed twice with PBS and solubilized with 2 ml of buffer A, polyclonal and anti-Flag monoclonal antibodies.

consisting of 40 mM Hepes-NaOH (pH 7.4), 75 mM NaCl, 15 mM

NaF, 1 mM NaVOas, 10 mM NaP.O7, 2 mM EDTA, 1pug mt? )

leupeptin, 21g mtL aprotinin and 1% (w/v) NP-40. Supernatants pre-\Western blot analysis

cleared with Sepharose 4B were incubated wifig5f GST-fused  Proteins were transferred to a polyvinylidene difluoride membrane

amphiphysin Il, its SH3 domain or GST alone, together with(BioRad), blocked in 5% BSA in TBS for 1 hour and incubated with

glutathione Sepharose 4B resin (1) for 30 minutes at 4°C. The primary antibodies for 1 hour at room temperature. After washing

resin was washed three times with 100BS containing 0.1% (w/v) three times with 0.2% Triton X-100/TBS, the membrane was further

NP-40 and three more times with 1QDof buffer B, consisting of incubated with a horseradish-peroxidase-conjugated secondary

100 mM Tris-HCI (pH 7.5), 50 mM NaCl, 1 mM EDTA and 0.1% antibody for 1 hour. The immuno-positive signal was visualized in the

(w/v) NP-40. Proteins were eluted from the resin withuBbuffer B presence of luminol (Pierce).

containing 7.5 mM glutathione. After centrifugation, the supernatant

(24 pl) was mixed with 8ul of 4x SDS sample buffer, boiled for 5 )

minutes and subjected to SDS-PAGE. Immunoblotting was performe@DBL/EMBL/GenBank accession number

with anti-GST polyclonal and anti-Flag M2 monoclonal antibodies. The accession number for the full-length RIN3 is AB081753.

Confocal microscopy Results

Hela cells transiently expressing red fluorescent protein (RFP)'RINéompIementary DNA cloning of the Rab5-binding

were cultured on a polylysine-coated glass coverslip (15-m rotein RIN3

diameter) and washed three times with PBS before fixation with 4% ~ ) ) . .

paraformaldehyde in PBS for 15 minutes at 4°C. After treatment witdO identify proteins that interact with GTP-bound form of
0.1 mM glycine in PBS for 15 minutes, the cells were permeabilize®Rab5, a human leukocyte cDNA library was screened with the

with 0.1% Triton X-100 in blocking solution [3% bovine serum GTPase-deficient mutant Rab5b/Q79L in the yeast two-hybrid
albumin (BSA) in PBS] before incubation with a primary antibody (1system. Screening o&k&0’ transformants yielded five positive

Hg mi! diluted with blocking solution) for 1 hour at room clones that interacted strongly with Rab5b/Q79L. Three of
temperature. The cells were washed three times with PBS anfiese were the same as a clone encoding Rab5c, indicating the

incubated for 1 hour with Alexa-488-conjugated secondary antibodigs; ; ; ; At ;
diluted with the blocking solution. After washed three times with PB;%':Chem'ca' properties of Rab5 dimerization (Daitoku et al.,

the coverslip was mounted onto a glass slide in Permafluor-mounti 001), and one Conta!ned a C'°.“e coding for the human
medium (Immunon) and viewed on a Carl Zeiss confocal microscop mologue of Rabaptinfs (Gournier et al., 1998). The
with LSM510 software using excitation wavelengths of 488 nm or 54¢€maining clone, termed HK281, consisted of a 1575-bp cDNA
nm. The images were merged using Photoshop (Adobe Systen@lcoding 525 amino acids. An additional 0.7-kb fragment,
Mountain View, CA). In co-expressing experiments of greenwhich contained an in-frame stop codon and the poly(A) tall,
fluorescent protein (GFP), yellow fluorescent protein (YFP) and RFvas produced by the-RACE method. The upstreanténd
fusion proteins, the transfected Hela cells were cultured for 48 houtgas obtained by 'SRACE, which gave an additional 1.5-kb

in a glass-based dish (35-mm diameter, Iwaki) and examined byagment with an initiation codon based on the Kozak

confocal microscopy. consensus sequence. Analysis of the total cDNA revealed an
open reading frame that encoded a 985-amino acid protein in
Analysis of transferrin uptake and internalization which the original HK281 corresponded to amino acids 435-

For the steady-state internalization of Alexa-488 transferrin, HeL§59'

cells transiently expressing RFP-RIN3 (or RFP-mock) were cultured 1he isolated cDNA has a sequence similar to two
in the 35-mm glass dish. The cells were incubated at 37°C for éfidependent clones, Ras-interaction/interference 1 (RIN1) and

minutes in internalization medium (IM) consisting of DMEM plus RIN2 (see supplementary Fig. S1, http:// jcs.biologists.org/
20 mM Hepes-NaOH (pH 7.4) and 2 mg—MBSA to deplete  supplemental/). Therefore, this protein was designated RINS.
endogenous transferrin, and further incubated at 4°C for 45 minutg§lthough the present RIN3 and previous RIN2 (Saito et al.,
in IM containing 10ug mi! Alexa-488/transferrin. The cells were 2002) were isolated as Rab5b-binding proteins, they also
washed and incubated in IM at 25°C for the indicated times to allowhteract with other members of Rab5 (Rab5a and Rab5c) but
internalization. not with Rab4, Rab7 or Rab11 in the yeast two-hybrid system
(data not shown). Thus, the RIN family could be characterized
Interaction between RIN family and amphiphysin Il in as a binding partner at least specific to Rab5 group of the Rab
transfected HelLa cells small GTPases. The RIN family shared a Src homology 2
HeLa cells that had been co-transfected with pCMV5 containingSH2) domain, a RIN-homology (RH) domain (Saito et al.,
RIN3 and Flag-tagged amphiphysin Il (the full-length or with the SH32002), a Vps9 domain conserved in the catalytic domains of
domain deletedASH3)) were solubilized with 2 ml buffer A. The the GEFs Vps9p and Rabex-5, and a Ras-association (RA)



4162 Journal of Cell Science 116 (20)

A PRD and in heart, kidney and lung (Saito et al., 2002), respectively,
SH2 — s — RH Vps3 RA although they are widely expressed. Furthermore, the 4-kb

RINS 1 -O—[I—ﬂ—ﬂ—C)I:I-O- 985 transcript was also detected in human cell lines including THP-

B1-148 SBETI8 724-864 B76-959 1 and Jurkat cells (data not shown).

SH2 PRDs RH Vps9 RA
95-180 501-630 636-774 787-872 Unique biochemical properties of RIN3
SH2 PRD RH Vps9 RA RIN3 contains Vps9 domain (amino acids 724-864), which
RIN1 1 .O_ﬂ_Dl:l.o_ 783 was conserved in the RIN family and other characterized GEFs
67153 351471 477—616 624—709 for Rab5 (Hama et al., 1999; Horiuchi et al., 1997), so we first

investigated whether this molecule also functions as a Rab5-

GEF. For the analysis, Flag-tagged RIN3 and RIN2 proteins

were purified from baculovirus-infected Sf9 cells (Fig. 2A) and
B assayed for their ability to stimulatéH]GDP release from

9.5- . prenylated Rab5. The rate of GDP-GTP exchange on Rab5 was
7.5- extremely slow at physiological concentrations (mM) of?Mg
44 (Fig. 2B). However, GDP release from Rab5 was markedly
7 - accelerated by the simultaneous addition of RIN3 or RIN2. We
. e €RINS also examined the effects of RIN3 and RIN2 &18[GTR/S
54 binding to Rab5. As expected, RIN3 and RIN2 markedly

enhanced the G¥8 binding to Rab5 (Fig. 2C), although RIN3
and RIN2 themselves had no detectable ¢SFBinding
1.4- ° ® ; activity. These results clearly indicate that both RIN3 and RIN2
| act as GEFs for Rab5.
We next investigated whether the nucleotide-bound state of

2 -| IR — el Rab5 exerts its influence on the interaction with RIN3 by an in

vitro binding assay. Flag-tagged RIN3 immobilized to resins

(kb) L O QTR A was incubated with GDP- or G¥®-bound form of Rab5, and
7. Y ;
@//)@@,;F@/GO/OO?Z’I);O/@G%@L@/-o)@//{%‘@o?p&%6 the Rab5 binding was estimated by immunoblotting with an
S G+ /%”?49 6% anti-Rab5 antibody. As had been observed in RIN2 (Saito et
’0(,@ 6\/,,-) Ooo,/ al., 2002), RIN3 associated more tightly with GBFbound
% ® s, Rab5 than its GDP-bound form (Fig. 2D). Thus, RIN3, like
& RIN2, appears to act biochemically not only as a GEF for Rab5

Fig. 1. The domain structure of the RIN members and northern blot PUt @S0 as a stabilizer for GTP-Rab5.
analysis oRIN3mMRNA in human tissues. (A) Diagram of the
structural features of the RIN-family members. The numbers at the

bottom represent the amino acid residues. (B' top) The probe |ntl’ace||u|al’ |Oca|lzatI0n Of RIN3 |n transfected HeLa
corresponding to the 729-base RIN3 cDNA was labelled by randomcells

priming and hybridized to a human multiple tissue RNA blot We next examined the intracellular localization of RIN3 in
containing 2ug lane™ of poly(A) mRNA from various human mammalian cells. HeLa cells transiently expressing RFP-RIN3

tissues. (B, bottom) The northern blot was also performed with actingare  immunostained with anti-Rab5 and anti-EEA1
CDNA as a control. antibodies, and their localization analysed by confocal
microscopy. RIN3 localized to punctate vesicles scattered
around the cytoplasm (Fig. 3A). We found that the RIN3-
domain from their N termini (Fig. 1A). RIN1 has a proline- positive vesicles also contained endogenous Rab5 in some
rich domain (PRD) that binds to the c-Abl SH3 domain (Afardegree (Fig. 3A, top), although most Rab5 localized to
et al.,, 1997; Han et al., 1997), and RIN2 and RIN3 furtheperinuclear early endosomes, as previously described
contain one and two PRDs (the class Il motif of PXXPPR; YyChavrier et al., 1990). The co-localization of RIN3 and Rab5
et al., 1994), respectively, which are lacking in RIN1. was more evident when both proteins were expressed in HelLa
cells (Fig. 3B). However, the RIN3 fluorescence did not
. ) ] overlap with the early endosomal marker EEAL1 at all (Fig. 3A,
Expression of RIN3 mRNA in human tissues bottom), indicating that the RIN3-positive vesicles are different
To investigate the expression pattern of RIN3 in human tissuespm early endosomes. When the N-terminal region (amino
northern blot analysis was performed. Poly(A)-selected RNAscids 1-586) of RIN3, which lacks the Rab5-binding site (Saito
from several human tissues were hybridized with @t al., 2002), was expressed in HelLa cells, it distributed over
radiolabelled probe containing the 729-base coding sequentiee cytoplasm (Fig. 3C, middle). However, the C-terminal
of RIN3. A 4-kb transcript was detected in a variety of tissuesegion (amino acids 587-985) of RIN3 exhibited its vesicular
with the highest expression level in the peripheral blood cellocalization (Fig. 3C, right) similar to the full-length form.
(Fig. 1B). This expression pattern is slightly different fromThese results suggest that the translocation of RIN3 into the
those of other RIN members, becatBl1andRIN2mRNAs  vesicles requires its association with Rab5. Essentially the
have been reported to be abundant in brain (Han et al., 19953me results were obtained in A431 cells, a human epidermal
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[IB: anti-Flag] Fig. 2.RIN3 and RIN2 act as GEFs and stabilizers for Rab5b. (A) Flag-tagged
RIN3, RIN2 (left) and prenylated Rab5b (right) purified from baculovirus-
(kDa)

infected Sf9 cells were separated by SDS-PAGE and stained with Coomassie
116— m «4Flag-RIN3  pijjjiant Blue. (B) The purified Rab5b (18 nM) that had been preloaded with 5
UM [3H]GDP was subjected to the nucleotide exchange assay in the presence of
300 nM RINS3 (triangles), RIN2 (squares) and Flag-peptide alone (circles). At
[IB: anti-Rab5] the indicated times, an aliquot was removed from the reaction mixture,
- . guenched and filtered through a nitrocellulose membrane. The membranes were
«4Rab5 subjected to liquid scintillation counting. The proportions3ef|GDP retained
in the membranes are presented as a function of the incubation times. (C) The
IS G 1, purified Rab5b (18 nM) was incubated at 30°C witiM.[35S]GTR/S in the
O,o 2 9, presence of 300 nM RIN3 (triangles), RIN2 (squares) and Flag-peptide alone
bt ) © (circles). The amounts 03§S]GTR/S bound to Rab5b are presented as a
‘966\ ’%é function of the incubation times3®8]GTR/S-binding activity was not detected
S 65 in the fraction of RIN3 or RIN2 (data not shown). (D) Lysate was prepared from
COST7 cells that had been transfected with Flag-RIN3 and immunoprecipitated
with the anti-Flag antibody-conjugated resin. The resin was washed and incubated with or without GDRSelhd@sihe Rab5b. Proteins
bound to the resin were separated by SDS-PAGE and immunoblotted (IB) with the anti-Flag (top) and anti-Rab5 (bottom) antibodies

31 —|.

carcinoma cell line, upon the expression of RFP-RIN3 (dataf Alexa-transferrin in the mock-transfected control and RIN3-
not shown). expressing HelLa cells, suggesting that the RIN3-positive
It has been reported that the overexpression of RIN1 in @esicles are not artefacts of transfection. These results strongly
stable CHO cell line expressing Rab5a causes the enlargemenggest that RIN3 is specifically involved in a transport
of Rab5a-positive endosomes and that a proportion of RINfiathway from plasma membranes to early endosomes.
localizes with the endosomes (Tall et al., 2001). Therefore,
intracellular localization of other RIN members was also
investigated under the same conditions. When RFP-RIN2 wdgentification of amphiphysin Il as a RIN3-binding protein
transiently expressed in HelLa cells, it localized to punctat&o uncover the function of RIN3, we further searched for RIN3-
vesicles, as observed with RIN3 (data not shown). Howevehinding proteins by using the yeast two-hybrid system. A human
RIN1 was distributed over the cytoplasm of HelLa cells (Figleukocyte cDNA library was screened with full-length RIN3 as
3D). We confirmed that RFP-RIN1 and RIN3 fusion proteingait. Screening of 8L transformants yielded seven positive
were certainly produced in Hela cells, using western blotlones that strongly interacted with RIN3. Two and four of them
analysis with an anti-RFP antibody (Fig. 3E). contained clones coding for Rab5b and Rab5c, respectively. The
To identify the entity of the RIN3-positive vesicles, we remaining one was composed of a cDNA encoding the patrtial
monitored the vesicular trafficking of transferrin in HelLa sequence of amphiphysin Il. Amphiphysin | and Il are nerve-
cells transiently expressing RIN3. HelLa cells that had beeterminal-enriched proteins containing SH3 domains that interact
transfected with RFP-RIN3 were pulse-chased with Alexawith dynamin and synaptojanin. The amphiphysins not only
transferrin and further incubated at 25°C to allow itsfunction in synaptic vesicle endocytosis by targeting dynamin
internalization. The fluorescently labelled transferrin was firsand synaptojanin to endocytic buds through their interactions
observed in the plasma membrane (Fig. 4A), and it partlwith clathrin and AP2, but also contribute to T-tubule
moved to the RIN3-positive vesicles 4-10 minutes after it®rganization and function (David et al., 1996; Lee et al., 2002;
internalization (Fig. 4B,C). However, the fluorescence ofeprince et al., 1997; Ramjaun et al., 1997; Wigge et al., 1997).
transferrin was no longer observed in the RIN3-positiveAmong the multiple amphiphysin Il-splicing variants,
vesicles at 15 minutes and it localized mostly to perinucleaamphiphysin 1I/BIN1 (whose exons 10, 12 and 13 are
EEAl-positive early endosomes (Fig. 4D). There was nalternatively spliced) has been reported to be ubiquitously
significant difference between the time-dependent traffickingxpressed (Wechsler-Reya et al., 1997). This amphiphysin I
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Fig. 3. RIN3 transfected into HeLa cells co-localizes with Rab5
but not EEAL. (A) HelLa cells were transiently transfected with
RFP-RIN3 and cultured for 48 hours. The cells were fixed and
labelled with antibodies to Rab5 (top) or EEA1 (bottom). The
fluorescence of RFP-RIN3 (left) and Alexa-488 secondary
antibody (middle) was visualized by confocal microscopy, and
; 2 B merged images of the two signals are displayed in yellow
RFP-RIN3 “ »- (right). Arrowheads indicate the co-localization of RIN3 and
Rab5. (B) HelLa cells transiently expressing RFP-RIN3 and
GFP-Rab5b were subjected to confocal microscopy, and the
fluorescence of RFP-RIN3 (left) and GFP-Rab5b (middle) was
visualized by confocal microscopy as described in (A).
(C) HelLa cells transiently expressing the full-length (FL, left),
N-terminal (N, middle) or C-terminal (C, right) form of RFP-
RIN3 were subjected to confocal microscopy. (D) HelLa cells
. transiently expressing RFP-RIN1 (left) or RFP-RIN3 (right)
RFP-RIN3 £ : were subjected to confocal microscopy. (E) Lysates from the
= transfected cells (RFP-RIN1, left; RFP-RIN3, right) were
separated by SDS-PAGE and immunoblotted (IB) with an anti-
RFP antibody. Scale bars, fufh.

as Flag-tagged proteins and were subjected to a GST pull-
down assay with GST-fused amphiphysin II.
Amphiphysin Il appeared to interact with the full length
RFP-RIN3 GFP-Rab5 of RIN3 and its N-terminal region but not with its C-
terminal region (Fig. 5C). These results indicate that the
SH3 domain of amphiphysin Il and the N-terminal region
of RIN3 that contains PRDs are sufficient for their direct
interaction.

We further investigated whether the interaction of
amphiphysin 1l is specific for RIN3, because other RIN
members (RIN1 and RIN2) have also contained PRDs
between the SH2 and RH domains (Fig. 1A). Each
RFP-RIN3/FL RFP-RIN3/N RFP-RIN3/C member of the RIN family was purified from Sf9 cells and

T incubated with GST-fused amphiphysin Il that had
E  [1B:anti-RFP] been immobilized on glutathione Sepharose beads.
Amphiphysin Il associated with RIN3 (and RIN2, data

150m not shown) but not with RIN1 (Fig. 5D). RIN3 and RIN2
; QF,;F,,E'S were also capable of binding to the SH3 domain derived
125_‘ pep.  from amphiphysin Il in vitro (data not shown). Thus, the
' <€ N binding of amphiphysin Il appeared to be rather specific
RFP-RIN1 RFP-RIN3 100m _for a certain type (probably the class Il) of PRDs present
in RIN3 and RIN2 but not in RIN1.
(kDa) & -

variant is a 409-amino-acid protein and the isolated clone asTaanslocation of cytoplasmic amphiphysin Il into RIN3-
RIN3-binding protein corresponded to amino acids 28-409. positive vesicles in transfected HeLa cells
To investigate how the interaction between amphiphysin Il and

) ) ) » _ RIN3 exerts its influence on the distribution of their proteins
N-terminal region of RIN3 interacts specifically with the in intact cells, HeLa cells were transfected with GFP-
SH3 domain of amphiphysin II amphiphysin 1l and/or RFP-RIN3 and subjected to confocal
To identify the interacting regions between amphiphysin Il andnicroscopic analysis (Fig. 6A). As previously observed (Lee
RINS, the full-length and SH3 domain of amphiphysin Il wereet al., 2002), amphiphysin Il exhibited a diffused pattern of
purified as GST-fused proteins and subjected to GST pull-dowytoplasmic distribution, regardless of whether RFP-mock was
assays. The full-length and SH3 domain of amphiphysin Ito-expressed or not. By contrast, amphiphysin Il was entirely
were capable of binding to RIN3 (Fig. 5A). The importancetargeted to and concentrated in the RIN3-positive vesicles and
of the SH3 domain was also investigated in HelLa cell;iot present in the cytoplasm upon co-expression with RINS.
expressing the full-length and SH3-deleted fordSKI3) The same translocation of amphiphysin Il into RIN-positive
of Flag-amphiphysin Il. When the cell lysate wasvesicleswas observed with the expression of RIN2 but not with
immunoprecipitated with the anti-Flag antibody, the full-lengthRIN1 (data not shown). We also investigated whether this
form but not amphiphysin WSH3 co-precipitated RIN3 (Fig. targeting depends on the SH3 domain of amphiphysin I,
5B). Various forms of RIN3 were also expressed in HeLa cellsecause its deletion form failed to interact with RIN3 (Fig. 5B).
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RFP-RINS Transferrin

_ . “".
4

Fig. 4. Endocytic transferrin is transported through RIN3-positive
vesicles to early endosomes in HelLa cells. HelLa cells expressing
RFP-RIN3 were pulse-chased with Alexa-488/transferrin at 4°C,
shifted to 25°C to allow its internalization and further incubated
for the indicated times. The fluorescence of RFP-RIN3 (left) and
transferrin (middle) was visualized by confocal microscopy, and
merged images of the two signals are displayed in yellow (right).
Arrowheads indicate the co-localization of RIN3 and transferrin.
Scale bars, 1Am.

nucleotide exchange reaction on Rab5 (Fig. 2B,C) but
preferentially interacts with the GTP-bound form of Rab5
(Fig. 2D). The same properties are observed in RIN1 and
RIN2, except for the preferential binding of RIN1 to GDP-
bound Rab5 (Saito et al., 2002; Tall et al., 2001). These
biochemical properties are equivalent to the combined
actions of Rabex-5 and Rabaptin-5, which form a complex
in early endosomes (Horiuchi et al., 1997; Lippe et al.,
2001). Rabex-5 is a Rab5 GEF involved in the homotypic
fusion of early endosomes, and Rabaptin-5 specifically
associates with the GTP-bound form of Rab5 to stabilize its
nucleotide form (Stenmark et al., 1995). Thus, RINS,
together with RIN2, appears to function as both the
stimulator and the stabilizer for Rab5 in an endocytic
transport pathway just as the Rabex-5/Rabaptin-5 complex
does in the homotypic fusion of early endosomes.
Although RIN1, RIN2 and RIN3 appear to belong to the
same family in terms of their domain structure and
biochemical properties for Rab5, several differences are
highlighted from the present study. First, the distributions of
mMRNAs are different among the RIN family in spite of their
wide expression:RIN1, RIN2 and RIN3 mRNAs are
abundant in brain (Han et al., 1997), in heart, kidney and

C
10 min —_—
D
lung (Saito et al., 2002), and in peripheral blood cells (Fig.
1B), respectively. Second, the intracellular localizations of

Amphiphysin [IASH3 distributed in the cytoplasm (Fig. 6B). the three RFP-RIN members transiently expressed in Hela
This distribution was not altered by the co-expression witttells are not identical to one another (Fig. 3): RIN3 and RIN2
RIN3, although the formation of RIN3-positive vesicles waslocalize to endocytic vesicles, whereas RIN1 exhibits a
certainly observed. These data indicate that the targeting oftoplasmic distribution. RIN3 (and RIN2) appears to localize
amphiphysin Il to the RIN3-positive vesicles depends on itsvith Rab5 in the vesicles, especially when both proteins were
SH3 domain. We finally investigated whether the ternarexpressed in the cells (Fig. 3A,B). However, it has been
complex RIN3/Rab5/amphiphysin Il might be observed inreported that RIN1 could partially co-localize with Rab5-
Hela cells by means of the co-expression of RFP-RIN3, GFRositive vesicles upon their co-expression, and stimulates
amphiphysin Il and YFP-Rab5. Both amphiphysin Il and Rab®pidermal-growth-factor-receptor-mediated endocytosis (Tall
thoroughly localized in the RIN3-positive vesicles (Fig. 6C),et al., 2001). The different localizations of the RIN members
and this localization was not markedly altered by themight be derived from the types of cells used, but it is likely
nucleotide-bound forms of Rab5 (data not shown). RIN3, Rabthat RIN1 also localizes to endocytic vesicles if the cells are
and amphiphysin Il form a complex, but Rab5 does not directlgtimulated by membrane receptors. Third, there is selectivity
interact with amphiphysin Il in vitro (data not shown).in the association of RINs with amphiphysin II: RIN3 and
Collectively, these data suggest that the ternary compleRIN2, but not RIN1, can interact with amphiphysin II (Fig.
RIN3/Rab5/amphiphysin Il is involved in the early endocyticD). The N terminus of RIN3 that contains PRDs directly
transport pathway. associates with the SH3 domain of amphiphysin Il (Fig. 5A-
C). The class-Il PRD present in both RIN3 and RIN2 but not
_ _ in RIN1 appears to be responsible for the association, because
Discussion a mutation of proline in the class-Il PRD failed to interact with
In the present study, we have identified a novel Rab5-bindingmphiphysin Il (data not shown).
protein, RIN3, which contains SH2, proline-rich, RH, Vps9 Another unique feature of the RIN family is the existence of
and RA domains from the N terminus. This domain structur@an RA domain in their C termini, which was initially identified
is conserved in other RIN members, RIN1 (Han et al., 19973s a region interacting with H-Ras (Hofer et al., 1994; Ponting
and RIN2 (Saito et al., 2002). RIN3 stimulates guanineind Benjamin, 1996). This suggests that RINs are capable of
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A
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Fig. 5. The N-terminal region of RIN3 . 16—
containing PRDs specifically interacts [ IB: anti-GST] |
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-

with the SH3 domain of amphiphysin II.
(A) The full-length (FL) or SH3 domain
(SH3) of GST-fused amphiphysin Il (G
amph Il) or GST alone was incubated v
Flag-RIN3 purified from baculovirus-
infected Sf9 cells and glutathione resin
Proteins bound to the resin were separ
by SDS-PAGE and immunoblotted (1B)
with anti-Flag (top) and anti-GST
(bottom) antibodies. (B) Lysates were
prepared from Hela cells expressing
RIN3 and the full length (FL) or SH3-
domain-deleted formASH3) of Flag-
tagged amphiphysin Il (Flag-amph Il) a
incubated with glutathione resin. Protei
bound to the resin were separated by £
PAGE and immunoblotted with anti-RIN
(top) and anti-Flag (bottom) antibodies.
(C) Lysates were prepared from HelLa
cells expressing the full length (FL), N-
terminal (N) or C-terminal (C) form of
Flag-tagged RIN3 (Flag-RIN3) and
incubated with GST-fused amphiphysin
(GST-amph II) and glutathione resin.
Proteins bound to the resin (GST-pull
down) and the total lysate were separa
by SDS-PAGE and immunoblotted with
anti-Flag (top) and anti-GST (bottom)
antibodies. (D) Flag-RIN1 and RIN3 we
purified from baculovirus-infected Sf9
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cells, and GST pull-down assay was
performed as described in (A). Proteins bound to the resin (GST pull-down) and the total lysate were separated by SDS-PAGE and
immunoblotted with anti-Flag (top) and anti-GST (bottom) antibodies.

binding not only to Rab5 but also to the Ras-family GTPase®Ramjaun et al., 1997; Sakamuro et al., 1996; Sparks et al.,
In this regard, there is an interesting report showing that thE996; Tsutsui et al., 1997). Among them, the isoform that was
GEF activity of RIN1 for Rab5 is enhanced by its interactiorcloned to interact with RIN3 in the present study lacks exon
with Ha-Ras (Han and Colicelli, 1995; Tall et al., 2001).10 (encoding the nuclear localization signal), exon 12 (which
However, Ha-Ras failed to interact with RIN3 or RIN2 tomediates interactions with clathrin and AP-2) (David et al.,
stimulate their GEF activities in conditions under which it1996; Ramjaun and McPherson, 1998) and exon 13 (a part of
certainly binds to RIN1. Instead, several Ras members othéne c-mycbinding domain). This form, also called BIN1-10-
than Ha-Ras could interact with RIN2 (K.S., unpublished)13, is ubiquitously expressed (Wechsler-Reya et al., 1997),
These results suggest that each RIN interacts with certain typakhough its exact role is unclear. In the present study, we
of Ras members. In addition, the RIN-family members alsshowed that the C-terminal SH3 domain of amphiphysin Il is
contain an SH2 domain in their N-terminal regions, suggestingecessary and sufficient for the interaction with RIN3 (Fig. 6),
that receptor-linked tyrosine kinases might regulate thand that this domain is present in all the isoforms. Thus, it is
functions of RINs through their interactions with tyrosine-very likely that RIN3 associates with all spliced forms of
phosphorylated receptors and/or adaptors. We are currengynphiphysin I, including the one that can interact with clathrin
investigating how the Ras members and/or receptor stimulaticand AP-2.
exert their influences on the GEF activities of RINs. We also revealed here that amphiphysin Il is recruited to
One of the important findings of this study is theRIN3-positive vesicles in the endocytic transport pathway. This
identification of amphiphysin 1I/BIN1 as another binding translocation appears to depend on the association between the
partner for RIN3. Amphiphysin Il forms heterodimer with PRDs of RIN3 and the SH3 domain of amphiphysin Il (Figs
amphiphysin | (Wigge et al., 1997) and they are involved ir5,6). Amphiphysin Il has been reported to interact via its SH3
endocytosis, particularly in synaptic vesicle recycling (Wiggedomain with dynamin and synaptojanin (Leprince et al., 1997,
and McMahon, 1998). Many amphiphysin Il isoforms appeaRamjaun et al., 1997; Wigge et al., 1997). Dynamin functions
to arise through alternative splicing of a single gene (Butler énh the fission steps of clathrin-coated vesicles from the plasma
al., 1997; Kadlec and Pendergast, 1997; Leprince et al., 199Tembrane. Synaptojanin is a Ptdins-5-phosphatase, which
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RFP GFP Merge the RIN3-positive vesicles contain Rab5 but not the early
endosomal marker EEAL (Fig. 3A). Furthermore, transferrin
appeared to be partly transported through the RIN3-positive
vesicles to early endosomes (Fig. 4). Taken together, these
results suggest that the unique vesicles identified by the co-
localization of RIN3, Rab5 and amphiphysin 1l might
participate in an intermediate process from endocytosis to early
endosomes.

Although the molecular mechanism whereby Rab5 regulates
the early endocytic pathway is still unclear, it is tempting to
speculate that a regulatory system similar to the homotypic
fusion process of early endosomes might also operate on the
endocytic pathway. In this regard, it has been reported that
Rab5 can interact with the class-la PtdIns-3(OH)-kinase($110
to stimulate the production of Ptdins(3,£5)(Kurosu and
Katada, 2001). Interestingly, this PtdIns-3(OH)-kinase subtype
is markedly enriched in clathrin-coated vesicles compared with
the class-1l Ptdins-3(OH)-kinase hVps34, which produces
Ptdins(3p in the early endosomes (Christoforidis et al., 1999).
Taken together, the different distributions of Ptdins-3(OH)-
kinases and Rab5-GEFs might be responsible for the strict
regulation of Rab5-dependent processes involved in many
membrane trafficking pathways. Although further experiments
are apparently necessary to elucidate the molecular
mechanisms underlying the Rab5-regulated processes, our
present data strongly suggest that the RIN family interacting
with Rab5 and amphiphysin 1l is involved in the early
endocytic pathway.
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