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Abstract

Members of the mammalian rab family of GTPases are asso-
ciated with specific subcellular compartments, where these
proteins are postulated to function in vesicular transport. By
screening a human umbilical vein endothelial cell library with
degenerate oligonucleotide probes, we have isolated a 1.6-kb
cDNA clone encoding a 215-amino-acid protein belonging to
the rab family of GTPases. This newly identified rab protein is
81% identical to human rab5, the canine counterpart of which
has been localized to the plasma membrane and early endo-
somes. In light of this homology, we have named this new
member of the GTPase superfamily "rab5b." Northern analy-
sis using the rab5b cDNAas a probe revealed a 3.6-kb mRNA
in a variety of cell types, including human umbilical vein endo-
thelial cells, K562 erythroleukemia cells, U937 monoblastic
cells, and HeLa cells. A fusion protein between glutathione-S-
transferase (GST) and rab5b was expressed in bacteria and
purified to homogeneity. The recombinant protein was shown
to bind GTPand GDP. As is typical of other recombinant rab
proteins, the rab5b-GST fusion protein displayed a low intrin-
sic rate of GTPhydrolysis (0.005/min). An antiserum to rab5b
was prepared and used to determine the apparent molecular
size and subcellular distribution of the protein. Western blot-
ting with this antibody revealed a 25-kD protein in COScells
transfected with rab5b and in nontransfected HeLa cells. Indi-
rect immunofluorescence and subcellular fractionation showed
that rab5b localizes to the plasma membrane. Wespeculate
that rab5b plays a role in vesicular trafficking at the plasma
membrane in various cell types. (J. Clin. Invest. 1992.89:996-
1005.) Key words: GTP-binding protein * membrane trafficking

Introduction

A number of processes in eukaryotic cells are believed to be
regulated by small, monomeric GTPases belonging to the ras
superfamily (1-3). Members of this superfamily include the
ras, ral, rho, rac, rap, and rab gene products in mammalian
cells and the YPTI/SEC4 gene products in yeast. Proteins in
the ras superfamily share 2 30%homology to the rasgene prod-
uct. This homology reflects conservation of a series of sequence
motifs that contribute to the guanine nucleotide binding do-
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main (4). Ras-related GTPases are thought to act as molecular
switches that alternate between GTP- and GDP-bound confor-
mational states (1, 2). The switching function of each GTPase
is determined by the differing affinities of the conformational
states for effector molecules (1, 2).

Recent studies suggest that a subset of these GTPases (the
yeast YPTI/SEC4 gene products and their mammalian coun-
terparts the rab proteins) plays a central role in membrane
trafficking ( 1-13). By alternating between the GTP- and GDP-
bound conformational states, these proteins are postulated to
direct fusion of exocytic or endocytic vesicles with membrane
acceptors. A number of proteins belonging to this subfamily
have been identified; each of these proteins is thought to regu-
late vesicular trafficking at a specific subcellular compartment.
The subcellular locations of several rab proteins have been de-
termined by immunohistochemical methods. Rab2 is found in
the intermediate recycling pathway between the endoplasmic
reticulum and Golgi complex (1 1). Rab6 is distributed in the
medial and trans Golgi (13). Rab4 and rab5 are associated with
the plasma membrane and early endosomes, whereas rab7 lo-
calizes to late endosomes (8, 11, 12). Rab3a is associated with
the secretory vesicles of neurons and neuroectodermal cells
(14-17).

Several lines of evidence support a functional role for the
rab and YPT1/SEC4 proteins in membrane trafficking. In cell-
free assay systems, low concentrations of nonhydrolyzable
GTPanalogues have been shown to inhibit various steps of the
secretory and endocytic pathways (18-23). Synthetic peptides
corresponding to the surface residues of rab proteins have been
found to inhibit vesicular transport through the secretory path-
way in vitro (24). An antibody against one of the rab proteins
(rab5) has been shown to inhibit vesicle fusion in cell-free ex-
tracts (25). Moreover, a nonhydrolyzing mutant of rab5 has
been prepared and shown to competitively inhibit early endo-
some fusion in vitro (25). The association and dissociation of
rab3a with synaptic vesicles have been shown to correlate with
the secretory process (16). In yeast, the functional importance
of this subfamily of GTPases has been established through iso-
lation and characterization of secretory mutants. Tempera-
ture-sensitive yeast YPTI mutants exhibit abnormal transport
of vesicles between the endoplasmic reticulum and Golgi,
whereas temperature-sensitive mutations in SEC4 disrupt a
late step in the exocytic pathway (26-28).

In this study we describe the cDNA cloning of a novel
member of the rab family, obtained by screening a human
umbilical vein endothelial cell cDNAlibrary with oligonucleo-
tide probes corresponding to a region conserved in all rab pro-
teins. Weshow that this new member of the rab family binds
guanine nucleotides in vitro and exhibits GTPase activity. Fur-
thermore, we demonstrate that the protein is expressed in a
variety of cells and localizes to the plasma membrane. Wepro-
pose that this newly identified GTPase, like other members of
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the rab family, plays a role in controlling membrane trafficking
in cells.

Methods

Isolation of a cDNA encoding human rab5b. A randomly primed
lambda gtl 1 human endothelial cell cDNA library (29) was screened
with a 1:1 mixture of the following two degenerate oligonucleotide
probes corresponding to the sequence WDTAGQE,which is conserved
in all rab proteins: Probe A, TGGGACACAGC(A50/T50)GG(G25/A25/
T25/C25)CAGGAG; Probe B, TGGGACACTGC(A/T)GG(G25/A25/
T25/C25)CAGGAG. The oligonucleotide mixture was end labeled to a
specific activity of 0.3 x 106 cpm/ng using [y-32P]ATP and polynucleo-
tide kinase (30). A total of 600,000 plaques was screened in duplicate
(Hybond-N filters; Amersham Corp., Arlington Heights, IL). The
filters were prehybridized overnight at 4VC in 3 Mtetramethylammo-
nium chloride, 10mMsodium phosphate, pH 6.8, 1 mMEDTA, 0.5%
SDS, 100 Mg/ml boiled sonicated salmon sperm DNA, and 0.1% pow-
dered milk (30). The filters were then hybridized overnight at 480C
with 5 X 106 cpm/ml of probe in 3 Mtetramethylammonium chloride,
10 mMsodium phosphate, pH 6.8, 1 mMEDTA, 0.5% SDS, 200
Mg/ml boiled sonicated salmon sperm DNA, and 0.1% powdered milk.
The filters were washed three times, 5 min each, in 6X standard saline
citrate (SSC) at room temperature and autoradiographed overnight.
Phage DNAwas isolated from a hybridizing plaque (30). A 1.6-kb
cDNA insert encoding rab5b was liberated by EcoRI digestion and
subcloned into the EcoRI site of pUC19.

Isolation of genomic clones for human rabSb. A human genomic
library in EMBL3 was screened with the 1.6-kb rab5b cDNA under
previously described hybridization conditions (31). Overlapping geno-
mic clones encoding rab5b were obtained. Inserts were liberated from
the clones by digestion with EcoRI and then subcloned into the EcoRI
site of Bluescript SK+.

DNAsequencing. Nucleotide sequences were determined using the
dideoxynucleotide method (32) with Sequenase (United States Bio-
chemical Corp., Cleveland, OH) and synthetic oligonucleotide
primers.

Cell culture. HeLa, K562, U937, COS, and human umbilical vein
endothelial cells were maintained in culture as previously described
(31). Where indicated, K562 cells were induced with hemin before
harvesting (33). EAhy.926 cells, a hybrid cell line between human endo-
thelial cells and a lung carcinoma line provided by C. S. Edgell, Univer-
sity of North Carolina, were maintained as described (34).

RNA isolation and Northern blot analysis. RNAwas isolated using
the acidified guanidinium thiocyanate phenol method (35). Poly-A
RNAwas isolated by oligo-dT chromatography (30). Conditions for
Northern blot analysis have been previously described (31). Probes for
Northern analysis were radiolabeled with [a-32P]dCTP by random
hexanucleotide priming (30). The presence of intact mRNAwas con-
firmed by probing with a 32P-labeled a-tubulin cDNA.

Expression of a rabSbfusion protein in Escherichia coli. The 1.6-kb
EcoRI cDNA fragment encoding rab5b was cloned into the EcoRl site
of pGEX3X(Amersham Corp.). The resulting plasmid encoded a pro-
tein consisting of glutathione-S-transferase (GST)' fused to rab5b via
the 19-amino-acid linker GNSLQYPGGSTLSDSDNLA(introduced
by cloning the cDNA fragment into the vector). This plasmid was used
to transform the E. coli strain DH5a. A 50-ml overnight culture of the
transformed cells, in LB medium (30) supplemented with 50 Mg/ml
ampicillin, was diluted 1:10 into this same culture medium and grown
for 3 h at 37°C. Expression of the GST-rab5b fusion protein was then
induced by addition of 0.1 mMisopropyl-fl-D-thiogalactoside (IPTG).
After 90 min of incubation with IPTG, bacteria from the 500-ml cul-
ture were isolated by centrifugation; resuspended in 50 ml of PBScon-

1. Abbreviations used in this paper: GST, glutathione-S-transferase;
IPTG, isopropyl-fl-D-thiogalactoside.

taining 1%Triton X-100, 50 mMEDTA, 80 Mg/ml PMSF, 0.4% apro-
tinin, 2 Mg/ml leupeptin, 2 ;ig/ml pepstatin, and 1 mMDTT; and soni-
cated for 30 s. After centrifugation at 14,000 g, the supernatant fraction
containing solubilized fusion protein was applied to a 1-ml glutathi-
one-agarose column (Pharmacia Fine Chemicals, Piscataway, NJ).
The GST-rab5b fusion protein was eluted with 15 mMglutathione as
described (36). The purified protein was dialyzed against PBS and
stored at -70'C. The typical yield of purified GST-rab5b was 1 mg/
500 ml bacterial culture. For use as a control, purified GSTwas pre-
pared by affinity chromatography of an extract of DH5a cells trans-
formed with pGEX3X.

Assays of GTPbinding, GTPase activity, and GDPdissociation.
Purified GST-rab5b and GSTwere run on SDS-PAGE(37) and then
electrophoretically transferred to nitrocellulose filters. The filters were
incubated with [32P-a]GTP (Amersham Corp.) as described by Schmitt
et al. (38). Competition for GTPbinding was performed as described
elsewhere (7). GTPase activity of the purified GST-rab5b was mea-
sured as described (7). The GTPase reactions contained 10 LM [a-32P]-
GTP(10 mCi/MLmol), 10 mMMg2e, and 1-2 gMGST-rab5b; incuba-
tions were carried out at 37°C. GDPdissociation from GST-rab5b was
measured using the exchange assay of John et al. (39). The reaction
mixture contained 2 MMGST-rab5b, 10 ;MM [8-3H]GDP (300 CPM/
pmol), and 10 mMMg2e. Incubations were carried out at 37°C.

Expression of rabSb in COScells. The 1.6-kb EcoRI cDNA frag-
ment encoding rab5b was cloned into the EcoRI site of the eukaryotic
expression vector pMT2 (33). COScells in 100-mm diam petri dishes
were transfected with 5 Mg of pMT2-rab5b using DEAE-dextran (33).
Cytosolic and membrane extracts (33) were prepared 48-72 h after
transfection.

Preparation of rabbit antisera. The synthetic peptide SEPQNLG-
GAAGRSCcorresponding to amino acids 184-196 of rab5b was com-
mercially prepared (Research Genetics, Huntsville, AL). The peptide
was coupled to keyhole limpet hemocyanin with glutaraldehyde (40),
and the keyhole limpet hemocyanin-peptide conjugate was used to
immunize rabbits by intradermal injection (40). For antibody purifica-
tion an affinity resin was prepared by coupling 4 mgof rab5b peptide to
2 ml of Affi-gel 10 (Bio-Rad Laboratories, Richmond, CA) using the
manufacturer's instructions. The affinity resin was equilibrated with 50
mMTris-HCl pH 8 and 500 mMNaCI, and then 20 ml of antiserum
(dialyzed against this same buffer) was applied. After washing, antibod-
ies were eluted with 10 ml of 4 MMgC12. The eluted antibodies were
dialyzed against 50 mMTris-HCl pH 8, 500 mMNaCl, and 0.05%
NaN3 and stored at 40C.

Western blotting. SDS-PAGEand electrophoretic transfer to nitro-
cellulose membranes were performed as described (40). Immunoreac-
tive protein was visualized by incubation with rabbit antiserum to
rab5b (1:2,000 dilution), followed by alkaline phosphatase-conjugated
goat anti-rabbit IgG (1:8,000 dilution). The alkaline phosphatase reac-
tion was run with bromochloroindolyl phosphate and nitro blue tetra-
zolium (40).

Immunofluorescence. COScells grown on cover slips were trans-
fected with pMT2 or pMT2-rab5b as described above. After 48 h, the
cells were washed with PBSand permeabilized for 5 min with 80 mM
Na-Pipes [piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.8], 5 mM
EGTA, 1 mMMgCl2, and 0.1% Tween-20. The cells were fixed with
3.7% formaldehyde in PBS for 15 min. After fixation, the cells were
washed with PBScontaining 0.1% Tween-20. The cells were then incu-
bated for 10 min with PBS containing 0.1% Tween-20 and 5% pow-
dered milk to decrease nonspecific binding. A 1:200 dilution of affinity
purified anti-peptide antibody in PBScontaining 0.1% Tween-20 and
5%powdered milk was applied for 20 min. The cells were then washed
four times with 0.1% Tween-20 in PBS. A 1:2,000 dilution of FITC-la-
beled goat anti-rabbit IgG F(ab')2 (Tago) in PBS containing 0.1%
Tween and 5%powdered milk in PBSwas applied for 20 min, and then
the cells were washed five times with PBScontaining 0.1% Tween-20.
The coverslips were mounted on glass slides in 90%glycerol, 10% 100
mMTris-Cl pH 8 and viewed with a photomicroscope (Axioplan; Carl
Zeiss, Inc., Thornwood, NY). As a positive control for plasma mem-
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brane immunofluorescence, COScells were transfected with expres-
sion plasmid pcDNAl-CD64 encoding the human Fc receptor and
then stained with mouse monoclonal anti-human Fc receptor IgG,
followed by FITC-labeled goat anti-mouse IgG (plasmid and antibody
generously provided by R. A. B. Ezekowitz, Boston Children's Hospi-
tal). As a negative control, COScells were transfected with expression
plasmid pXM-GATA-2 encoding human transcription factor GATA-2
(41) and then stained with rabbit antiserum against GATA-2, followed
by FITC-labeled goat anti-rabbit IgG F(ab')2 (details of GATA-2 plas-
mid construction and antiserum preparation will be published else-
where).

Subcellular fractionation. HeLa cells (2.5 mg total protein) were

harvested, homogenized, digested with DNase I, and fractionated on a

15% Percoll gradient using the method of Morand and Kent (42). 10
gradient fractions (1.3 ml each) were collected. Portions of each frac-
tion were assayed for the following marker enzymes: fl-N-acetylhexo-
saminidase (43), galactosyltransferase (44), and ouabain-sensitive
Na+K'ATPase (42). A 400-id portion of each gradient fraction was

centrifuged at 100,000 g to remove Percoll and concentrate the mem-

branes; the resultant membrane pellets were subjected to Western blot-
ting using antibody against rab5b. Immunoreactive protein was quan-
titated by incubation with '25I-labeled Protein A (40) followed by
phosphoimage analysis (Phosphorlmager; Molecular Dynamics, Sun-
nyvale, CA).

Other methods. Protein concentrations were measured using Brad-
ford reagent (45). Oligonucleotides were synthesized on a 380-b DNA
synthesizer (Applied Biosystems, Inc., Foster City, CA) and desalted on

NAP- IO columns (Pharmacia Fine Chemicals).
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CCCATTCTGATAATCTGGCCATGACTAGCAGAAGCACAGCTAGrGCCCAATGGGCAACCCCAGGCCAGCAAAATTTGCCAGTTCAAATTGGTCCTGCTGGGAGAATCTGCAGTGGGAAAGT

N T S R S T A R P N G a P a A S K I C 0 F K L V L L G E S A V G K

130 140 150 160 170 180 190 200 210 220 230 240

CAAGCCTGGTATTACGTTTTGTCAAAGGGCAGTTrCCATGAGTACCAGGAGAGCACCATTGGAGCGGCCTTCCTCACCCAGTCCGTTTGTCTAGATGACACAACAGTGAAGrTTTGAGATCT
S S L V L R F V K G 0 F H E Y 0 E S T I G A A F L T 0 S V C L DD T T V K F E I

250 260 270 280 290 300 310 320 330 340 350 360

CGGACACAGCTcGGGCAGGAGCGATATCACAGCTTAGCCCCCATGTACTACACGGGTGCCCAAGCTGCAATCGTGGTTTACGACATTACTAATCAGGAMACCTTTGCCCGAGCAAAGACAT
W D T A C 0 E R Y H S L A P N Y Y R G A 0 A A I V V Y D I T N 0 E T F A R A K T

370 380 390 400 410 420 430 440 450 460 470 480
GGGTGAAGGAACTACAGCGAcAr.GcCAGTCCTAGCATCGTTATTsCCCTGGCAGGGAACMAAGCTGAccTCGCCAACAAACGTATGGTGGAGTATGAAAGAGCCCAGGCATATGCAGATG
WV K E L 0 R O A S P S I V I A L A G N K A D L A N K R N V E Y E E A 0 A Y A D

490 500 510 520 530 540 550 560 570 580 590 600
ACAACAGCTTATtGT TCATGGAGACTTCAGCCMGAACAGCTATGAACGTGAATGATCTCTTCCTGGCMTAGCTAAGAAGTTGCCCAATGAACCCCAGAATCTGGGAGGTGCAGCAG
D N S L L F M E T S A K T A N N V N D L F L A I A K K L P K S E P 0 N L G G A A

610 620 630 640 650 660 670 680 690 700 710 720
GCCCGMGCCCGGGTTGTCTCCrCcATGAACAGTCCCAGCAGM~CMAGGCCAGTGTTGTAGCMACTGAGGGGGTGGCTAGCAGCAAACAAGTATGGAGCTAGCACAAGAGCTAGMAMTA
G R S R G V D L H E 0 S 0 0 N K S 0 C C S N

730 740 750 760 770 780 790 800 810 820 830 840
ACCGCCATCCCTACCCCTCGACACACAACCCCTACGGTACAGCACACTAGCCCTGGCTCCMGGGCCTGCCTCCTGACAUCTCCGTCATGGCACTTTTTMACGCTTCAGCAACAAACACCA

850 860 870 880 890 900 910 920 930 940 950 960
GGCACCTCTTCCGACTGGCCTCCTACCCCCTACTCTGGGGCTTCGGGCTCAACTCCCCCCAGGACTTACCTTCCCAAMAMCTTTCTTCACTTGTATTATAGGTACMAGACAGCGACTT

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
ACGtAtCTTTTCTCCTCCTCCCTACTGtTCCTCCCCCGATTTtTTCAGAACACTtTCTACTCCTCTCCCTTCCCCTTCTCCTTTTGGTCACTCCCTCTTCTTCAGCCTCTTTTCTCCTC

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
TCCCCACGAJGCTCTTTCTCCTGAACCCAGCAACTCACAACCACGTTTCCAGTTCATTTACATTAAGCGCCTCGGGGACATAMGCTCGAGCAGGAGGGAGTMGACMACATTCCTTTTT

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

GTTTTTATTTGGTTGCACTTTCTCATATTTGAAAACATTGCGGTATCCATGATTTGGCCTTGTGGAGGGTGTTCCTAGGTAGAGGTGAGAATGGGGAGGCAACGATCTCAGCCAkCACCAAG

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 140 140

CAG 1A41T1CCGG0TAA48TMCT04C91A50TG0A15T1CAGTCAACT2T5C0TCT1TAACTCTTCA410CCAGTTTCCCCTCAC1AGCCTCT5TACtACCCTTtCCCCTATG

1450 1460 1470 1480 1490 1500 1510 1520 1530 i540 1550 1560
GTGTTTCCCCTAtCTCGCTtGGGTGACCCCAGAGTCTTCC^AMGAATTTTCACTGGCTTCCTACGCT~TTGC~TCTGCTGTAGTCTGATTGGACAGGAGGACAGTTTCTGGTACCCATCCT

Results

Molecular cloning of a novel human rab protein. A cDNAen-

coding a new member of the rab family was isolated using an

oligonucleotide screening method similar to that of Touchot et
al. (6). A human umbilical vein endothelial cDNAlibrary was

screened with degenerate oligonucleotide probes correspond-
ing to WDTAGQE,an amino acid sequence that is conserved
in all rab proteins (6). A 1.6-kb cDNAclone was obtained (Fig.
1). On the basis of homology to other ras-related proteins, the
ATGcodon at position 21 of the cDNAwas assumed to be the
initiation codon. The protein encoded by this cDNAwas found
to have a predicted size of 23.7 kD, which is typical of other
small monomeric GTPases (20-25 kD). In addition to the se-

quence WDTAGQE(residues 74-80), the predicted protein
was found to contain the following sequence motifs, which
contribute to the guanine nucleotide binding domain and are

conserved in ras-related proteins: GXXXGK(residues 27-33),
NKXD (residues 133-136), and EXSAX (residues 161-
165) (4).

Comparison of the protein encoded by this cDNA with
other members of the human rab family (7) revealed the follow-
ing degrees of sequence homology (given as percentage identi-
cal sequence): rabl, 35%; rab2, 33%; rab3a, 31%; rab3b, 30%;
rab4, 31%; rab5, 81%; and rab6, 32%. Comparison with non-

Figure 1. Sequence of a human endothelial
cell cDNAencoding a new human rab pro-
tein. The ATGcodon at nucleotide posi-
tion 21 was assumed to be the initiation
codon on the basis of homology to other
ras-related proteins. The translated amino
acid sequence is shown in single letter code.
The nucleotide sequence of human rab5b
has been assigned the EMBLaccession
number X5487 1.
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primate rab proteins showed that the protein encoded by the
cDNA is most homologous (82% identical) to Madin-Darby
canine kidney cell rab5. Since the degree of homology between
the newly identified rab protein and rab5 is comparable to the
degree of homology between another pair of closely related
human rab proteins termed rab3a and rab3b (78% identical,
reference 7), we propose that this newly identified member of
the rab family be named "rab5b."

An alignment of the predicted amino acid sequences for
human rab5b, human rab5, and canine rab5 is shown in Fig. 2.
Although all three proteins are highly homologous, human and
canine rab5 are clearly more closely related to each other (98%
identical) than to human rab5b. The sequence of human rab5b
diverges from the two rab5 proteins at the NH2terminus (resi-
dues 1-16) and near the COOHterminus (residues 184-210).
This latter region corresponds to the previously described "hy-
pervariable domain" of ras-related proteins. The sequences of
other closely related members of the rab family (e.g., human
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cation appears to reside in the last few amino acids of the pro-
teins. In the case of the ras gene product, the COOH-terminal
sequence CAAX(where A is an aliphatic residue and X is any
amino acid) specifies a set of posttranslational modifications
(reviewed in reference 46). As shown in Fig. 2, human rab5b,
human rab5, and canine rab5 end with the sequence QCCSN,
which distinguishes these proteins from other members of the
GTPase superfamily. Previous studies have demonstrated that
deletion of the last four amino acids of canine rab5 disrupts
normal membrane association and subcellular targeting (1 1).
Given the similarities in sequence between rab5 and rab5b, it
seems probable that the two proteins undergo the same post-
translational modifications. The exact nature ofthese modifica-
tions is presently unknown.

Although the predicted amino acid sequences of human
rab5b and rab5 are highly homologous, the nucleotide se-
quences of the corresponding cDNAs are significantly differ-
ent. In the coding regions the two cDNAs are 66% identical,
whereas in the 5'- and 3'-noncoding regions, the two cDNAs
diverge widely. Partial sequencing of the exons of two overlap-
ping human rab5b genomic clones failed to reveal any se-
quence deviations from the rab5b cDNA. Thus, the nucleotide
(and amino acid) differences between rab5b and rab5 are not
explained by polymerase errors during library construction or
by naturally occurring polymorphisms.

Expression of rab5b mRNAin human cell lines. Like other
members of the rab family, including rabs 2, 4a, 4b, 5, 7, and 9
(see references 5 and 7), rab5b mRNAwas found to be ex-
pressed in a variety of cell types. Northern analysis under strin-
gent conditions revealed a 3.6-kb mRNAhybridizing with the
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Figure 3. Northern analysis of rab5b expression in a variety of cell
lines. Two Northern blots are shown. Lanes 1-5 contained 20Mgg of
total cell RNA; lane 6 contained 3 Mg of poly-A RNA. After electro-
phoresis, the RNAsamples were transferred to Magnagraph (Micron
Separations, Inc., Westboro, MA) and hybridized to a full length 32p_
labeled rab5b cDNAprobe. The migrations of 18- and 28-S rRNA
are indicated. Lane 1, K562 cells; lane 2, K562 cells induced with
hemin; lane 3, U937 cells; lane 4, human umbilical vein endothelial
cells; lane 5, EA.hy926 cells; lane 6, HeLa cells. After autoradiogra-
phy, the membranes were stripped and reprobed with a 32P-labeled
a-tubulin probe to confirm that equal amounts of mRNAwere pres-
ent in each lane (not shown).

1 2 3 Figure 4. SDS-PAGEofpurified GST-rab5b fu-
Q7I _ sion protein. The fusion

_I~ * protein was isolated
66 ~ from E. coli by affinity

$
_ ~~~~chromatography on glu-

45 _ tathione-agarose. The
purified protein was run

31 oon SDS-PAGEunder
reducing conditions and
visualized with Coo-

21 s massie brilliant blue.
Lane 1, molecular size

14 standards; lane 2, 0.3
Ag of affinity-purified
GST-rab5b; lane 3, 1.5

,ug of affinity-purified GST-rab5b. The fusion protein is indicated by
an arrow.

rab5b probe in a variety of human cell lines, including K562
erythroleukemia cells, U937 monoblastic cells, human umbili-
cal vein endothelial cells, EA.hy926 cells, and HeLa cells (Fig.
3). In K562 and HeLa cells, a faintly hybridizing band was also
evident at 1.9 kb. It is unclear whether this 1.9 kb reflects an
alternatively processed rab5b RNA, a degradation product, or
crosshybridization to another rab message. Previous studies
have shown that hybridization of a human rab5 cDNAprobe
to fibroblast mRNAreveals two bands at 2.7 and 2.8 kb (7).
These patterns of hybridization suggest that the rab5b probe
does not cross-react significantly with rab5 mRNAunder the
hybridization conditions used in this study. Treatment of
K562 cells with hemin, which induces expression of a number
of genes, including globins, resulted in a decrease in the level of
rab5b mRNA. This decrease was observed in two separate ex-
periments.

Expression and purification of a rab5b fusion protein. A
plasmid vector encoding a fusion protein between GSTand
human rab5b was prepared as described in Methods. This vec-
tor was used to transform E. coli, and bacterial synthesis of the
fusion protein was induced by IPTG. The amount of GST-
rab5b fusion protein produced by IPTG-treated bacteria was
estimated by SDS-PAGEto be 5% of the total solubilized E.
coli protein (not shown). The fusion protein had an apparent
molecular size of 54 kD, reflecting the sum of the molecular
sizes of GST, rab5b, and a 19-amino-acid linker peptide intro-
duced during cloning. The fusion protein was purified to homo-
geneity by affinity chromatography on glutathione-agarose
(Fig. 4).

GTPbinding, GDPbinding, and GTPase activity of rab5b.
Purified GST-rab5b was transferred to nitrocellulose and incu-
bated with [a-32P]GTP using a method that allows renaturation
of GTPbinding proteins. Autoradiography revealed binding of
the labeled GTPto the fusion protein (Fig. 5, lane 1). No bind-
ing was seen to GST immobilized on nitrocellulose (lane 2).
The binding of 1 uM [a-32P]GTP to GST-rab5b was blocked
(> 95% inhibition) by 100 ,M unlabeled GDPbut was not
efficiently competed (< 30% inhibition) by unlabeled 100 iM
ATP, CTP, or TTP (data not shown). These results suggest that
rab5b specifically binds guanine nucleotides.

The binding and rate of dissociation of [3H]GDP from
GST-rab5b in solution was also measured using an~exchange
assay, as described in Methods. Fig. 6 shows the dissociation of
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Figure S. Ligand blot of
GST-rab5b with [a-
32PJGTP. Purified
GST-rab5b (lane 1) and
GST(lane 2) were run
on SDS-PAGEunder
reducing conditions and
electrophoretically
transferred to nitrocel-
lulose. The immobilized
proteins were then in-
cubated with [a-32P]-
GTP. After washing, the
nitrocellulose mem-
brane was autoradio-
graphed. The migra-
tions of molecular size
standards, GST-rab5b
(large arrow), and GST
(small arrow) are indi-
cated.

[3H]GDP from the fusion protein. [3H]GDP bound to GST-
rab5b at 80%of the theoretical maximum (18.1 pmol of GDP/
mgprotein), implying that the purified fusion protein retained
most of its binding activity. A dissociation rate constant (k_,) of
0.8 X 102/min was calculated from the data in Fig. 6. This k_, is
comparable to the rate constants seen with other mammalian
ras-related proteins (39).

The intrinsic GTPase activity of the GST-rab5b fusion pro-
tein was determined by incubating the purified protein in solu-
tion with [a-32P]GTP and measuring [a-32P]GDP production.
As shown in Fig. 7, the fusion protein exhibited a low rate of
[a-32P]GTP hydrolysis (0.005/mol). No hydrolysis was seen
when purified GSTwas incubated with [a-32P]GTP. The low
rate of GTPhydrolysis observed for GST-rab5b is comparable
to the rates of hydrolysis (0.005-0.05/mol) observed for other
rab fusion proteins (7). Several factors probably account for the

0 10 20 40 60 80 10
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low rates of hydrolysis exhibited by these bacterial fusion pro-
teins, including (a) nonspecific inhibition of hydrolysis by for-
eign protein in the fusion constructs, (b) lack of the proper
posttranslational modifications, and (c) absence of cofactor/ef-
fector molecules (e.g., GTPase-activating proteins) in the reac-
tion mixtures.

Western blotting of rabsb expressed in cells. An antiserum
recognizing the hypervariable domain of rab5b was prepared
by immunizing rabbits with a peptide corresponding to amino
acids 184-197. This region of the rab5b molecule was chosen
as an antigen to minimize cross-reactivity with other members
of the small monomeric GTPase family. In this portion of the
protein, human rab5b is identical to human rab5 in only 6 of
14 residues. Western blot analysis using rab5b antiserum and a
preimmune serum control is shown in Fig. 8. The anti-rab5b
serum was found to recognize the bacterial GST-rab5b fusion
protein (Fig. 8, pair 1). The antiserum did not react with a total
cellular extract (containing cytoplasmic and membrane frac-
tions) from COScells mock transfected with the eukaryotic
expression vector pMT2 (Fig. 8, pair 2), indicating that the
antiserum does not react indiscriminately with COScell pro-
teins (including other small monomeric GTPases). COScells
transfected with the expression construct pMT2-rab5b were
found to synthesize a 25-kD protein recognized by the anti-
serum but not by preimmune serum. This 25-kD protein was
evident in both the membrane and cytosolic fractions (Fig. 8,
pairs 3 and 4). The antiserum also detected a less prominent
32-kD protein in the membrane and cytosolic extracts of trans-
fected COScells. The nature of this 32-kD band is currently
unknown. Possible explanations for the 32-kD band include an
unusual posttranslational modification of rab5b or an artifact
of the COSoverexpression system. Prenylation and carboxyl-
methylation are unlikely to account for the 32-kD protein, as
these modifications do not generally alter the apparent molecu-
lar size on SDS-PAGE. Nor does ubiquitinization of rab5b
seem likely to account for larger band, since Western blotting
with an antiserum recognizing ubiquitin-protein conjugates
(generously provided by A. Schwartz, Washington University)
failed to react with the 32-kD band (data not shown). Identifi-

Figure 6. Dissociation of [3H]GDP
from GST-rab5b. [3H]GDP (10lM)

\T was preincubated with 2 MMGST-
± T rab5b in the presence of 10 mM

\ Mg2e. At time zero, a large molar
excess of unlabeled GDPwas added.
[3H]GDP remaining bound to
GST-rab5b was determined using a
nitrocellulose filter assay as de-
scribed in Methods. The means of
triplicate measurements are plotted

0 120 140 180 in the graph. Standard deviations
are indicated with error bars.
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cation of the modifications present in the 32-kD protein awaits

further study. When cytosolic and membrane fractions from
HeLa cells were subjected to Western blotting, a faint 25-kD
band was seen with immune but not with preimmune serum;
in these cells staining of the 25-kD band was more intense in
the membrane fraction than in the cytosolic fraction (Fig. 8,
pairs 5 and 6). No 32-kD band was seen in the HeLa extracts.
Weconclude that rab5b expressed in COScells and HeLa cells
has an apparent Mr = 25 kD, in reasonable agreement with the
molecular size predicted from the rab5b cDNAsequence (23.7
kD). Moreover, we find that much of the rab5b in cells is pres-

ent in the membrane fraction. With other members of the rab
family, membrane association requires proper posttransla-
tional modification. That a significant amount of rab5b is
membrane associated suggests that the protein is undergoing
posttranslational modification in COSand HeLa cells.

Immunohistochemistry of rab5b. In preliminary experi-
ments we attempted to use indirect immunofluorescence with

Figure 7. GTPase activity of GST-
rab5b. [a-32P]GTP (10 MM)was in-
cubated for the indicated times with
2 MMGST-rab5b (A), 1 MMGST-
rab5b (o), or 2 MMGST (.). The in-
cubation mixtures contained 10
mMMg2+. [a-32P]GTP hydrolysis
was measured by thin layer chroma-

w tography as described in Methods.
100 The means of triplicate measure-

ments are plotted. Standard devia-
tions are indicated with error bars.

affinity-purified anti-peptide antibody to determine the subcel-
lular distribution of rab5b in HeLa, human umbilical vein en-

dothelial, and EA.hy926 cells. No significant immunofluores-
cent staining was observed in these cells, possibly because the
amount of rab5b present is too small to be detected by this
method. Wetherefore examined the distribution of rab5b in
transfected COScells, an approach that has permitted subcellu-
lar localization of other human proteins expressed in low
amounts in nontransfected cells (47, 48). The immunofluores-
cent staining pattern of two COScells transfected with pMT2-
rab5b is shown in Fig. 9. Only 3%of the COScells examined by
immunofluorescent staining expressed human rab5b. This
transfection efficiency is typical for COScells transfected by
the DEAEdextran technique (47). Nontransfected COScells in
the microscopy fields served as negative controls, demonstrat-
ing that the affinity-purified antibody against human rab5b
does not recognize any endogenous COScell proteins. The cells
expressing rab5b exhibited a dense rim of fluorescence, consis-

1 2 3 4 5 8 Figure 8. Western blots of rab5b ex-

pressed in cells. Purified GST-rab5b
p I p I p I p I p I p I and various cell extracts were run

Pr Ion SDS-PAGEunder reducing con-k ditions and then transferred to ni-

68kmtrocellulose membranes for Western
analysis. Six pairs of nitrocellulose

43kmstrips are shown. The left strip of
each pair was incubated with preim-

24 k- mune serum (P, for preimmune),
whereas the right strip was incubated
with rab5b antiserum (I, for im-

18 k- mune). Bound IgG was visualized
with an alkaline phosphatase-con-

jugated second antibody. Pair 1, purified GST-rab5b (1I g); pair 2, total cell extract (membrane and cytosolic fractions) from COScells mock
transfected with pMT2; pair 3, cytosolic fraction (100,000 g supernatant) from COScells transfected with pMT2-rab5b (25 Mg); pair 4, crude
membrane fraction (100,000 g pellet, containing nuclei and various membranes) from COScells transfected with pMT2-rab5b (25 Mg); pair 5,
cytosolic fraction (100,000 g supernatant) from nontransfected HeLa cells (50 Mg); pair 6, crude membrane fraction (100,000 g pellet, containing
nuclei and various membranes) from nontransfected HeLa cells (50 Mg). The arrow indicates the 25-kD immunoreactive protein presumed to
be rab5b. In the pMT2-rab5b transformed COScells, a second immunoreactive band is seen at 32 kD; the nature of this band is unclear. In
HeLa cells, a 60-kD protein reacting with both antiserum and preimmune serum is evident.
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Figure 9. Immunofluorescent and phase contrast microscopy of COScells expressing human rab5b. COScells were transfected with pMT2-rab5b
and incubated for 48 h. The cells were then permeabilized, fixed, and stained with affinity-purified rab5b antibody followed by an FITC-labeled
second antibody. Cells were examined by fluorescent and phase contrast microscopy. (A and B) Two separate fields of pMT2-rab5b-transformed
cells viewed under fluorescence. (C and D) Corresponding fields viewed under phase contrast. The transfected COScells (large arrows) appear
larger than the surrounding nontransfected cells (small arrows) and exhibit a dense rim of plasma membrane staining. This plasma membrane
staining is discontinuous. The nuclei of the transfected COScells do not stain and appear black in the photomicrographs. Nontransfected cells
show faint background (perinuclear) staining but no plasma membrane fluorescence. Bars, 10 Mm.

tent with plasma membrane staining. In addition, faint stain-
ing of vesicular structures adjacent to the plasma membrane
was evident in some of the transfected cells. By analogy to
canine rab5b (11), this vesicular staining may reflect endo-
somes, although further experiments are required to demon-
strate rigorously that rab5b is present in endosomes. COScells
mock transfected with pMT2 did not exhibit plasma mem-
brane staining when examined by indirect immunofluores-
cence (not shown). To confirm that proteins destined for the
plasma membrane were correctly targeted when overexpressed
in COScells, a control transfection was performed using an

expression plasmid encoding the human Fc receptor. As antici-
pated, these transfected cells exhibited plasma membrane
staining when stained with anti-Fc receptor antibody (not
shown). As a negative control, COScells were transfected with
an expression plasmid encoding the transcription factor hu-
man GATA-2 and then subjected to indirect immunofluores-
cence. The expressed protein was seen in the cytoplasm and
nucleus, but was not evident on the plasma membrane (not
shown).

Subcellular fractionation of rabSb. Since overexpression
may affect cellular organization and subcellular localization of
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rab5b, we sought verification that rab5b colocalizes with
plasma membrane in nontransfected cells. HeLa cells were ho-
mogenized and fractionated on a Percoll gradient, and portions
of the gradient were assayed for the marker enzymes fl-N-ace-
tylhexosaminidase (lysosomes), galactosyltransferase (Golgi),
and ouabain-dependent Na+K'ATPase (plasma membrane).
To determine the distribution of rab5b, samples from each
fraction of the Percoll gradient were subjected to Western blot-
ting after concentrating the membranes by centrifugation at
100,000 g. The results of the subcellular fractionation are
shown in Fig. 10. Membrane-bound rab5b was found to colo-
calize with the plasma membrane marker. Thus, rab5b local-
izes to plasma membrane in both transfected and nontrans-
fected cells.

Discussion

Wehave isolated a cDNAclone encoding human rab5b, a new
member of the ras-related superfamily of GTPases. Rab5b has
a number of features that are characteristic of rab proteins and
other ras-related GTPases. The size of rab5b, determined by
Western blotting to be 25 kD, is typical of proteins belonging to
the small monomeric GTPase family (20-25 kD). Like all
members of the superfamily, rab5b contains a series of four
conserved sequence motifs that contribute to the guanine nu-
cleotide binding pocket. Wehave shown that a rab5b fusion
protein binds guanine nucleotides in vitro and displays a low
rate of GTPhydrolysis, comparable to the rates of hydrolysis
seen with other rab fusion proteins. By Northern analysis,
rab5b mRNAappears to be expressed in a wide variety of cell
types, including erythroleukemia cells, monoblastic cells, carci-
noma cells, and endothelial cells. With the notable exception of
rab3a, which localizes to synaptic vesicles and adrenal chro-
maffin granules (14-17), most known rab proteins are ex-
pressed in many different cell and tissue types (5, 7).

Of the previously described rab proteins, rab5b is most
closely related to rab5. Humanrab5b and human rab5 are 81%
identical in their amino acid sequences and have the same five
amino acids at their COOHtermini. As these COOH-terminal
amino acids are thought to signal modifications such as preny-

lation and carboxylmethylation in other ras-related proteins,
rab5b and rab5 may undergo similar posttranslational modifi-
cations (46). Immunohistochemical studies indicate that both
human rab5b (this study) and canine rab5 (I 1) are found on
the plasma membrane. Immunoelectronmicroscopy has
shown that canine rab5b also localizes to early endosomes (1 1),
and cell-free assays demonstrate that rab5 mediates early endo-
some fusion (25). Whether human rab5b is also capable of
associating with endocytic vesicles and mediating endosome
fusion awaits a more detailed ultrastructural and biochemical
analysis.

The identification of a new member of the rab family that is
closely related to a previously identified rab protein is not sur-
prising. Approximately two dozen members of the rab/YPTIl/
SEC4 family have been documented in various species, and
new members of the family are emerging at a rapid rate. Closely
related rab members (a and b variants) have already been iden-
tified for rabs 1, 3, and 4 (2, 5, 7). The reason for the existence
of these pairs of molecules is presently unclear. To date, pro-
teins belonging to these pairs have not been shown to differ
from one another in tissue distribution, subcellular localiza-
tion, or functional activity. Until additional studies are per-
formed, the small differences in structure between these pairs
of proteins cannot be dismissed as inconsequential; it is con-
ceivable that these minor structural differences will prove to be
of functional significance. The structures of "a and b" variants
of some rab proteins appear to be highly conserved across spe-
cies lines, implying that these small structural differences have
been retained through evolution (5-7, 11-17). A highly con-
served (> 95%) analogue of human rab5b has not yet been
identified in another species, although we speculate that such a
protein is likely to exist.

As additional members of the rab family are identified,
overlap in the subcellular distribution of these proteins is likely
to be seen. Already, three different rabs (4, 5, and 5b) have been
localized to the plasma membrane and adjacent vesicular
structures (11, 12). The multiplicity of rab proteins in the
plasma membrane raises the possibility that each protein plays
a specialized role in this region of the cell.

Our future studies will aim at further defining the ultrastruc-

100 A 100 Figure 10. Subcellular distribution
_.\\ \ /t j of rab5b in nontransfected HeLa

______O 80" / |cells. HeLa cells were homogenized

X
80

0 \O O # i 1zcentrifugation as described in Meth-
I \ 8 / \: | I ods. Fractions from the gradient

g. 60, \!\ / \\\ *,0 D were assayed for lysosomal (f-N-
60T\ \60 uz acetylhexosaminidase; o), Golgi (ga-
'. lactosyltransferase; o), and plasma

LU 4\ membrane (ouabain-dependent
40 X '- A- :- 40 Na+K+ATPase; A) markers. The dis-
z-\ \ \ C)\ 4 ° tribution of rab5b (A) was deter-

I \ , ^_ ; I * mined by Western blotting using

S 20... A A~i | " ". 20 o '251-labeled Protein A followed by
A' .,A phosphorimage analysis to quanti-
| tate the radioactive bands. The rela-
1 -A- A- tive activities of the marker enzymes
° '~' 0 are plotted on the left axis as a per-
1 2 3 4 5 6 7 8 9 10 centage of maximal. The maximal

FRACTION activities for the marker enzymes
were as follows: ,B-N-hexosaminidase, 19 nmol/min per ml; galactosyltransferase, 11 nmol/min per ml; and Na+K+ATPase, 12 nmol/min per
ml. Immunoreactive rab5b is expressed on the right axis as a percentage of maximal. The density of the gradient decreases from fraction 1 to
fraction 10.
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tural location of rab5b, determining posttranslational modifica-
tions of the protein, and identifying cofactor/target molecules.
In addition, we will join other investigators in searching for
novel members of the human rab family. Through these stud-
ies we hope to establish the role of rab proteins in membrane
trafficking and explore the possibility of their involvement in
disease states.
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