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Summary

A set of 11 clones encoding putative GTP binding pro-
teins highly homologous to the yeast YPTI/SEC4 gene
products have been isolated from an MDCK cell cDNA
library. We localized three of the corresponding pro-
teins in mammalian cells by using affinity-purified an-
tibodies in immunofluorescence and immunoelectron
microscopy studies. One, the MDCK homolog of rab2,
is associated with a structure having the characteris-
tics of an intermediate compartment between the en-
doplasmic reticulum and the Golgi apparatus. The
second, rab5, is located at the cytoplasmic surface of
the plasma membrane and on early endosomes, while
the third, rab7, is found on late endosomes. These
findings provide evidence that members of the YPT1/
SEC4 subfamily of GTP binding proteins are localized
to specific exocytic and endocytic subcompartments
in mammalian cells.

Introduction

In the eukaryotic cell, the intracellular transport of proteins
and lipids between distinct subcellular compartments is
mediated by carrier vesicles that bud from a donor or-
ganelle and fuse with an acceptor organelle. The molecu-
lar basis of this complex process is poorly understood.
In Saccharomyces cerevisiae, two low molecular weight
GTP binding proteins, SEC4p and YPT1p, have been re-
cently demonstrated to belong to the machinery regulat-
ing membrane traffic. The SEC4 gene encodes a 23.5 kd
GTP binding protein associated with the cytoplasmic face
of the plasma membrane and post-Golgi secretory vesi-
cles (Salminen and Novick, 1987; Goud et al., 1988). Bio-
chemical evidence shows that SEC4p is involved in regu-
lating protein transport between the Golgi apparatus and
the plasma membrane {(Salminen and Novick, 1987). The
YPT1 gene product (23 kd; Gallwitz et al., 1983) is thought
to act at an earlier step of the secretory pathway and is
presumably associated with Golgi-like structures (Segev

et al., 1988). Recently, Baker et al. (1990) have reported
that an antibody directed against YPT1p could inhibit pro-
tein transport from the endoplasmic reticulum (ER) to the
Golgi complex in yeast extracts.

Another line of evidence supporting a role for guanine
nucleotide binding proteins in intracellular transport has
been revealed by the striking inhibitory effects of a non-
hydrolyzable GTP analog, GTP-y-S, in several different
cell-free transport systems. Melangon et al. (1987) first
reported that GTP-y-S inhibited the in vitro transport of a
viral glycoprotein between Golgi cisternae and causes ac-
cumulation of coated carrier vesicles (Orci et al., 1989).
GTP-+y-S has also been shown to affect ER to Golgi trans-
port in both yeast and mammalian in vitro transport as-
says (Baker et al., 1988; Ruohola et al., 1988; Beckers and
Balch, 1989). Recycling of the mannose 6-phosphate/IGF-
Il receptor to the trans Golgi network was inhibited by GTP-
v-S (Goda and Pfeffer, 1988), as was endocytic vesicle fu-
sion in vitro (Mayorga et al., 1989; Tuomikoski et al., 1989).

How the GTP binding proteins function in membrane
trafficking is not yet clear. Low molecular weight GTP bind-
ing proteins could transduce an intracellular signal need-
ed to regulate transport between two compartments in a
manner similar to G proteins (Melangon et al., 1987; Segev
et al., 1988; Schmitt et al., 1988; Goud et al., 1988). Alter-
natively, they could act in the same way as the elongation
factor Tu in protein synthesis and direct energy-dependent
unidirectional delivery of vesicles to the target organelie
(Bourne, 1988; Walworth et al., 1989). GTP hydrolysis would
be required to trigger a conformational change of the GTP
binding protein as shown for p21ras (deVos et al., 1988; Pai
et al., 1989), and the GDP form of the protein would then
return to the cytosol to target another vesicle in a cyclic
process. According to Bourne's model (1988), each step in
membrane traffic would require a distinct GTP binding
protein. This could account for the growing number of ras-
related GTP binding proteins identified in mammalian cells
(Chardin and Tavitian, 1986; Touchot et al., 1987; Hau-
bruck et al., 1987; Bucci et al., 1988; Matsui et al., 1988;
Pizon et al., 1988; Sewell and Kahn, 1988; Zahraoui et al.,
1989; Didsbury et al., 1989; Polakis et al., 1989).

With the longterm goal of understanding membrane
traffic in epithelial celis (Simons and Fuller, 1985), we
have screened a Madin-Darby canine kidney (MDCK) cell
c¢DNA library with a degenerate oligonucleotide corre-
sponding to a domain conserved between GTP binding
proteins of the YPT1/SEC4 subfamily. We have isolated a
set of 11 cDNAs encoding putative GTP binding proteins
highly homologous to YPT1 and SEC4 gene products. We
have raised specific antibodies against three of these pro-
teins and studied their cellular localization. This study
presents evidence that low molecular weight GTP binding
proteins are associated with distinct compartments both
in the exocytic and endocytic pathways in mammalian
cells.
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CCECGGCTCCTCGTGCTGCGGCCTCAGGTTITCTGTATATCCAGARAGAAAARATT TGACA 60
CCTTGCATCCTGGARGTTCATTTAAGAGACTGARATTAGGGACTTCTTTCAAATTTGGAC 120

ATGGCTAATCGAGGAGCAACAAGACCCAACGGGCCAARATACTGGAAATAARATATGCCAG 180
MetAlaAsnArgGlyAlaThrArgProAsnGlyProAsnThrGlyAsnLysIleCysGln 20

TTCARACTAGTACTTCTGGGAGAGTCTGCTGTTGGCAAATCARGCCTAGTGCTTCGTTTT 240
PhelysLeuVallLeuleuGlyGluSerAlavalGlyLlysSerSerLeuValLeuArgPhe 40

GTGARGGGCCAATTTCATGAATTTCAAGAGAGTACCATAGGGGCTGCTTTTCTARCCCAR 300
VallysGlyGlnPheHisGluPheGlnGluSerThrlleGlyAlaAlaPheLeuThrGln 60

ACTGIGTGTCTTGATGATACAARCAGTAARGTTTGAAATATGGGATACAGCTGGTCAAGRA 360
ThrvalCysLeuAspAspThrThrVallysPheGlulleTrpAspThrAlaGlyGinGlu 80

CGATACCATAGCTTAGCACCAATGTACTACAGAGGAGCACARGCAGCCATAGTTGTATAT 420
ArgTyrHisSerLeuRAlaProMetTyrTyrArgGlyAlaGlnAlaAlalleValValTyr 100

GATATCACAAATGAGGAGTCCTTTGCCAGAGCCARAARACTGGGTTAAAGAACTTCAGAGG 480
AspIleThrAsnGluGluSerPheAlaArgAlaLysAsnTrpVallysGlulLeuGlnArg 120

CRAGCCAGTCCTAARCATTGTAATAGCTTTATCAGGAARCAAGGCTGATCTTGCAAATARR 540
GlnAlaSerProAsnlieVallleAlaleuSerGlyAsnlysAlaAspLeuAlaAsnLys 140

AGAGCTGTCGATTTCCAGGAAGCACAGTCCTATGCAGATGACAACAGTTTATTATTCATG 600
ArgAlaValAspPheGlnGluAlaGlinSerTyrAlaAspAspAsnSerLeuleuPheMet 160

GAGACATCAGCTAAAACATCGATGAACGTARATGARATATTCATGGCAATAGCTAARAAG 660
GluThrSerAlalysThrSerMetAsnValAsnGlullePheMetAlalleAlaLysLys 180

TTGCCAARGAACGAACCACAGARTCCAGGAGCARATTCTGCCAGAGGARGAGGAGTAGAC 720
LeuProlysAsnGluProGlnAsnProGlyAlahAsnSerAlaArgGlyArgGlyValasp 200

CTTACTGAACCCACGCAGCCAACCAGGAGTCAGTGTTGTAGTARCTAAACCTCCAGTTTG 780
LeuThrGluProThrGlnProThrArgSerGlnCysCysSerAsn * 215

AACTTCCTGGAATATC 796

B

GCGGCC

ATGGCGTACGCTTATCTCT TCAAGTACATCATCATCGGCGACACAGGTGTTGGTARATCA 6€
MetAlaTyrAlaTyrlLeuPheLysTyrIleIleIleGlyAspThrGlyValGlylysSer 2¢
TGCTTATTGCTACAGTTTACAGACARGAGGTTTCAGCCAGTGCATGACCTGACTATCGGT 126
CysLeuLeuleuGlnPheThrAspLysArgPheGlnProvalHisAspLeuThrlleGly 40
GTAGASTTTGGTGCTCGAATGATAACTATTGATGGGARACAGATAAAACTTCAGATATGG 186
ValGluPheGlyAlaArgMetIleThrIleAspGlyLysGlnIlelLyslLeuGlnIleTrp 60
GATACGGCAGGGCAARGAGTCCTTTCGTTCCATCACAAGGTCATATTACAGAGGTGCAGCA 246
AspThrAlaGlyGlnGluSerPheArgSerIleThrArgSerTyrTyrArgGlyAlanla 80
GGGGCTTTACTAGTGTATGATATTACAAGGAGAGATACATTCAACCACTTGACAACCTGG 306
GlyAlaLeuLeuValTyrAspIleThrArgArgAspThrPheAsnHisLeuThrThrTrp 100
TTAGAAGATGCCCGCCAGCATTCCAATTCCAACATGGTCATTATGCTTATTGGAAATAAN 366
LeuGluAspAlaArgGlnHisSerAsnSerAsnMetVallleMetLeulleGlyAsnlys 120
AGTGATTTAGAATCAAGAAGAGAAGTAAAAAAAGAAGAAGGTGAAGCTTTTGCACGAGAR 426
SerAspleuGluSerArgArgGluvallysLysGluGluGlyGluhlaPheAlaArgGlu 140
CATGGACTTATCTTCATGGARACTTCTGCTAAGACTGCTTCCAATGTAGAAGAGGCATTT 486
HisGlyLeullePheMetGluThrSerAlalysThrAlaSerAsnValGluGluAlaPhe 160
ATTAATACAGCAAAAGAARATTTATGAGAAAATCCAAGAAGGAGTCTTTGACATTAATAAT 546
IleAsnThrAlalysGlulleTyrGlulysIleGlnGluGlyValPheAsplleAsnAsn 180
GAGGCAAACGGCATTAARRTTGGCCCTCAGCACGCTGCTACTAATGCCACACACGCGGGE 606
GluAlaAsnGlyIleLysIleGlyProGlnHisAlaRlaThrAsnAlaThrRisAlaGly 200
BATCAGGGAGGACAGCAGGCC! GAGGCTGCTGTTGAGTCCGTTTTITT €5€
AsnGlnGlyGlyGlnGlnAlaGlyGlyGlyCysCys * 212

GAGCGGCTGCGTTTGARGG 19
ATGACCTCTAGGAAGAAAGTGTTGCTGAAGGT TATCATCCTGGGAGATTCTGGAGTTGGT 79
MetThrSerArglysLysValleuleulysValllelleLeuGlyAspSerGlyValGly 20
AAGACATCACTCATGAACCAGTATGTGAACAAGAAATTCAGTAATCAGTACARAGCTACA 139
LysThrSerLeuMetAsnGlnTyrValAsnLysLysPheSerAsnGlnTyrLysAlaThr 40
ATAGGAGCAGACTTTCTGACAAAGGAGGTGATGGTGGATGACAGACTAGTTACAATGCAG 199
IleGlyAlaAspPheLeuThrLysGluValMetValAspAspArgLeuvValThrMetGln 60
ATCTGGGACACAGCAGGCCAGGAACGGTTCCAGTCCCTTGGTGTGGCCTTCTACAGAGGT 259
IleTrpAspThrAlaGlyGlnGluArgPheGlnSerLeuGlyValAlaPheTyrArgGly 80
GCAGACTGCTGCGTTCTGGTATTTGACGTTACTGCCCCCAACACATTCARAACCCTCGAT 319
AlaAspCysCysValleuValPheAspValThrAlaProAsnThrPhelysThrLeuAsp 100
AGCTGGAGAGATGAGTTTCTCATCCAGGCCAGTCCCCGGGATCCTGARAACTTICCCTTTC 379
SerTrpArgAspGluPhelLeulleGlnAlaSerProArghspProGluAsnPheProPhe 120
GTTGTGTTGGGAAACAAGATTGACCTCGAAARCAGACAAGTGGCCACAARAGCGGGCACAG 439
ValvalLeuGlyAsnLyslleAspLeuGluAsnArgGlnValAlaThrLysArgAlaGln 140
GCCTGGTGCTACAGCARAARCAACATTCCCTACTTCGAGACCAGTGCCARGGAGGCCATC 499
AlaTrpCysTyrSerLysAsnAsnlleProTyrPheGluThrSerAlaLlysGluhlalle 160
AATGTGGAGCAGGCGTTCCAGACGATTGCAAGGARTGCACTTAARCAGGARACAGAGGTG 559
AanalGluGlnAlaPheGlnThrIleLlaAzgAsnAlaIeuLstlnGluTth‘.uVal 180
GAGCTGTACAATGAATTCCCTGAACCCATCARACTGGACARGAACGACCGGGCCAAGACC €19
GluleuTyrAsnGluPheProGluProllelLysLeuAsplLysAsnAspArgAlalysThr 200
TCAGCGGAAAGCTGCAGT TGCTGAAGGGGCAGTGAGAGCAGAGCACAGAGTCCTTCACAR 679
SerAlaGluSerCysSerCys * 207
ACAAAGARCACACTTAGGCCTTCCAACACGAGCCCCCTTCTTCTCTTCCAAACAAAACAT 739
AAAGTCATCTCTCGAATCCAGCTGCCARAAGACCCTACCARACACTTCACCCTGACACAC 799
ACATACACACAC 811

Figure 1. Comparison of Nucleotide Sequences of Low Molecular Weight GTP Binding Proteins
(A) Comparison of the WDTAGQE domain and flanking sequences of low molecular weight GTP binding proteins with YPT1 (Gallwitz et al., 1983),
SECA4 (Salminen and Novick, 1987), and K-ras (McGrath et al., 1983). The WDTAGQE motif used to design the oligonucleotide GTP-1 is shown in
bold (positions 56-62 in the K-ras map). Stippled areas correspond to residues that are not conserved with YPT1 and/or SEC4. Nucleotide sequences
and deduced amino acid sequences of rab2 (B), rab5 (C), and rab7 (D) are shown. The sequences of the synthetic peptides used to raise antibodies

are underlined.

Results

Isolation of MDCK c¢cDNA Clones Encoding

Low Molecular Weight GTP Binding Proteins
Belonging to the YPT1/SEC4 Subfamily

ras and ras-related proteins share conserved domains
that have been shown to contribute to the formation of the
GTP binding site (deVos et al., 1988; Pai et al., 1989). In
particular, a stretch of six residues, DTAGQE (positions
57-62 of K-ras), is strictly conserved and is preceded by
a tryptophan residue in the case of the YPT1/SEC4 sub-
family (Zahraoui et al., 1989; Didsbury et al., 1989). To
study YPT1/SEC4-related proteins in an epithelial cell
line, we used an oligonucleotide based on the sequence

WDTAGQE (GTP-1 oligo, see Experimental Procedures) to
screen 50,000 recombinant plaques of an MDCK cDNA ti-
brary under low stringency conditions. From the 50 initial
positive clones isolated, 19 were still positive after increas-
ing the stringency conditions of hybridization with GTP-1
oligo and hybridized with a second oligonucleotide mix-
ture corresponding to another conserved domain be-
tween the ras-related proteins (FLET-1 oligo; positions
141-146 of K-ras; see Experimental Procedures). Cross-
hybridization analysis restricted this group to 11 nonover-
lapping cDNAs whose nucleotide sequences were deter-
mined. The predicted amino acid sequences revealed
that the 11 MDCK cDNAs encoded putative GTP binding
proteins on the basis of the conservation of the four do-
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Figure 2. Immunobiot Analysis of Total Protein from E. coli Expressing MS2 Polymerase-rab Fusion Proteins and of MDCK and BHK Cell Lysates

Proteins were separated by SDS—polyacrylamide gel electrophoresis, electrophorstically transferred onto nitrocellulose filters, and incubated with
affinity-purified anti-rab2 (A), -rab5 (B), and -rab7 (C) peptide antibodies. Bands were visualized using an alkaline phosphatase conjugated goat anti-
rabbit antibody. The specificity of the antibodies was demonstrated by incubation with total lysates of E. coli K537 cells transformed with plasmid
PEX34b-2 or pEX34a-5 induced to express MS2 polymerase-rab2 or —rab5 fusion proteins ([A] and [B]), lanes 1 and 2, respectively). About 100 ng
of total MDCK or BHK lysate (T}, or MDCK crude membrane (M) and cytosol (C) protein fractions were incubated with the affinity-purified antibodies
([A] and [B], lanes 3-7; [C], lanes 1-6). For peptide competition experiments, antibodies were previously incubated with either of the peptides (5,
2, and 7) used for the immunization ([A] and [B], lanes 3-4; [C], lanes 1-3). Note that peptides 2 ([A], lane 4), 5 ([B], lane 4), and 7 ([C], lane 3}

specifically prevent reactivity by the corresponding antisera.

mains forming the GTP binding site (data not shown; Pai
et al., 1989). Figure 1A shows an amino acid sequence
alignment of a 30-amino-acid long region spanning the
WDTAGQE conserved domain derived from the nucleo-
tide sequence of the 11 MDCK cDNA clones and of YPT1,
SEC4, and K-ras. Besides a strict conservation of the
WDTAGQE domain, the MDCK low molecular weight GTP
binding proteins shared several common residues with
YPT1p and SEC4p in the region flanking this conserved
motif that were not conserved in K-ras (Figure 1A). When
used as hybridization probes on Northern blots, none of
these cDNAs appeared to be specific for MDCK cells, but
recognized RNA species of the same molecular weight
expressed in different cell lines (BHK, HelLa, and mouse
fibroblast NIH 3T3, data not shown).

Some of the MDCK low molecular weight GTP binding
proteins were identical or highly homologous to human
GTP binding proteins recently isolated. The deduced
amino acid sequence of protein 47 was identical to the hu-
man rab1 protein (mammalian homolog of the yeast S.
cerevisiae YPT1; see Haubruck et al., 1987, 1989; Zahraoui
et al., 1989). Protein 21 (Figure 1B) showed only one con-
servative change with the human rab2 protein (lle*** in-
stead of a Met in human rab2; Touchot et al., 1987),
whereas protein 1 showed 98% amino acid conservation
with the human rab5 protein (Zahraoui et al., 1989). Pro-
tein 14 (referred to here as rab7) showed 99% amino acid
conservation with BRL-ras (Bucci et al., 1988) and a 6-ami-
no-acid extension of its N-terminus (see Figure 1D for the
sequence of rab7). This strong conservation prompted us

to localize rab2, rab5, and rab 7 in mammalian celis using
specific antibodies. All three proteins transiently expressed
at high levels in BHK cells (see below) were shown to bind
radiolabeled GTP when immobilized on nitrocellulose fil-
ters (data not shown).

For morphological analysis we raised antisera in rabbits
against peptides located at the variable C-termini of rab2,
rabb, and rab7 and that were specific for each of these pro-
teins (Figures 1B-1D; see Experimental Procedures).

Cellular Localization of rab2 by Indirect
Immunofiuorescence Analysis

The affinity-purified anti-peptide antibodies raised against
the C-terminus of rab2 (Figure 1B) were first characterized
by immunoblot analysis. They recognized only a 22 kd
species in total lysates of both MDCK and BHK cells (Fig-
ure 2A, lanes 3 and 7, respectively). This is in good agree-
ment with the predicted molecular size of rab2 (23.545 kd).
rab2 was detected in the membrane fraction of MDCK cel-
lular extracts (Figure 2A, lane 5), whereas it was almost
absent from the cytosol (Figure 2A, lane 6). This result in-
dicates that most if not all rab2 is associated with mem-
branes in MDCK cells.

We used this affinity-purified anti-peptide antibody for
immunofluorescence microscopy of saponin-permeabil-
ized BHK cells. The staining was restricted to vesicular
structures in a small area of the cells in the vicinity and
to one side of the nucleus (Figure 3A). In a few cells, the
vesicular staining formed a distinct pattern around the nu-
cleus. A similar pattern was seen in subconfluent MDCK
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cells grown on cover slips (data not shown). We also used
a T7 RNA polymerase-recombinant vaccinia virus (Fuerst
et al., 1986) to overexpress rab2 in BHK cells to confirm
its intracellular localization. For this purpose, rab2-encod-
ing DNA sequence was inserted into plasmid pGEM1 in
front of the bacteriophage T7 promoter. The exogenous
protein labeled intensely structures close to the nucleus—a
staining pattern similar to that of the endogenous protein.
Some overexpressing cells showed an additional staining
extending toward the periphery of the cell (Figure 3C). In
contrast to the wild-type protein, the mutant protein

Figure 3. immunofluorescence Localization of
rab2 in Untransfected or Transfected BHK Cells
BHK cells infected with the T7 RNA polymer-
ase-recombinant vaccinia virus and trans-
fected with rab2 construct were permeabilized
with saponin, fixed with paraformaldehyde 4 hr
after transfection, and labeled with affinity-
purified antibody against peptide 2. Immuno-
fluorescence labeling of transfected cells was
performed using an antibody concentration
that limited detection to the cells that overex-
pressed the exogenous protein. After wash-
ing to remove unbound IgG, cells were incu-
bated with rhodamine-labeled goat anti-rabbit
1gG. Cells were photographed in rhodamine
optics. (A) BHK cells labeled with anti-peptide
2 antibodies (dilution 1:10). (B) Corresponding
phase-contrast photograph. (C) Infected/trans-
fected BHK cells labeled with anti-peptide 2
antibodies (dilution 1:25). (D) Corresponding
phase-contrast photograph. Arrowheads show
positive transfected cells. Bar = 10 um.

rab2AC, lacking the C-terminal cysteines, was detected in
the cytoplasm not bound to membrane structures by im-
munofluorescence microscopy and partitioned to the aque-
ous phase upon Triton X-114 extraction of the transfected
cells (data not shown).

The staining pattern exhibited by the anti-peptide anti-
body against rab2 suggested an association of this protein
with organelles in the Golgi region. This association was
further studied by double immunofluorescence micros-
copy using a monoclonal antibody recognizing the Golgi
marker 135 kd protein, which is known to be confined to

Figure 4. Effect of Nocodazole and BFA on the
Distribution of 53 kd Intermediate Compart-
ment Marker and rab2 in HelLa Cells

Hel a cells were left untreated (A and B) or in-
cubated with nocodazole for 1 hr (C and D).
Cells were permeabilized with saponin, fixed,
and double-labeled for indirect immunofiuo-
rescence using monoclonal antibody G1/93
against the 53 kd protein and affinity-purified
anti-peptide 2 antibodies. After washing to re-
move unbound IgG, cells were incubated with
rhodamine-labeled goat anti-rabbit 1gG to label
the specifically bound anti-peptide 2 IgG and
with fluorescein-labeled goat anti-mouse igG
to label specifically bound 53 kd-directed anti-
bodies. (A and C) Cells photographed with fluo-
rescein optics showing the distribution of the
563 kd protein. (B and D) Celis photographed
with rhodamine optics showing rab2 distribu-
tion. Bar = 10 pm.
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Golgi cisternae of normal rat kidney (NRK) and BHK cells
(Burke et al., 1982). A comparison of the immunofluores-
cence patterns obtained with monoclonal antibody 53FC3
(Burke et al., 1982) and the anti-peptide antibodies
against rab2 on saponin-permeabilized BHK cells showed
that the staining of rab2 and 135 kd proteins overlapped
in a region close to the nucleus. However, segregation of
both antigens was observed in BHK cells treated with
nocodazole to depolymerize the microtubules (De Bra-
bander et al., 1976; data not shown). This result strongly
argued against a localization of rab2 in the Golgi frag-
ments stained with the monoclonal antibody against 135
kd protein, but did not rule out a possible association of
rab2 with other Golgi subcompartments.

To address this possibility we performed double immu-
nofluorescence microscopy experiments using a mono-
clonal antibody directed against a 53 kd protein described
by Schweizer et al. (1988). This protein resides in a puta-
tive intermediate compartment composed of vesicles and
tubular structures between the ER and Golgi. HelLa cells
were used in this experiment since G1/93 monocional anti-
body against 53 kd protein stains only cells of human and
simian origin. In HeLa cells G1/93 gave a punctate and re-
ticular staining on one side of the nucleus (Figure 4A), in
agreement with the published results of Schweizer et al.
(1988). It was also possible to detect labeling of numerous
small vesicles up to the periphery of the cell. A very simi-
lar pattern was observed with the anti-peptide antibody
directed against rab2 (Figure 4B). In Hela cells treated
with nocodazole for 1 hr before fixation, the 53 kd protsin
appeared mainly in dispersed structures throughout the
cytoplasm and most, although not all, of these structures
also contained rab2 (compare Figures 4C and 4D). To con-
firm that rab2 distribution overlapped with the location of
the 53 kd protein in a putative “intermediate” compartment
between ER and Golgi, HeLa cells were treated with
brefeldin A (BFA). BFA induces the rapid redistribution of
cis/medialftrans Golgi proteins into the ER and causes dis-
assembly of the Golgi apparatus (Fujiwara et al., 1988;
Lippincott-Schwartz et al., 1989, 1990; Doms et al., 1989).
Recent studies by Lippincott-Schwartz et al. (1990) have
provided evidence that the intermediate compartment
marked by the 53 kd protein is not disassembled during
BFA treatment. We therefore tested whether the distribu-
tion of rab2 remained colocalized with the 53 kd protein
during BFA treatment. After 1 hr of BFA treatment, the 53
kd distribution was similar to control cells, and most of
these structures also showed rab2 staining (data not
shown). These results suggest that at least part of rab2 is
associated with a putative “intermediate” compartment on
the route between ER and Golgi apparatus.

Immunoelectron Microscopic Localization of rab2

to a Tubulovesicular Compartment Close to

the Golgi Apparatus

To extend the immunofluorescence microscopic localiza-
tion of rab2, we carried out double-labeling immunoelec-
tron microscopy on ultrathin frozen sections of HelLa cells
with the affinity-purified antipeptide antibody against rab2
and the monoclonal antibody against the 53 kd protein

(Figure 5). Labeling with the anti-rab2 colocalized pre-
cisely with the 53 kd protein in tubulovesicular structures
in close proximity to the Golgi stack. Labeling was also
seen on one Golgi cisterna, previously shown to be the cis
cisterna for the 53 kd protein (Schweizer et al., 1988). Very
low or negligible labeling was observed on other cisternae
of the Golgi and on the trans Golgi network, as identified
in virus-infected cells incubated at 20°C (data not shown).
The specificity of the anti-rab2 labeling was shown by
competition with the specific peptide to which the anti-
body was raised.

Cellular Localization of rab5 and rab7

The cellular localization of rab5 and rab7 was studied by
indirect immunofluorescence microscopy using affinity-
purified antibodies raised against specific peptides de-
rived from the C-terminal ends of the two proteins (see
Figures 1C and 1D). The specificity of both affinity-purified
antibodies was demonstrated by immunoblotting analy-
sis. Figure 2B shows that the affinity-purified antibody
against peptide 5 recognized one species with an appar-
ent molecular size of ~27 kd (predicted molecular size =
23.658 kd) in both BHK and MDCK total extracts (Figure
2B, lanes 3 and 7). rab5 could only be detected in the
membrane fraction from MDCK cells (lanes 5 and 6). We
also verified that the affinity-purified anti-peptide antibody
raised against the C-terminal end of rab7 specifically rec-
ognized a single band of about 25 kd in total MDCK ex-
tracts (predicted molecular size = 23519 kd; see Figure
2C, lanes 1 and 2). Although the majority of rab7 was as-
sociated with the membrane fraction, a faint signal could
be detected in the soluble fraction from MDCK cells, sug-
gesting that a minor proportion of this protein is cytosolic
(Figure 2C, lanes 4 and 5).

Figure 6 shows the immunofluorescence pattern of rab5
on BHK (Figure 6A) and MDCK cells (Figure 6C). The pro-
tein was mainly localized at the plasma membrane. The
peripheral staining was not uniform but rather formed a
kind of fine reticular network. The plasma membrane was
clearly labeled and the staining was especially intense in
cellular processes. In addition, rab5 was also detected on
numerous small vesicular structures of different sizes
spread throughout the cytoplasm and giving rise to a
punctate pattern. Those dots were particularly abundant
in the region above the nucleus. In MDCK cells (Figure
6C) the lateral cell-cell contacts were clearly labeled.
When rab5 was overexpressed in BHK cells using the
transient T7 RNA polymerase-recombinant vaccinia virus
expression system, the plasma membrane staining was
not dramatically enhanced, rather the exogenous protein
accumulated in slightly larger vesicular structures dis-
persed in the cytoplasm and concentrated above the nu-
clear region (Figure 6B). Similar to rab2AC, rab5AC,
lacking the C-terminal cysteines (see Experimental Proce-
dures), was found to be cytosolic (data not shown). These
results indicate that the membrane association of rab2
and rab5 requires the presence of the C-terminal con-
served cysteines as previously shown for the yeast YPT1p
and SEC4p (Molenaar et al., 1988; Walworth et al., 1989).

The immunofluorescence pattern of rab7 was different
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Figure 5. Immunoelectron Microscopic Localization of rab2 in Hela Cells

Frozen sections of Hela cells were double-labeled with affinity-purified anti-rab2 peptide antibodies followed by 9 nm protein A-gold and with G1/83
followed by a rabbit anti-mouse antibody and then 6 nm protein A-gold.

(a and b) Double-labeling of structures principally on one side of the Golgi stacks (G) and close to the nucleus (N} with the anti-rab2 (large gold,
indicated by arrows) and anti-53 kd antibody (small goid; individual gold particles or groups indicated by arrowheads). Labeling with the anti-rab2
was restricted to one (cis) cisterna, which shows low but specific labeling with the anti-53 kd antibody, and to tubulovesicular structures (lower part
of [b]) in the Golgi area, which showed heavier labeling with the anti-53 kd antibody. Such an area containing tubules and vesicular profiles (double
arrowhead) is shown at higher magnification in the inset (anti-rab2 labeling indicated by arrows). Bars = 200 nm.



Compartmentalization of Small GTP Binding Proteins
323

Figure 6. Immunofluorescence Microscopy Localization of rab5 in
BHK and MDCK Cells

BHK cells, untransfected (A) or transfected with a construct expressing
rab5 using the T7 RNA polymerase-recombinant vaccinia virus-me-
diated system (B) were permeabilized with saponin and then fixed with
paraformaldehyde. MDCK cells (C) were fixed as described by Bacal-
lao et al. (1989) and permeabilized with Triton X-100. Cells were in-
cubated with affinity-purified anti-peptide 5 antibodies. Specifically,
bound IgG were labeled with rhodamine-conjugated goat anti-rabbit
IgG, and the cells were photographed with rhodamine optics. (B)
shows two different fields. Bar = 10 um.

from that of rab5 (Figure 7). rab7 was associated with large
vesicular-tubular structures that were predominantly lo-
calized close to one side of the nucleus, in both BHK and
MDCK cells (Figures 7A and 7B, respectively).

Immunoelectron Microscopy Reveals

an Association of rab5 and rab7 with Two Distinct
Subcompartments of the Endocytic Pathway

When we used the affinity-purified antibody specific for
rab5 on frozen ultrathin sections of BHK cells, we ob-
served a low but significant labeling on the cytoplasmic
side of the plasma membrane and with peripherally lo-
cated tubulocisternal structures with the appearance of
early endosomes (Gruenberg et al., 1989; Griffiths et al.,
1989). To examine whether the labeled compartments
were indeed endosomes, two sizes of bovine serum albu-
min (BSA)-gold particles were internalized for different
times to label early and late endosomes differentially
(Griffiths et al., 1988, 1989). rab5 was specifically as-
sociated with early, but not late, endosomes and with
the plasma membrane (Figure 8a). Occasionally, labeling
was also seen on coated pits (data not shown). Moreover,
immunogold labeling on both the plasma membrane and
early endosome structures was specifically enhanced in
BHK cells overproducing rab5 with the T7 RNA polymer-
ase-recombinant vaccinia virus system as described
above (Figures 8b—8e). We observed no difference in the
distribution of label between untransfected and trans-
fected cells.

In contrast, rab7 appeared predominantly in large vesic-
ular structures and colocalized with BSA-gold particles
internalized under conditions in which late endocytic com-
partments were labeled (Figure 9a; Griffiths et al., 1989).
To investigate whether rab7 was associated with late endo-
somes or lysosomes, double-labeling was performed on
sections of NRK cells in which the late endosomes could
be identified by labeling with an antibody to the cation-
independent mannose 6-phosphate receptor (CI-MPR)
(Griffiths et al., 1988). rab 7 labeling colocalized precisely
with the distribution of the CI-MPR (Figures 9a and 9b).
rab7 was only found associated with the CI-MPR-positive
late endosomes, while the CI-MPR-negative lysosomes,
which contained internalized BSA-gold, were invariably
devoid of labeling (an example is shown in Figure 9b).

Discussion

A number of cDNAs coding for GTP binding proteins have

Figure 7. Immunofluorescence Microscopy
Localization of rab7 in BHK and MDCK Cells

BHK cells (A) were permeabilized with saponin
and then fixed with paraformaldehyde. MDCK
cells (B) were fixed as described by Bacallao et
al. (1989) and permeabilized with Triton X-100.
Cells were incubated with affinity-purified anti-
peptide 7 antibodies. Specifically, bound 1gG
were labeled with rhodamine-conjugated goat
anti-rabbit IgG, and the cells were photographed
with rhodamine optics. Bar = 10 um.
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Figure 8. Immunoelectron Microscopy Localization of rab5 in Untransfected and Transfected BHK Cells

BHK cells were transfected with rab5 using a vaccinia transient expression system as described in the Experimental Procedures. The celis were
incubated with 4 nm BSA—gold for 8 min to label early endosomes. Sections were then labeled with anti-rab5 (anti-peptide) and 9 nm protein A-goid.
(a) Low, but specific labeling (arrowheads) is apparent on the plasma membrane (p) and on an early endosome (asterisk) of a nontransfected cell.
(b) Increased labeling with the anti-rab5 in a transfected ceil. Anti-rab5 labeling (arrowheads) is evident ciose to the plasma membrane (p) and as-
sociated with membranes of the early endosomal structures, which contain internalized BSA-gold (arrows).
(c) Labeling close to the plasma membrane (p) and associated with an early endosome.

A higher magnification view of the early endosome in (c) is shown in (d) and a further example is shown in (e). Note the association of gold particles
with the cytoplasmic surface of the early endosomal structures, which contain the internalized BSA-gold. Double arrowheads in (a) and (d) indicate
small coated buds. Bars = 200 nm.



ggglpartmentalization of Small GTP Binding Proteins

Figure 9. Double-Labeling with Anti-rab7 and Anti—CI-MPR of NRK Cells Containing Internalized BSA-Gold

NRK cells were incubated with 16 nm BSA-gold to label late endocytic structures as described in Experimental Procedures. Cryosections were pre-
pared and double-labeled with antibodies to the CI-MPR followed by 6 nm protsin A-gold and with anti-rab7 and 9 nm protein A-gold. The anti-rab7
(arrowheads) labels structures enriched for CI-MPR (small gold), some of which contain the internalized BSA~gold (arrows). As evident in (a), labeling
with anti-rab7 was predominantly on the cytoplasmic surface of the late endosomes. However, specific labeling was also observed in the internal
membranes of these structures (see Griffiths et al., 1988). A Cl-MPR-negative lysosome containing internalized gold is indicated in (b) (arrow).

Bars = 200 nm.

been isolated from various mammalian systems. Some
deduced amino acid sequences were found to be homolo-
gous to those of the YPT7 and SEC4 gene products known
to regulate protein secretion in yeast (Touchot et al., 1987;
Zahraoui et al., 1989; Didsbury et al., 1989). Little is known
about the localization or the function of these mammalian
GTP binding proteins. In this report we provide evidence
that three GTP binding proteins belonging to the YPT1/
SEC4 subfamily are associated with different subcompart-
ments of the exocytic or endocytic pathways in mammalian
cells. Both immunofiuorescence light and immunoelectron
microscopy studies revealed that rab2 was predominantly
located in a putative intermediate compartment between
the ER and Golgi apparatus and on the cis cisternae of
the Golgi. In contrast, rab5 and rab7 were found associ-
ated with compartments along the endocytic pathway: the
former was detected at the cytoplasmic surface of both the
plasma membrane and early endosomes, whereas the lat-
ter was associated with late endosomes.

The finding of significant labeling for rab2 on the cis-
most cisterna of the Golgi as well as on Golgi-associated
tubulovesicular elements suggests that rab2 is exerting its
function in the early part of the exocytic pathway. Another
GTP binding protein was also found in the Golgi area in
mammalian cells by fluorescence microscopy using an
antibody directed against YPT1p (Segev et al., 1988). This
protein probably corresponds to the mammalian counter-
part of YPT1 (Touchot et al., 1987; Haubruck et al., 1987,
protein 47, this report), which was recently found to be re-
quired for protein transport from ER to Golgi complex
in yeast extracts (Baker et al., 1990). SAR7, a yeast S.
cerevisiae gene identified as a multicopy suppressor of a
sec12 mutation (Nakano and Muramatsu, 1989), encodes
another GTP binding protein recently implicated in early
steps of protein secretion. The association of several dis-
tinct GTP binding proteins with the ER to Golgi pathway
supports several recent observations that imply that traffic
from the ER is more complex than previously thought.
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These data indicate that there is an intermediate compart-
ment between the ER and the Golgi complex (see Pelham,
1989). This compartment, also referred to as the salvage
compartment (Warren, 1987), is thought to function in the
recycling of soluble resident ER proteins to the ER. The
58 kd glycoprotein described by Saraste et al. (1987) and
the 53 kd protein (Schweizer et al., 1988) have been local-
ized to this compartment. Recent results suggest that ret-
rograde movement of Golgi markers might occur through
the intermediate compartment to the ER in the presence
of BFA (Lippincott-Schwartz et al., 1990). The colocaliza-
tion we observed between rab2 and the 53 kd marker sug-
gests that rab2 plays a role in transport to or from the inter-
mediate compartment.

It is also clear that the endocytic pathway can be sub-
divided into functionally distinct subcompartments (Korn-
feld and Mellman, 1989; Gruenberg and Howell, 1989).
These include: the plasma membrane from which coated
pits bud to form coated vesicles that presumably fuse with
early endosomes located at the cell periphery; early endo-
somes, where internalized molecules either recycle back
to the plasma membrane or are delivered to the next step
in the endocytic pathway, late endosomes; and the final
compartment, lysosomes, where the bulk of degradation
occurs. rab5, which was observed both on the plasma
membrane and in early endosomes and occasionally on
coated pits, might be engaged in endocytosis, in recycling
from early endosomes, or both. rab7 seems to be involved
in a later step of the endocytic route. It could link early to
late endosomes, late endosomes to lysosomes, or con-
nect late endosomes with the trans Golgi network, a trans-
port pathway for which the involvement of GTP hydrolysis
has been previously reported (Goda and Pfeffer, 1988).

Our results show that specific GTP binding proteins are
associated with different steps of membrane traffic. They
support Bourne's hypothesis (1988), which suggests that
different transport GTPases may ensure the unidirectional
transfer of carrier vesicles in protein and lipid transport.
Besides the three low molecular weight GTP binding pro-
teins characterized here, sequences encoding eight addi-
tional GTP binding proteins have been isolated from the
MDCK cDNA library. If these proteins are involved in
transport processes, we would end up with an unexpected
complexity compared with previous results obtained us-
ing a similar oligonucleotide screening approach (Touchot
et al., 1987). Moreover, these 11 cDNAs were isolated from
50,000 recombinant clones representing only 30% of a
complete MDCK cDNA library, and 9 clones were found
only once during our screening. Thus, the possibility ex-
ists that this family of GTP binding proteins may comprise
more than 30 different members in MDCK cells. Such
complexity could be explained by the special organization
of epithelial cells, which are polarized into apical and
basolateral surface domains (Simons and Fuller, 1985). A
larger number of such GTP binding proteins would be re-
quired to generate and maintain polarity in their exocytic
and endocytic pathways. An open question is whether, in
MDCK cells, rab5 is expressed in the apical or the baso-
lateral early endosomes or in both. Our previous work has
demonstrated that the apical and the basolateral endo-

cytic circuits are kept distinct at the level of the early endo-
somes but that the pathways meet in the late endosomes
(Parton et al., 1989; Bomsel et al., 1989). We might there-
fore expect rab5, but not rab7, to show a polarized distribu-
tion in epithelial cells. These questions have to be ad-
dressed by future work in filter-grown MDCK cells by both
immunocytochemistry and functional studies.

The availability of cDNAs and antisera should make it
possible to address the function of these proteins in their
specific compartments. Constructing dominant mutations
of this class of GTP binding proteins will be an important
tool in further studies (Schmitt et al., 1986; Walworth et al.,
1989).

Experimental Procedures

cDNA Library Screening and Plasmid Constructions

We prepared an oriented lambda MDCK cDNA tibrary cloned in UNI-
ZAPTMXR (Stratagene) with an average insert size of 2 kb. The library
was screened with a degenerate oligonucleotide (GTP-1 oligo) based
on the conserved sequence Trp-Asp-Thr-Ala-Gly-GIn-Glu between
SEC4 (Salminen and Novick, 1987), YPT1 (Gallwitz et al., 1983), and
the different rab proteins (Touchot et al., 1987; Zahraoui et al., 1989).
The sequence of the GTP-1 oligo was as follows: 5 TGGGA(Cso/Ts0}
AC(A70/C10/T10/G10)GC(T 30/A70)GG(A25/G25/C 25/ T25)CA(G20/ Ago)
GAA-3' (numbers in subscript refer to the relative frequency of each
base at a given position). A total of 5 x 10* phage plaques were ana-
lyzed. Duplicate filters were prehybridized for 1 hr at 42°Cinaé6x SSC,
5x Denhardt’s, 0.05% sodium pyrophosphate, 0.5% sodium dodecyl
sulfate solution, containing 100 ug/mi boiled herring sperm DNA. Hy-
bridization was performed for 18 hr at 42°C in a 6x SSC, 1x Den-
hardt’s, 0.05% sodium pyrophosphate solution containing 100 pg/mi
yeast tRNA with 25 pmol/mi GTP-1 oligo labeled with T4 polynucleotide
kinase (Biolabs). Filters were then washed for 3hr at 44°Cina6x SSC,
0.05% sodium pyrophosphate solution. Phage DNAs from the positive
plaques were extracted, digested with EcoRI and Xhol restriction en-
zymes, and transferred to a Genescreen plus membrane (DuPont Co.,
Wilmington, Delaware). General nucleic acids methods were essen-
tially as described in Maniatis et al. (1982). Duplicate filters were hy-
bridized in the previous conditions with GTP-1 oligo at 42°C or at 37°C
with FLET-1 oligo: 5T T(Tso/CsolT50/A50) T(Gso/Ts0)GA(A2s/G7s) (Azs/
Gi25)C(As50/C30/G 10/ T10)(A75/T25)(G7s /C25)(T75/C25)GC-3". The GTP-1 ofi-
go-hybridized filter was washed for 1 hr at 60°C in the conditions de-
scribed above; in the case of the FLET-1 oligo, washing was performed
at 25°C. Eleven clones hybridizing with both oligonucleotides were fur-
ther characterized. Cross-hybridization analysis performed in high
stringency conditions with the human rab cDNAs as probes (Touchot
et al., 1987; Zahraoui et al., 1989) revealed that clones 1, 21, and 47
were highly homologous to rab5, rab2, and rab1, respectively. Rescue
of the cDNA inserts from the UNI-ZAPTXR vector was performed by
in vivo excision according to the manufacturer's procedure (Strata-
gene). Phagemid DNAs were prepared and used directly for double-
stranded DNA sequencing with the T7 Sequencing™ Kit (Pharmacia)
using a set of different primers including the GTP-1 and FLET-1 de-
generate oligonucleotides. The complete sequences of the 11 MDCK
clones will be published elsewhere and are available upon request
(Chavrier et al., submitted).

Construction of the C-terminal deletion mutants was as follows. rabs
cDNA cloned in Bluescript (Stratagene) was restricted with Accl (posi-
tion 716 of the cDNA} and the ends rejoined using the following oligo-
nucleotides: 5-AGACCTTACTGAACCCACGCAGTAA-3/5-CGTTACT-
GCCTGGGTTCAGTAAG GT-3'. This introduced a stop codon after GIn2¢
and created rab5AC. rab2-encoding cDNA cloned in pGEM1 (Promega)
was restricted with Spel (position 255 of the cDNA) and Hindlll (in the
polylinker of pGEM?1) and ligated with a Spel-Hpall fragment (positions
255-626 of the cDNA) together with the following oligonucleotides: 5"
AGGGGGAGGCTA-3/5-AGCTTAGCCTCCCC-3 with Hpall-Hindlll com-
patible ends. This introduced a stop codon after Gly?'© and created
rab2AC. The sequence of the carboxyl end of the mutant constructs
was verified by double-stranded DNA sequencing.
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Preparation of Antisera against rab2, rab5, and rab7

Polyclonal antibodies were raised against synthetic peptides cova-
lently coupled to keyhole limpet hemocyanin (Calbiochem) (Kreis,
1986); the peptide sequence deduced from rab5 cDNA was PKNE-
PQNPGANSARGR (positions 182-197), from rab7 cDNA, KQETEVEL-
YNEFPEPIK (positions 175-191), and from rab2 cDNA, YEKIQEGVF-
DINNEEANGIK (positions 158-176).

In the case of rab5 and rab?2, affinity purification was performed by
absorption onto bacterially expressed MS2 polymerase-rab5 and
~rab2 fusion proteins immobilized on nitrocellulose filters. For this pur-
pose, a 1300 bp Taql-Sacl fragment containing the coding region of
rab5 starting from the Arg residue at position 3 was inserted in the
EcoRl site of plasmid pEX34a (Klinkert et al., 1988) after filling in the
ends of both the insert and the vector using T4 DNA polymerase and
the Klenow fragment of Escherichia coli DNA polymerase |, respec-
tively. The plasmid obtained allowed the temperature-inducible expres-
sion in E. coli K537 cells of 99 N-terminal amino acids of the phage
MS2 polymerase fused at the C-terminus to the coding region of rab5.
In the case of rab2, a 700 bp EcoRlI fragment was inserted in the EcoRI
site of the pEX34b polylinker; the fusion protein encoded by this plas-
mid contained 9 extra amino acids between the MS2 polymerase frag-
ment and rab2, owing to the 5’ untranslated region of cDNA 21, down-
stream of its EcoRI adaptor. Both fusion proteins were expressed and
extracted as described (Klinkert et al., 1988), purified on a 10% poly-
acrylamide gel, and electrotransferred onto nitrocellulose filters. In the
case of the anti-rab7, affinity purification could be carried out over a
matrix of peptide 7 coupled to Sepharose 4B. Immobilization of the
peptide to cyanogen bromide-activated Sepharose 4B (Pharmacia)
was performed in coupling buffer (0.2 M NaHCO; [pH 85], 0.5 M
NaCl) at 4°C.

For affinity purification, antisera were first cleared by absorption at
4°C on a Sepharose 4B matrix coupled to a bacterial lysate of K537
cells transformed with plasmid pEX34b and temperature induced to ex-
press the MS2 polymerase polypeptide. This step was necessary fo re-
move antibodies recognizing this and other immunologically unrelated
proteins. Specific antibodies were subsequently bound at 4°C on their
corresponding MS2 polymerase-rab fusion proteins or peptide col-
umn and eluted in 100 mM glycine-HCI (pH 2.8), neutralized by addi-
tion of 3 M Tris—-HCI (pH 88). Affinity-purified antibodies were sup-
plemented with 05% IgG-free BSA (Sigma) and 002% NaN; and
stored at 4°C.

For immunoblots, MDCK or BHK cells were lysed in standard SDS
sample buffer and extracts separated by electrophoresis on a 12%
polyacrylamide gel. For crude membrane and cytosol fraction prepara-
tion, MDCK cells were resuspended in 10 mM HEPES (pH 7.0), 250 mM
sucrose in the presence of a cocktail of protease inhibitors, sheared
through a needle, and centrifuged at 3000 rpm for 10 min in an Eppen-
dorf centrifuge to remove the nuclei. Supernatant was then centrifuged
at 55,000 rpm in a TLA100.2 rotor at 4°C in a tabletop Beckman TL-100
ultracentrifuge. Protein content of both peliet and high-speed superna-
tant was determined using the Bio-Rad protein assay.

Separated proteins were transferred onto nitrocellulose filters and
stained using the affinity-purified antibodies followed by goat anti-
rabbit alkaline phosphatase conjugated antiserum (Bio-Rad) diluted in
5% milk powder, 0.3% Tween 20 in phosphate-buffered saline (PBS).

Cell Culture and Transfection

BHK 21 and NRK cslls were grown in Glasgow’s modified Eagle's
medium supplemented with 5% fetal calf serum, 2 mM glutamine, 100
U/ml penicillin, 10 ug/mi streptomycin, and 10% tryptose phosphate
broth at 37°C in 5% CO, incubator. Hela cells were grown in DMEM
supplemented with 10% fetal calf serum, 2 mM glutamins, 100 U/mi
penicillin, and 10 ug/ml streptomycin at 37°C in 10% CO, incubator.
MDCK strain Il cells were grown as described (Bacallao et al., 1989).
When required, the cells were treated with 20 ng/mi nocodazole or 10
ng/ml BFA.

The cells were split 18-24 hr before transfection so that on the day
of transfection they were about 80% confiuent. The cells were washed
twice with serum-free medium and infected with T7 RNA polymer-
ase-recombinant vaccinia virus (Fuerst et al., 1986). Infections were
carried out with 3-5 pfu/cell at room temperature for 30 min with inter-
mittent agitation. The cells were then washed twice with serum-free
medium and transfected using Lipofectin™ reagent according to the

manufacturer’s instructions (Bethesda Research Laboratories). Cells
were incubated for 4 hr at 37°C in 5% CO; incubator and processed
for immunofluorescence microscopy or immunoelectron microscopy.
At this stage the overexpressed proteins partitioned to the detergent
phase upon Triton-X114 extraction of the transfected cells, while they
were detected in the aqueous phase only after 6 hr of transfection (data
not shown).

Immunofiuorescence Microscopy

Cells were grown on 10 mm round cover slips for 24 hr prior to treat-
ment. HeLa and BHK cells were washed once with PBS and perme-
abilized with 0.5% saponin in 80 mM K-PIPES (pH 6.8), 5 mM EGTA,
1 mM MgCl; for 5 min. The cells were fixed with 3% formaldehyde in
PBS (pH 7.4) for 15 min. After fixation the cells were washed with 0.5%
saponin in PBS for § min, and free aldehyde groups were quenched
with 50 mM NH,CI in PBS for 10 min. The cells were washed with
0.5% saponin in PBS for 5 min and then incubated with the first anti-
body in PBS, 05% saponin for 20 min. After rinsing the cells three
times (15 min total), primary antibody binding was visualized with goat
anti-rabbit RITC or goat anti-mouse FITC diluted in 0.5% saponin-PBS
for 20 min. After one wash in PBS-0.5% saponin and three washes
in PBS (20 min total), the cover slips were mounted on glass slides in
moviol and viewed with a Zeiss Axiophot Photomicroscope. MDCK
cells were fixed as described by Bacallao et al. (1989) and then pro-
cessed for immunofluorescence staining as described above. For dou-
ble immunofluorescence, primary antibodies or secondary antibodies
were added together.

Incubation with Endocytic Markers

To label sarly endosomes, BHK cells were incubated with 4 nm
BSA-gold (ODszo = 10) for 8 min at 37°C (Griffiths et al., 1989). Late
endocytic structures were labeled with 16 nm BSA-gold by incubation
with the gold (ODszo = 05) for 3 hr followed by an overnight chase in
marker-free medium. At the end of the incubations, the cells were
transferred to ice and removed from the dish as described below.

Immunoelectron Microscopy

Cells were removed from the culture dishes according to Green et al.
(1981). They were then fixed with 8% paraformaldehyde in 250 mM
HEPES (pH 7.35), prepared for cryosections, and labeled with anti-
bodies and protein A-gold as described previously (Griffiths et al.,
1984, 1985).
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