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The rab11 GTPase has been localized to both the Golgi and recycling endosomes;
however, its Golgi-associated function has remained obscure. In this study, rab11 func-
tion in exocytic transport was analyzed by using two independent means to perturb its
activity. First, expression of the dominant interfering rab11S25N mutant protein led to a
significant inhibition of the cell surface transport of vesicular stomatitis virus (VSV) G
protein and caused VSV G protein to accumulate in the Golgi. On the other hand, the
expression of wild-type rab11 or the activating rab11Q70L mutant had no adverse effect
on VSV G transport. Next, the membrane association of rab11, which is crucial for its
function, was perturbed by modest increases in GDP dissociation inhibitor (GDI) levels.
This led to selective inhibition of the trans-Golgi network to cell surface delivery,
whereas endoplasmic reticulum–to–Golgi and intra-Golgi transport were largely unaf-
fected. The transport inhibition was reversed specifically by coexpression of wild-type
rab11 with GDI. Under the same conditions two other exocytic rab proteins, rab2 and
rab8, remained membrane bound, and the transport steps regulated by these rab proteins
were unaffected. Neither mutant rab11S25N nor GDI overexpression had any impact on
the cell surface delivery of influenza hemagglutinin. These data show that functional
rab11 is critical for the export of a basolateral marker but not an apical marker from the
trans-Golgi network and pinpoint rab11 as a sensitive target for inhibition by excess GDI.

INTRODUCTION

Members of the rab GTPase family have emerged as
important regulators of vesicular membrane traffic.

Individual rab proteins govern discrete endocytic and
exocytic transport steps (reviewed in Novick and Ze-
rial, 1997). Along the exocytic pathway, endoplasmic
reticulum (ER)–to–Golgi transport is regulated by two
rab proteins, rab1 and rab2, and intra-Golgi transport
depends on the action of rab6 (Plutner et al., 1991;
Tisdale et al., 1992; Martinez et al., 1994). Transport
from the trans-Golgi network (TGN) to the cell surface
requires rab8 and possibly rab11 (Huber et al., 1993;
Urbé et al., 1993). Rab8 was shown to be important in
the transport of vesicular stomatitis virus (VSV) G
protein and Semliki Forest virus spike glycoproteins
to the cell surface of polarized and nonpolarized cells,
respectively (Ikonen et al., 1995; Peränen et al., 1996).

Rab11 has been detected on a variety of subcellular
membranes. In nonpolarized cells rab11 was found
associated with both the Golgi and the recycling en-
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dosome (Ullrich et al., 1996; Ren et al., 1998). In polar-
ized and regulated secretory cells rab11 has been lo-
calized to the Golgi as well as a variety of specialized
membrane compartments (Urbé et al., 1993; Deretic et
al., 1996; Goldenring et al., 1996, 1997; Sheehan et al.,
1996; Calhoun and Goldenring, 1997). The complex
localization profiles of rab11 in diverse cell types have
complicated the assessment of its precise function in
intracellular membrane transport.

Dominant negative mutant forms of numerous rab
proteins have been generated over the last decade and
have proven extremely useful for dissecting rab pro-
tein function in mammalian cell systems. Ullrich et al.
(1996) generated such mutant forms of rab11 and used
these to analyze the role of rab11 in endocytic mem-
brane transport. In a carefully controlled study the
dominant negative rab11S25N mutant was shown to
reduce the rate of transferrin recycling in Chinese
hamster ovary cells. Transferrin internalization on the
other hand was not affected. On the basis of the data it
was suggested that rab11 functioned to control the
flux of internalized molecules through recycling endo-
somes (Ullrich et al., 1996). In polarized cells rab11 is
also frequently disposed on membranes and vesicles
typically derived from plasma membrane recycling
pathways (e.g., synaptic vesicles, apical recycling en-
dosomes, and the Na1/K1-ATPase tubulovesicular
compartment) (Goldenring et al., 1996, 1997; Sheehan
et al., 1996; Calhoun and Goldenring, 1997). Therefore,
rab11 may carry out some parallel functions in mem-
brane recycling in both polarized and nonpolarized
cells.

The evidence that mammalian rab11 might also play
a role in exocytic membrane traffic is largely circum-
stantial and based solely on localization and cofrac-
tionation studies (Urbé et al., 1993; Deretic et al., 1996).
The recent finding that the closest homologues of
rab11 in yeast, Ypt31/32, are required for exit from the
trans-Golgi suggested that this issue needed to be
examined more directly (Jedd et al., 1997). Here we
analyzed the intracellular distribution of wild-type
and mutant forms of rab11 and tested its functional
involvement in exocytic transport in baby hamster
kidney (BHK) cells.

MATERIALS AND METHODS

Cells and Cell Culture
The BHK21 cell line was obtained from American Type Culture
Collection (Rockville, MD) and grown in complete G-MEM (5%
FCS, 2 mM glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin,
and 2.6 mg/ml tryptose phosphate broth) as described (Feng et al.,
1995).

Antibodies
Mouse mAb I1 (8G5F11), recognizing an ectoplasmic epitope of VSV
G protein (Lefrancois and Lyles, 1982), was kindly provided by

Douglas Lyles (The Bowman Gray School of Medicine, Wake Forest
University, Winston-Salem, NC). Mouse mAb P5D4, recognizing a
cytoplasmic epitope of VSV G protein (Kreis and Lodish, 1986), was
a gift from Thomas Kreis (Université de Genève, Geneva, Switzer-
land). Rabbit antiserum to the influenza virus A/chicken/Germa-
ny/34 (fowl plaque virus [FPV] Rostock) hemagglutinin (HA)
(Takeuchi and Lamb, 1994) were generously provided by Robert
Lamb (Northwestern University). Mouse anti-myc antibody was a
kind gift from Karen J. Colley (University of Illinois College of
Medicine, Chicago, IL). Mouse anti-actin mAb was purchased from
Chemicon International (Temecula, CA). Rabbit antiserum directed
against rab2 (Chavrier et al., 1990) was kindly supplied by Marino
Zerial (European Molecular Biology Laboratory [EMBL], Heidel-
berg, Germany). A rabbit polyclonal antiserum to rab8 (Peränen et
al., 1996) was generously supplied by Kai Simons (EMBL) and
affinity purified as described (Peränen et al., 1996). A rabbit poly-
clonal antiserum cross-reactive with GDI-1 and GDI-2 was raised
using His6-tagged bovine GDI as an antigen. Similarly, a rabbit
polyclonal antiserum reactive against rab11 was raised using puri-
fied, recombinant canine rab11 as an antigen. A goat polyclonal
antiserum against human transferrin receptor was a gift from Su-
zanne Pfeffer (Stanford University, Stanford, CA). Texas Red–con-
jugated horse anti-mouse antibodies, biotinylated horse anti-goat
antibodies, and Texas Red–conjugated avidin D were purchased
from Vector Laboratories (Burlingame, CA).

Plasmids and Subcloning
Plasmids pGEM1-rab11, -rab11Q70L and -rab11S25N (Ullrich et al.,
1996) were kindly provided by Marino Zerial. Sequencing of all
rab11 inserts revealed that both wild-type rab11 and rab11S25N had
a silent nucleotide change, substituting G for A in the third position
of the threonine 67 codon. Rab11Q70L bears a different silent mu-
tation in this region, which was purposefully introduced to create a
second XbaI site (Ullrich et al., 1996). Plasmids pEGFP-rab11,
-rab11S25N, and -rab11Q70L were made by subcloning the cDNA
fragments in frame to pEGFP-C3 vector (CLONTECH Laboratories,
Palo Alto, CA).

The full-length cDNAs of canine GDI-1 and GDI-2 isolated from a
Madin–Darby canine kidney (MDCK) cDNA library (see below) in
pJG4-5 were cloned into pGEM3 (Promega, Madison, WI) and
pcDNA3 vectors (Invitrogen, Carlsbad, CA) under the T7 promoter
as EcoRI–XhoI fragments. A BamHI–EcoRI DNA fragment encoding
a VSV G epitope tag (MGTDIEMNRLGKGS, recognized by mouse
mAb P5D4 antibody [Kreis and Lodish, 1986]) was inserted 59 in
frame to the GDI-1 and GDI-2 genes of plasmids pcDNA3-GDI-1
and pcDNA3-GDI-2 to create the pcDNA3-G-GDI-1 and -GDI-2
plasmids.

Plasmids encoding wild-type (pAR-G) (Whitt et al., 1989) and
temperature-sensitive forms (pGtsO45-2/T7) (Gallione and Rose,
1985) of VSV G protein under the control of T7 promoter were
kindly provided by John Rose (Yale University, New Haven, CT)
and Marino Zerial, respectively. The pcDNA3-G plasmid encoding
wild-type VSV G protein under the control of a human cytomega-
lovirus (CMV) promoter was made by subcloning the BamHI insert
from pAR-G into the pcDNA3 vector. The pcDNA3-GtsO45 plasmid
was made by subcloning the cDNA from pGtsO45-2/T7 into the
pcDNA3 vector. Plasmid pcDNA3-myc-ST encoding myc epitope-
tagged rat a2,6-sialyltransferase (ST) tyr form (Ma et al., 1997) under
the control of a human CMV promoter was kindly provided by
Karen J. Colley. Plasmid pTM3-FPV-HA encoding the FPV HA
protein (Takeuchi and Lamb, 1994) was a kind gift from Robert
Lamb. Plasmid pRAB8-wt encoding wild-type rab8 protein (Per-
änen et al., 1996) was kindly provided by Johan Peränen (University
of Helsinki, Helsinki, Finland). Plasmid pGEM1-hTfR was obtained
from Marino Zerial, and an EcoRI fragment containing the human
transferrin receptor cDNA was subcloned into pcDNA3 to generate
pcDNA3-hTfR.
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Confocal Immunofluorescence Microscopy
BHK cells were grown on 15-mm square coverslips in 35-mm dishes
for 18 h before transfection. After washing once with serum-free
medium, cells were transfected with equal amounts of pcDNA3-
myc-ST, pcDNA3-G, or pcDNA3-hTfR in combination with pEGFP-
rab11, -rab11Q70L, or -rab11S25N plasmids. LipofectAMINE was
used for transfections according to the manufacturer’s instructions
(Life Technologies, Grand Island, NY): 1 mg DNA/9 ml Lipo-
fectAMINE. The DNA/LipofectAMINE transfection mixture was
removed 5 h after transfection, and complete G-MEM was added.
The transfected cells were cultured for an additional 12 h at 37°C in
a 5% CO2 incubator and processed for immunofluorescence as
described below. When pcDNA3-GtsO45 (encoding a temperature-
sensitive variant of VSV G protein) was used in cotransfections with
rab11, the cells were transfected at 39°C (restrictive temperature) for
15 h. Under these conditions the VSV G tsO45 protein accumulated
in the endoplasmic reticulum. Cells were then incubated at 20°C for
2 h and either processed for immunofluorescence immediately or
transferred to 37°C (31°C for VSV G tsO45) for 1 additional hour
where indicated before permeabilization and fixation.

In preparation for immunofluorescence staining, cells were
washed once with PBS and permeabilized with 0.5% saponin (Sig-
ma, St. Louis, MO) in 80 mM piperazine-N,N9-bis(2-ethanesulfonic
acid)-KOH (pH 6.8), 5 mM EGTA, and 1 mM MgCl2 for 5 min. Cells
were then fixed with 3% paraformaldehyde in PBS1 (PBS containing
1 mM CaCl2 and 1 mM MgCl2) for 15 min at room temperature.
After fixation cells were washed with 0.5% saponin in PBS for 5 min,
and free aldehyde groups were quenched with 50 mM NH4Cl in
PBS for 10 min. Cells were washed with 0.5% saponin in PBS for 5
min and then incubated with mouse anti-myc antibody (for detec-
tion of myc epitope-tagged ST), goat anti-human transferrin recep-
tor, or monoclonal P5D4 antibody (for detection of VSV G) in PBS
containing 0.5% saponin for 20 min. After rinsing cells three times
with 0.5% saponin in PBS (5 min each), they were incubated with
the appropriate fluorophore-conjugated secondary antibody in PBS
containing 0.5% saponin for 20 min. Cells were then washed once
with PBS containing 0.5% saponin and three times with PBS (5 min
each). The coverslips were then mounted on glass slides in Mowiol
4-88 (Calbiochem, La Jolla, CA). Confocal imaging was performed
using a Zeiss (Thornwood, NY) LSM410 confocal microscope (fitted
with an Ar laser with a band at 488 nm for FITC and an He-Ne laser
with a band at 543 nm for rhodamine). GFP was detected using an
FITC filter set. Imaging was performed with a 633 (1.4 numerical
aperture) or 1003 (1.4 numerical aperture) oil immersion lens
(Zeiss). Optical sections were 0.4 mm in the z plane.

GFP was fused in frame to the N-terminus of wild-type and
mutant rab11. To demonstrate that the GFP moiety did not alter rab
protein localization, GFP-rab protein chimeras were coexpressed in
BHK cells with the same rab protein bearing only a small N-
terminal VSV G epitope tag (see above). In all cases examined the
GFP-rab protein chimeras exhibited a localization that was identical
to that of the VSV G-tagged rab proteins (our unpublished results).

MDCK cDNA Library
Poly(A)1 mRNA was isolated from MDCK cells grown to 70%
confluence by two rounds of chromatography on oligo(dT) cellu-
lose. A ZAP-cDNA synthesis kit (Stratagene, Menasha, WI) was
used to prepare cDNA according to the manufacturer’s instructions.
After digestion with EcoRI–XhoI, cDNAs were cloned into the
EcoRI–XhoI window of plasmid pJG4-5 (2m TRP11, Ampr) (Gyuris et
al., 1993; Estojak et al., 1995). The plasmids were then introduced
into Epicurian coli sure cells (Stratagene) by electroporation. Trans-
formants were selected on LB ampicillin plates. The library plas-
mids were prepared from a pool of unamplified 3.0 3 106 primary
transformants. More than 95% of the library plasmids contained
MDCK cDNA inserts with an average size of 1.3 kb.

Yeast Two-Hybrid Assays and Identification of GDI
Isoforms
The yeast strains, expression vectors, and reporter plasmids were
kindly provided by Roger Brent (Massachusetts General Hospital,
Boston, MA) (Golemis and Brent, 1992; Gyuris et al., 1993; Zervos et
al., 1994; Estojak et al., 1995). The yeast reporter strain EGY48 (MATa
trp1 ura3 his3 LEU2::pLexAop6-LEU2) was used as a host for all
two-hybrid assays. Rab7Q67L was generated for use as a two-hybrid
bait by PCR-mediated, site-directed mutagenesis using the follow-
ing primer: AGCAGGCCTGGAACGGTTCCA (changed base is un-
derlined). The nucleotide sequence was confirmed by sequencing.
The plasmid pLexA-rab7Q67L (for two-hybrid screening) was con-
structed by transferring rab7Q67L into pEG202 (2m, HIS31, Ampr)
such that the resulting bait protein was fused to amino acids 1–202
of LexA and was expressed under the control of the constitutive
ADH1 promoter (Estojak et al., 1995). EGY48 was sequentially trans-
formed with the pLexA-rab7Q67L plasmid and with the MDCK
cDNA library in pJG4-5. Transformants were plated on synthetic
medium lacking tryptophan, histidine, and uracil and incubated at
30°C for 2 d. The transformants were isolated, and Leu1 and LacZ1

yeast were selected as described (Brent and Ptashne, 1985; Estojak et
al., 1995). Library plasmids from positive clones were rescued using
Escherichia coli XL1-Blue cells and subsequently analyzed by trans-
formation tests and DNA sequencing. Approximately 20% of the
positive clones were found to encode the canine GDI-1 and GDI-2
isoforms. The GDI clones also showed reactivity in a two hybrid
assay, albeit of varying intensity, with plasmids encoding other rab
proteins.

GDI Sequence Comparisons
The canine form of GDI-1 was 98.7% identical to the bovine GDI-1
protein. This protein was originally identified as smg p25A (rab3A)
GDI and is also called GDI-a (Sasaki et al., 1990; Nishimura et al.,
1994; Shisheva et al., 1994b). The second isoform corresponds most
closely to the mouse GDI-2 protein, sharing 96.9% amino acid
identity with this protein (Shisheva et al., 1994b). Comparison with
another closely related mouse isoform known as GDI-b yielded a
slightly lower amino acid sequence identity (95%). Our data, in
concordance with that of others, supports the idea that GDI-1 (or
GDI-a isoforms), GDI-2, and GDI-b represent three distinct iso-
forms (Shisheva et al., 1994b; Janoueix-Lerosey et al., 1995; Pfeffer et
al., 1995). The nucleotide sequence data for the canine GDI isoforms
are available from GenBank/EMBL/DDBJ under accession num-
bers AF027360 (canine GDI-1) and AF027361 (canine GDI-2).

A recent report on the structure of bovine GDI-1 identified the
critical amino acid residues involved in the formation of a rab
binding domain (Schalk et al., 1996). These amino acids map within
three sequence-conserved regions. All three sequence-conserved
regions were readily identified in both canine isoforms. Further-
more, the consensus residues constituting the three sequence-con-
served regions were invariant among GDI-1, GDI-2, and GDI-b
isoforms. Therefore, it appears that the GDI-2 and GDI-b isoforms
have a rab binding domain similar to that reported for GDI-1
(Schalk et al., 1996).

Exocytosis of VSV G and HA Proteins
Transient overexpression studies were performed using the T7 RNA
polymerase recombinant vaccinia virus expression system as de-
scribed (Fuerst et al., 1986; Feng et al., 1995). Equal amounts of the
plasmids encoding GDI (pGEM3-GDI or pcDNA3-G-GDI as indi-
cated) or rab11 and VSV G protein (pAR-G) were used for cotrans-
fection experiments. Mock transfections were performed using vec-
tors lacking an insert. Under the experimental conditions used,
transfection efficiencies are very high (.90%). After 4.5 h, trans-
fected BHK cells were incubated for 30 min in medium without
methionine and cysteine and metabolically labeled with Tran35S-
label (ICN Biomedicals, Irvine, CA) for 10 min (100 mCi/35-mm
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dish) at 37°C. Subsequently, the cells were transferred to complete
G-MEM and incubated for various lengths of time at 37°C. In some
cases 40 mg/ml cycloheximide was added as indicated to increase
the synchrony of the molecules in transit to the cell surface. The cells
were then transferred to ice and subjected to surface biotinylation
using sulfo-NHS-SS-biotin (Pierce Chemical, Rockford, IL) as de-
scribed (Feng et al., 1995). For analysis, cells were lysed in 500 ml
radioimmunoprecipitation assay (RIPA) buffer (1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.4, and 150 mM
NaCl) with PB/CLAP protease inhibitor mixture (1 mM PMSF, 1
mM benzamidine, and 1 mg/ml chymostatin, leupeptin, antipain,
and pepstatin A) and 10 mM iodoacetamide (Sigma) added fresh.

RIPA lysates were precleared by centrifugation at 15,000 rpm in
an Eppendorf (Madison, WI) microfuge for 15 min at 4°C. VSV G
protein was immunoprecipitated on ice using mouse mAb P5D4, a
polyclonal rabbit anti-mouse linker antibody, and protein A-Sepha-
rose. The immune complexes were collected by centrifugation and
washed twice with RIPA buffer, twice with high-salt RIPA buffer
(500 mM NaCl), and twice more with 50 mM Tris-HCl (pH 7.4). The
immunoprecipitates were boiled in 80 ml 10% SDS to release bound
VSV G protein and clarified by a brief centrifugation at 15,000 rpm
in an Eppendorf microfuge.

Biotinylated VSV G protein was precipitated from the released
immunoprecipitates as follows. An aliquot (40 ml) of each sample
was diluted 10-fold with RIPA buffer containing fresh PB/CLAP, 10
mM iodoacetamide, and 0.2% BSA and incubated for 60 min at 4°C
with 40 ml 50% slurry of streptavidin-Sepharose (Pierce). The bio-
tinylated VSV G protein was released from the streptavidin-Sepha-
rose by boiling in SDS-PAGE sample buffer and resolved by SDS-
PAGE on 10% gels. These samples were used as a measure of the
fraction of VSV G protein delivered to the cell surface. The remain-
ing 40 ml of each immunoprecipitate was resolved by SDS-PAGE
directly and was used as a measure of the total VSV G protein.

In cases in which pGtsO45-2/T7 (encoding a temperature-sensi-
tive variant of VSV G protein) was used in cotransfections with GDI,
the cells were radiolabeled at 39°C (restrictive temperature). Under
these conditions the VSV G tsO45 protein accumulated in the en-
doplasmic reticulum. Subsequently, the cells were transferred to
31°C for various lengths of time to allow cell surface transport of
VSV G protein. All other procedures were the same as those out-
lined for the wild-type VSV G protein.

The exocytosis of FPV HA was monitored as outlined for wild-
type VSV G protein. For these experiments the pTM3-FPV-HA
plasmid was used for cotransfections with rab11 or GDI, and rabbit
anti-FPV-HA antiserum was used for immunoprecipitation.

Radiolabeled proteins were quantified by exposing gels to phos-
phoimager plates and analyzing the photo-stimulated luminescence
on a Fuji Medical Systems (Stamford, CT) Bioimager equipped with
MacBas software (Fuji). The amount of cell surface VSV G protein
was calculated as [biotinylated VSV G protein]/[total VSV G pro-
tein] 3 100. The amount of cell surface HA was calculated as
[biotinylated HA1 1 HA2]/[total HA0 1 HA1 1 HA2] 3 100. The
amount of cleaved HA was calculated as [total HA1 1 HA2]/[ total
HA0 1 HA1 1 HA2] 3 100.

Subcellular Fractionation and Immunoblotting
VSV G epitope-tagged GDI proteins were transiently overexpressed
for 6 h using the T7 RNA polymerase recombinant vaccinia virus
expression system as described (Feng et al., 1995). After two washes
with PBS1, the cells were scraped in PBS1 at 4°C. The cells were
pelleted by centrifugation at 4000 rpm in a Sorvall SA600 rotor
(DuPont, Newtown, CT) for 10 min at 4°C. The cell pellets were
resuspended in the homogenization buffer (10 mM HEPES, pH 7.4,
250 mM sucrose, and PB/CLAP, 400 ml for two 10-cm dishes of
cells) and homogenized at 4°C using a 1-ml Dounce homogenizer.
Cell debris and nuclei were removed by two centrifugation steps at
2500 rpm for 5 min in a microfuge at 4°C. The resulting postnuclear
supernatant was subjected to centrifugation at 4°C for 1 h in a

Beckman TLA 100.2 rotor at 100,000 3 g to separate the cytosol from
a total membrane fraction. The membrane pellet was resuspended
in 500 ml SDS-PAGE sample buffer, and the supernatant (cytosol,
;350 ml) was also adjusted to 500 ml with concentrated SDS-PAGE
sample buffer. The samples were boiled for 5 min, and equal vol-
umes of the cytosol and the total membrane fractions were used for
immunoblot analysis.

For immunoblot detection of rab2, rab8, rab11, and VSV G
epitope-tagged GDI proteins, samples were resolved on 12.5% SDS-
polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA). Membranes were blocked,
washed, and probed as described previously (Feng et al., 1995).

Analysis of GDP and GTP Bound to Rab Proteins
BHK cells were labeled for 2 h with 0.6 mCi/ml [32P]orthophos-
phate (ICN Biomedicals) in phosphate-free DMEM and lysed as
described (Satoh et al., 1988, 1990). The ratio of GDP to GTP bound
to rab8 or rab11 was analyzed in the same way as described for p21
(Satoh et al., 1988, 1990). Radiolabeled GDP and GTP were quanti-
fied with a Fuji Bioimager equipped with MacBas software. The
molar ratio of rab-bound GTP was calculated as [GTP]/([GDP] 3
1.5 1 [GTP]) 3 100.

RESULTS

Wild-Type and Mutant Rab11 Proteins Are
Differentially Localized
The distribution of wild-type and mutant forms of
rab11 between the TGN and recycling endosomes was
examined in an effort to obtain clues regarding the site
of rab11 recruitment. GFP-tagged variants of wild-
type and two mutant forms of canine rab11 were
generated. These chimeras were transiently overex-
pressed in BHK cells together with myc epitope-
tagged a2,6-ST, a TGN marker, or human transferrin
receptor, a marker of early and recycling endosomes.
Consistent with previous observations (Ullrich et al.,
1996), the wild-type rab11 protein was found partially
colocalized with ST (Figure 1, A–C) and extensively
colocalized with the transferrin receptor both in the
perinuclear recycling endosomes as well as in dis-
perse, peripheral early endosomes (Figure 2, A–C).
The “constitutively active” rab11Q70L mutant protein
exhibited a localization pattern similar to that of the
wild-type protein (our unpublished results). In con-
trast, the dominant negative rab11S25N mutant pro-
tein was markedly enriched on ST-positive Golgi ele-
ments in the perinuclear region (Figure 1, D–F) and
exhibited only limited overlap with the transferrin
receptor (Figure 2, D–F). In particular, peripheral
transferrin receptor positive early endosomes ap-
peared to be devoid of the rab11S25N mutant protein,
and there was reduced colocalization of the two pro-
teins in recycling endosomes. Based on these results it
appears that the wild-type rab11 protein transits be-
tween the Golgi and endosomal compartments. Be-
cause the mutant protein accumulated on the Golgi
when GTP loading was diminished by the S25N mu-
tation, this serves as an indication that the Golgi serves
as a site of rab11 recruitment and nucleotide exchange.
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Figure 1. Localization of rab11
and the Golgi marker a2,6-ST in
BHK cells. Myc epitope-tagged ST
was transiently overexpressed in
BHK cells under the control of a
constitutive CMV promoter to-
gether with GFP-tagged wild-type
rab11 (A–C) or rab11S25N (D–F). At
17 h after transfection, cells were
incubated at 20°C for 2 h to increase
the ST signal in the Golgi (Ma et al.,
1997). Cells were then fixed and
processed for confocal microscopy.
GFP-tagged rab11 proteins were vi-
sualized directly (A and D),
whereas ST was detected using a
mouse anti-myc antibody as the pri-
mary antibody and a horse anti-
mouse, Texas Red–conjugated sec-
ondary antibody (B and E). Each
image represents a single 0.4-mm
section with ST and GFP-tagged
rab11 proteins viewed in the same
focal plane. (C and F) Merged
images.

Figure 2. Localization of rab11 and transferrin receptor in BHK cells. BHK cells were cotransfected with human transferrin receptor and
GFP-tagged wild-type rab11 (A–C) or rab11S25N (D–F). At 17 h after transfection, cells were fixed and processed for confocal microscopy.
Transferrin receptor was visualized using a goat anti-transferrin receptor antibody as the primary antibody and a biotinylated horse anti-goat
antibody and Texas Red–conjugated avidin for detection purposes (A and D). GFP-tagged rab11 proteins were visualized directly (B and E).
Each image represents a single 0.4-mm section with transferrin receptor and GFP-tagged rab11 proteins viewed in the same focal plane. (C
and F) Merged images. The arrows in B designate some of the peripheral endosomes positive for wild-type rab11 and transferrin receptor.
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Overexpression of Mutant Rab11S25N Causes VSV
G Protein to Accumulate in the Golgi
The involvement of rab11 in TGN–to–cell surface trans-
port was tested directly by overexpressing VSV G pro-
tein together with wild-type rab11 or the dominant neg-
ative rab11S25N mutant. VSV G is a membrane protein
encoded by the vesicular stomatitis virus, which is trans-
ported to the cell surface along the exocytic pathway.
The availability of the cloned gene and numerous excel-

lent antibody reagents makes VSV G protein an ideal
marker for use in such cotransfection studies. Export of
the VSV G protein from the Golgi was then scored using
a morphological assay. VSV G protein was reversibly
accumulated in the TGN by incubation at 20°C (Hugh-
son et al., 1988). At 20°C VSV G protein was found
colocalized with the subset of the wild-type rab11
present in the Golgi (Figure 3, A and B). A more signif-
icant overlap was seen between VSV G and rab11S25N

Figure 3. Overexpression of the
dominant negative rab11S25N
mutant causes VSV G protein to
accumulate in the Golgi. VSV G
protein was transiently overex-
pressed in BHK cells under the
control of a constitutive CMV pro-
moter in conjunction with GFP-
tagged wild-type rab11 (A–D) or
rab11S25N (E–H). At 17 h after
transfection, cells were incubated
at 20°C for 2 h (A, B, E, and F).
Parallel samples were transferred
to 37°C for 1 h immediately after
the 20°C incubation (C, D, G, and
H). Cells were then fixed and pro-
cessed for confocal microscopy.
VSV G protein was detected using
mouse mAb P5D4 as the primary
antibody and a horse anti-mouse,
Texas Red–conjugated secondary
antibody (A, C, E, and G). GFP-
tagged rab11 proteins were visu-
alized directly (B, D, F, and H).
Each image represents a single
0.4-mm section with VSV G pro-
tein (left panels) and GFP-tagged
rab11 proteins (right panels)
viewed in the same focal plane.
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at 20°C because of the preferential association of the
mutant rab11 with the TGN (Figure 3, E and F). Coex-
pression of wild-type rab11 with VSV G protein did not
influence the capacity of VSV G protein to reach the cell
surface (Figure 3, C and D). Transfer to 37°C caused the
VSV G protein to become concentrated at the plasma
membrane (Figure 3C), whereas wild-type rab11 re-
mained intracellular and relatively unchanged in its dis-
tribution (Figure 3D). However, coexpression of the mu-
tant rab11S25N protein caused a substantial fraction of
VSV G protein to remain in the Golgi, where both pro-
teins colocalized, for up to 1 h after rewarming to 37°C
(Figure 3, G and H). Analogous results were obtained
using the temperature-sensitive VSV G tsO45 protein as
the transport marker to follow a single, synchronous
wave of exocytosis (our unpublished results; for details
see MATERIALS AND METHODS).

Functional Rab11 Is Required for Efficient Export of
VSV G Protein from the Golgi
The morphological studies shown above provided the
first indication that functional rab11 was essential for
constitutive exocytosis to proceed. The role of rab11 in
exocytic transport was explored further using a bio-
chemical assay. For this purpose a recombinant vac-
cinia virus system (details given in MATERIALS AND
METHODS) was used on account of the ease with
which the rab11 proteins could be overexpressed in
combination with various transport markers. Further-
more, the contribution of secondary effects is mini-
mized in this system because of the narrow time frame
during which overexpression occurs.

BHK cells were infected and transfected as detailed
in MATERIALS AND METHODS to induce the ex-
pression of VSV G protein alone or in combination
with the rab11S25N mutant protein. The kinetics of
radiolabeled VSV G protein transport to the cell sur-
face was scored by cell surface biotinylation. VSV G
protein was quantitatively immunoprecipitated after
various chase periods, and the fraction of VSV G pro-
tein disposed at the cell surface was quantified by
retrieval using streptavidin agarose. In the absence of
mutant rab11S25N expression, VSV G protein was
detected at the cell surface within a 30-min chase
period and increased steadily for up to 120 min (Fig-
ure 4A). After 120 min all of the labeled VSV G protein
had reached the cell surface (Figure 4C, diamonds).
However, when rab11S25N mutant was expressed in
combination with the VSV G protein marker, there
was a noticeable decrease in the cell surface delivery at
all time points (Figure 4B). After a 120-min chase
period only about half of the total VSV G protein had
reached the cell surface (Figure 4C, squares). Triplicate
samples revealed that expression of the dominant neg-
ative rab11S25N mutant reproducibly decreased cell
surface transport of VSV G protein by approximately

twofold at the 120-min time point (Figure 5). As ex-
pected, overexpression of either wild-type rab11 or
activating mutant rab11Q70L had no such inhibitory
effect (Figure 5). The observed reduction in transport
is consistent with other studies in mammalian sys-
tems, in which dominant negative mutant rab proteins
generally decreased the efficiency of affected mem-
brane transport steps between 50 and 66% (Bucci et al.,
1992; Feng et al., 1995).

Figure 4. The kinetics of VSV G protein cell surface delivery is
markedly altered by overexpression of the dominant negative
rab11S25N mutant. Rab11S25N was coexpressed with VSV G pro-
tein in BHK cells. At 5 h after transfection, cells were metabolically
labeled for 10 min at 37°C and subsequently incubated for various
chase times (0–120 min). The kinetics of cell surface delivery was
monitored by biotinylation at 4°C. Biotinylated (cell surface) and
total cellular VSV G fractions were prepared, analyzed by SDS-
PAGE, and quantified with a Fuji Bioimager. Quantitation of VSV G
protein cell surface appearance in mock-treated control cells (A) and
cells overexpressing rab11S25N mutant (B) is shown in C. (A and B)
Left panels, quantitative immunoprecipitation of total VSV G pro-
tein from cell lysates after different chase periods using mouse mAb
P5D4 (Note that there are two unidentified background bands in the
bottom 30-min lane); right panels, cell surface, biotinylated VSV G
protein recovered using streptavidin-Sepharose after different chase
periods. Representative data from one of three independent trials
are shown.
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Overexpressed Mutant Rab11S25N Selectively
Interferes with Exocytic Transport along the
Basolateral Cognate Pathway
Influenza HA is a second model plasma membrane pro-
tein that has been used to follow cell surface transport in
both polarized and nonpolarized cells (Rodriguez-
Boulan and Pendergast, 1980; Yoshimori et al., 1996). A
key distinction between the two proteins is engendered
by the fact that VSV G protein is basolaterally targeted,
whereas influenza HA is apically targeted in polarized
cells. Recently, it has been shown that the requirements
for VSV G protein and influenza HA cell surface trans-
port are distinct in both polarized and nonpolarized cells
(Ikonen et al., 1995; Yoshimori et al., 1996). In particular,
the delivery of influenza HA was suggested to occur
independent of the targeting and fusion machinery in-
volving rab proteins, NEM-sensitive factor, and
SNAREs. On the other hand, VSV G protein transport to
the cell surface was critically dependent on these acces-
sory factors. Therefore, the cell surface delivery of influ-
enza HA was analyzed to test whether the inhibitory
effect of mutant rab11S25N protein overexpression on
cell surface transport was limited to specific pathways or
whether the inhibition reflected a more general and per-
haps less specific effect of the overexpressed protein.

The infection–transfection scheme was used to ex-
press influenza HA (derived from FPV Rostock) to-

gether with or without mutant rab11S25N protein. The
newly synthesized influenza HA was metabolically
labeled for a short period, and the progress of its cell
surface transport was monitored by cell surface bioti-
nylation. FPV HA is initially synthesized as a single
precursor (HA0), which is cleaved in the TGN to a
disulfide-linked product composed of the membrane-
spanning HA2 and the ectoplasmic HA1 (Stieneke-
Gröber et al., 1992). Within a 30- to 60-min chase
period cleavage of influenza HA was maximal (Figure
6A), and within a 60- to 90-min chase period this
cleaved HA were found at the cell surface (Figure 6B).

The overall kinetics of influenza HA delivery to the
cell surface was identical in mock-transfected cells and
those transfected with mutant rab11S25N (Figure 6, A
and B). Overexpression of mutant rab11S25N protein
in the transfected cell lysates was confirmed by im-
munoblot analysis using actin levels as a control for
equal protein loading (Figure 6C). The anti-rab11 an-
tibody was diluted for optimal detection of the over-
expressed protein, which precluded the detection of
endogenous rab11 protein in the mock-transfected
samples. These data showed that the mutant
rab11S25N protein had no deleterious effect on influ-
enza HA exocytosis.

Rab11 Is Selectively Released from Membranes by
Overexpressed GDI
To further exclude the possibility that the dominant
rab11S25N mutant might exert pleiotropic effects on
membrane transport, it was of interest to modulate
rab11 function by a different means and to reexamine
the consequences for VSV G export from the TGN.
Overexpression of GDI can be used to alter the mem-
brane association of rab proteins and thereby affect
their function. Excess GDI added in vitro has been
demonstrated to release GDP-bound rab proteins
from membranes by forming a soluble complex (Dirac-
Svejstrup et al., 1994; Peter et al., 1994; Ullrich et al.,
1994). Excess GDI causes a marked inhibition in mem-
brane transport most likely because rebinding of rab
proteins to membranes is extremely inefficient under
these conditions. Soluble GDI-rab protein complexes
exist in the cytosol of cells normally (Yang et al., 1994),
but in the absence of excess GDI most rab proteins
exist predominantly in the membrane-bound state
(Ullrich et al., 1993).

The canine isoforms of GDI-1 and GDI-2 (for details
on how these were cloned, see MATERIALS AND
METHODS) were modestly overexpressed, and the
distribution of individual exocytic rab proteins in
membrane and cytosolic fractions was analyzed by
immunoblot analysis (Figure 7). In mock-transfected
cells all of the rab proteins examined were exclusively
membrane bound. Overexpression of either GDI-1 or
GDI-2 resulted in a modest increase in cytosolic levels

Figure 5. Cell surface delivery of VSV G protein is reduced in cells
expressing the dominant negative rab11S25N mutant. BHK cells
were transfected with VSV G together with wild-type (wt) rab11,
rab11Q70L, or rab11S25N. At 5 h after transfection, cells were met-
abolically labeled for 10 min. After a chase period of 120 min, cell
surface delivery of the VSV G protein was monitored by surface
biotinylation as described in MATERIALS AND METHODS. Each
column represents the mean 6 SEM of triplicate samples from one
of three independent experiments.
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of rab2, a protein involved in ER-to-Golgi transport.
Under the same conditions the membrane association
of rab8, a rab protein previously shown to be required
for TGN cell surface transport of VSV G (Peränen et al.,
1996), was completely unaltered by either GDI iso-
form. In contrast, overexpression of both GDI isoforms
was found to have a very significant impact on the
membrane association of rab11, causing it to become
largely cytosolic.

The observation that individual rab proteins are
differentially sensitive to extraction by GDI in vivo is
a novel one. Sensitivity to extraction by GDI hinges on
the rab protein being in its GDP-bound form. Our
results are consistent with the possibility that individ-
ual rab proteins vary in their GDP- versus GTP-bound
ratios. Support for this suggestion was drawn from
comparisons of the fraction of rab11 or rab8 in the two
nucleotide-bound states in vivo. Cells were radiola-
beled with [32P]orthophosphate, and subsequently
rab8 and rab11 were immunoprecipitated from cell
lysates. The bound nucleotides were resolved by thin-
layer chromatography and identified by comparisons
with standards. Quantitative analysis using a Fuji Bio-
imager revealed that a significant fraction (68%) of
rab11 was present in the GDP-bound form, whereas

Figure 6. Exocytosis of influenza HA is unaffected by overexpres-
sion of the dominant negative rab11S25N mutant. Rab11S25N was
coexpressed with influenza HA in BHK cells. At 5 h after transfec-
tion, cells were metabolically labeled for 10 min at 37°C and subse-
quently incubated for various chase times (0–120 min). Cell surface
biotinylation and immunoprecipitation were performed as de-
scribed in MATERIALS AND METHODS. (A) Quantitation of the

Figure 7. Distribution of rab2, rab8, and rab11 between cytosol
and total membrane fractions after GDI overexpression. VSV G
epitope-tagged GDI-1 or GDI-2 proteins were overexpressed in
BHK cells; 6 h after transfection, the cells were homogenized, and
cytosol and total membrane fractions were prepared. Cytosol (C)
and total membrane (M) fractions were resolved by SDS-PAGE. The
proteins were transferred to polyvinylidene difluoride membranes,
and blots were probed individually with antibodies against rab2,
rab8, or rab11. An HRP-conjugated secondary antibody was used to
detect the immune complexes by chemiluminescence.

Figure 6 (cont). kinetics of FPV HA cleavage as a measure of
transport through the TGN. (B) Quantitation of influenza HA cell
surface appearance in cells overexpressing rab11S25N compared
with mock-treated control cells. (C) Detection of rab11 in transfected
cell lysates by immunoblotting with actin serving as a control for
protein loading.
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rab8 was significantly more enriched in the GTP-
bound state (91%).

TGN–to–Cell Surface Transport Is Particularly
Sensitive to Overexpressed GDI
Knowing that GDI overexpression selectively per-
turbed the membrane association of wild-type rab11,
we next examined its consequences on the exocytosis
of VSV G protein. For this series of experiments we
used the temperature sensitive variant VSV G tsO45
protein as the transport marker, because it permits the
analysis of a synchronous wave of molecules in tran-
sit. At the nonpermissive temperature of 39°C the VSV
G tsO45 protein is synthesized but fails to exit the
endoplasmic reticulum. Subsequent transfer of cells to
permissive temperature (31°C) initiates the synchro-
nous transport of the viral proteins through the Golgi
and on to the cell surface. Cell surface delivery of VSV
G tsO45 protein was again monitored by biotinylation.
Overall cell surface transport of VSV G tsO45 upon
overexpression of either GDI isoform was markedly
inhibited relative to control cells, such that after a
120-min chase period only 40% of the total VSV G
protein was detected at the cell surface (Figure 8A,
squares and triangles).

Diagnostic assays for individual transport events
were used in an effort to pinpoint the membrane trans-
port step(s) affected by the overexpression of GDI. The
impact of the GDI isoforms on export from the TGN
was assessed using a similar experimental outline as
above, except that transfer to permissive temperature
was preceded by a 1-h incubation at 20°C (Matlin and
Simons, 1983). Under these conditions the VSV G
tsO45 protein can exit the ER and traverse the Golgi
stacks but accumulates in the TGN (Hughson et al.,
1988). Immediately after incubation at 20°C the cells
were shifted to permissive temperature to allow cell
surface delivery of the accumulated VSV G protein.
There was approximately a twofold decrease in the
cell surface delivery of VSV G protein when either
GDI isoform was overexpressed (Figure 8B). The effect
was the same even when the accumulation of any new
VSV G protein or GDI was inhibited by the addition of
cycloheximide during the chase period (our unpub-
lished results). The reduced total surface delivery of
VSV G protein after release of the 20°C transport block
can be explained by the fact that only half of the
protein reached the Golgi during the 20°C incubation
as determined by the acquisition of endo-b-N-acetyl-
glucosaminidase H resistance (our unpublished re-
sults). It was notable that the magnitude of the inhib-
itory effect of GDI overexpression on TGN–to–plasma
membrane transport was in the same range as the
overall inhibitory effect of GDI overexpression on exo-
cytosis (Figure 8A) and the inhibitory effect by over-
expression of rab11S25N mutant (Figures 4 and 5).

Figure 8. TGN–to– cell surface transport of VSV G tsO45 protein
is inhibited by overexpression of either GDI isoform. GDI-1 and
GDI-2 tagged with a VSV G epitope were coexpressed with the
temperature-sensitive VSV G tsO45 protein in BHK cells. This
enabled the simultaneous monitoring of both overexpressed pro-
teins. Transfected cells were maintained and metabolically la-
beled (10 min, 5 h after transfection) at nonpermissive tempera-
ture (39°C). Cell surface transport of VSV G tsO45 protein was
induced by transfer to permissive temperature (31°C) for various
chase times (0 –120 min). (A) The cell surface delivery of the VSV
G protein as a function of time was monitored by surface bioti-
nylation as described in MATERIALS AND METHODS. Repre-
sentative data from one of three independent experiments is
shown. (B) TGN–to– cell surface transport of VSV G tsO45 pro-
teins was monitored by transferring transfected cells from 39 to
20°C for 1 h to accumulate VSV G in the TGN and subsequently
transferring them to 31°C for 1 h. Cell surface delivery was
quantified by biotinylation as described in MATERIALS AND
METHODS. Each column represents the mean 6 SEM of tripli-
cate samples from one of two independent experiments.
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Overexpressed GDI did not impair the cell surface
delivery or the cleavage kinetics of influenza HA, in
correspondence with the results obtained when mu-
tant rab11S25N was overexpressed (our unpublished
results).

The acquisition of endo-b-N-acetylglucosaminidase
H resistance was used to monitor the transport kinet-
ics from the ER to the medial Golgi. Several indepen-
dent trials revealed no inhibitory effect of either GDI
isoform on export of VSV G or influenza HA from the
ER (our unpublished results). This is actually not sur-
prising, because neither GDI isoform could extract a
significant amount of rab2 from membranes (Figure
6). In each trial the amount of GDI overexpressed was
carefully monitored and found to be in the range of
2–5 mM (our unpublished results), which is two- to
fivefold above endogenous levels (Ullrich et al., 1993).
These data suggest that overexpression of GDI caused
a specific block in transport between the TGN and the
plasma membrane affecting selected transport mark-
ers, this inhibitory effect being most likely caused by
extracting rab11 from membranes.

Active Forms of Rab11 Can Reverse the Inhibitory
Effect of Excess GDI on Exocytic Transport
The data presented in the previous sections are con-
sistent with the idea that limited overexpression of
GDI results in the sequestration of a single critical rab
protein, namely rab11, which in turn is sufficient to
significantly inhibit TGN–to–cell surface transport. To
address this directly we tested whether the simulta-
neous overexpression of rab11 would reverse the
transport inhibition. Cell surface delivery of VSV G
protein was examined while simultaneously overex-
pressing GDI-2 and various forms of rab11 or rab8
(Figure 9). Overexpression of GDI-2 alone inhibited
surface delivery of VSV G protein, as before (Figure 8).
Coexpression of wild-type rab8 failed to relieve the
inhibitory effect of GDI-2, as did the dominant nega-
tive rab11S25N mutant. In marked contrast, coexpres-
sion of GDI-2 with either wild-type rab11 or the acti-
vating rab11Q70L mutant fully restored surface
delivery of VSV G protein to normal levels. Overex-
pression of the rab proteins was confirmed in each
case by immunoblot analysis (our unpublished re-
sults). This dramatic rescue offered strong support for
the experimental premise that overexpressed GDI in-
hibited exocytosis by sequestering rab11. Therefore,
by two independent means rab11 was shown to be
required for efficient exocytic transport of selected
markers from the TGN.

DISCUSSION

We have shown that a dominant negative mutant
form of rab11 (rab11S25N) is preferentially associated

with the TGN. In contrast, wild-type rab11 is much
more prevalent on transferrin receptor–positive endo-
somes. Cells expressing rab11S25N also manifested a
twofold reduction in the cell surface transport of VSV
G protein, resulting in Golgi accumulation of the VSV
G protein. Modest overexpression of GDI caused a
similar reduction in TGN–to–cell surface transport of
VSV G protein and accumulation of VSV G in the
Golgi (our unpublished results). We could show that
this was correlated with the specific depletion of rab11
from the membrane fraction. Other exocytic rab pro-
teins and transport steps such as ER-to-Golgi and
intra-Golgi transport were relatively unaffected by
modest GDI overexpression. The inhibitory effect of
excess GDI could be compensated by coexpression of
wild-type rab11 but not by the dominant negative
rab11S25N or wild-type rab8. Influenza HA, which
follows an alternative route, served as a control and
was unaffected by either mutant rab11S25N or GDI
overexpression (our unpublished results). Two differ-
ent GDI isoforms were used and found to be function-
ally indistinguishable in all aspects tested. On the
basis of these results a number of conclusions can be
drawn regarding the potential role of rab11 in exocy-
tosis and GDI function.

Figure 9. The inhibition of cell surface delivery of VSV G tsO45
protein by GDI-2 overexpression can be relieved by coexpression
of wild-type rab11 but not wild-type rab8. BHK cells were trans-
fected with the VSV G tsO45 plasmid (0.3 mg/35-mm dish) and
GDI-2 epitope tagged with VSV G plasmid (0.6 mg/35-mm dish)
together with wild-type (wt) rab8, rab11S25N, wild-type (wt)
rab11, or rab11Q70L (0.3 mg/35-mm dish). At 5 h after transfec-
tion, cells were metabolically labeled for 10 min and then sub-
jected to a 90-min chase period. The cell surface delivery of the
VSV G tsO45 protein was monitored by surface biotinylation as
described in MATERIALS AND METHODS. Each column repre-
sents the mean 6 SEM of triplicate samples from one of three
independent experiments.
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Rab11 Function in Constitutive Exocytosis
Mutations affecting the nucleotide binding or hydro-
lysis of small GTPases can influence both their mem-
brane localization and transport functions. Careful
analysis of the phenotypic changes brought about by
individual mutant GTPases has offered clues regard-
ing GTPase function. For example, large, swollen early
endosomes were shown to result from the expression
of rab5Q79L, a mutant deficient in GTP hydrolysis
(Stenmark et al., 1994). This provided the first evidence
that GTP hydrolysis was not a prerequisite for rab
protein function in membrane fusion events. Wild-
type ARF6 has been found uniformly associated with
both the plasma membrane and endosomes, whereas
two mutant forms were found preferentially associ-
ated with one or the other of the two membranes
(D’Souza-Schorey et al., 1998). The activated mutant
form, ARF6(Q67L), was primarily detected on the
plasma membrane, whereas the dominant negative
mutant form, ARF6(T27N), was principally present on
perinuclear, endocytic vesicles. Extrapolating from
these data and observed alterations in transferrin re-
cycling, ARF6 was proposed to function in endocytic
recycling to the plasma membrane (D’Souza-Schorey
et al., 1998). In the case of rab11, localization studies
have detected it on a variety of subcellular mem-
branes, including the Golgi, endosomes, and vesicles
of both endocytic and exocytic origins. The striking
restriction of the dominant negative rab11S25N mu-
tant protein to the TGN shown in this study hints that
the TGN might serve as a site of rab11 recruitment and
activation. The lack of activated rab11 on the TGN was
associated with an inhibition in export of VSV G pro-
tein but not influenza HA from the TGN. Taken to-
gether these data suggest a possible role for rab11 in
the budding of a subset of TGN vesicles. Although rab
proteins have been primarily associated with vesicle-
targeting functions, there are a number of examples in
which the rab proteins have been suggested to influ-
ence vesicle budding (Plutner et al., 1991; Riederer et
al., 1994; Jedd et al., 1995, 1997). Perhaps the most
compelling evidence derives from in vitro assays
showing a direct role for rab5 in coated vesicle forma-
tion at the plasma membrane (McLauchlan et al.,
1998). Rab5 has also been demonstrated to control the
fusion of clathrin-coated vesicles with endosomes as
well as the homotypic fusion of early endosomes (Gor-
vel et al., 1991). Using rab5 as a paradigm, it is inter-
esting to consider that vesicle budding and targeting
are coordinately regulated.

Our studies made use of the same rab11 mutants
used in the study of transferrin recycling (Ullrich et al.,
1996; Ren et al., 1998). The inhibitory effect exerted by
the rab11S25N mutant on exocytosis was at least as
dramatic as its inhibitory effect on transferrin receptor
recycling. To reconcile these findings, at least two

scenarios can be envisioned. In one case rab11 is seen
to control exit from the Golgi directly, perhaps by
regulating Golgi vesicle budding as discussed above.
A proposed function for rab11 in regulating exit from
the Golgi would place it upstream of rab8, which has
been observed on post-Golgi exocytic vesicles (Huber
et al., 1993). Rab8 has also been shown to mediate
post-Golgi vesicle interaction with the cytoskeleton
and subsequent delivery to the plasma membrane
(Peränen et al., 1996). Again this would be consistent
with our finding that excess rab8 could not bypass the
requirement for rab11 under circumstances in which
rab11 was sequestered by excess GDI. In this sense
rab8 would fulfill distal targeting functions very sim-
ilar to those ascribed to its yeast counterpart Sec4p
(Walch-Solimena et al., 1997). The functional require-
ment for rab11 in transferrin receptor recycling would
be an expected outcome if the targeting of components
essential for the membrane recycling pathway were
also mediated by rab11.

It is interesting to consider the alternative possibility
that rab11 regulates flux through the recycling endo-
some originating from both the endocytic and exocytic
pathways. There is growing precedence for the trans-
port of a fraction of newly synthesized molecules
through endosomes en route to the cell surface. For
example, transferrin receptor, asialoglycoprotein re-
ceptor H1, and the Semliki Forest virus p62 precursor
are all examples of basolaterally directed proteins
with clathrin-coated pit localization signals, which
have been shown to reach the cell surface after pas-
sage through endosomes (Futter et al., 1995; Leitinger
et al., 1995; Sariola et al., 1995). Variable fractions of
these molecules were reported to contact endosomes
en route to the surface. In the case of transferrin re-
ceptor only 15–20% of the newly synthesized mole-
cules cofractionated with endosomes (Futter et al.,
1995). Using coimmunoisolation with resident endo-
somal markers or contact with internalized antibody,
60–80% of newly synthesized asialoglycoprotein H1
or Semliki forest virus p62 were scored as passing
through endosomes, respectively (Leitinger et al., 1995;
Sariola et al., 1995). In epithelia, VSV G protein is a
basolaterally targeted protein with a classical tyrosine-
coated pit internalization motif; by analogy this would
make it an excellent candidate for an endosomal-based
sorting pathway to the cell surface. Rab11S25N inhib-
ited cell surface transport of VSV G protein by 40–
50%. This might reflect the fraction of VSV G protein
traversing endosomes en route to the cell surface,
whereas the remainder follows a direct, rab11-inde-
pendent, and perhaps rab8-dependent route to the
surface. This would also be consistent with our obser-
vation that wild-type rab8 failed to rescue the trans-
port inhibition induced when rab11 was sequestered
by GDI and the observation by Peränen et al. (1996)
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that a dominant mutant form of rab8 impaired VSV G
transport to the cell surface by only 30%.

The fact that the mutant rab11S25N protein had no
effect on the exocytosis of a second plasma membrane
marker (influenza HA) is also in accordance with such
a model. In epithelial cells influenza HA is targeted to
the apical cell surface (Rodriguez-Boulan and Pender-
gast, 1980). Transport to this domain is mediated by a
distinct class of vesicles with different targeting and
fusion requirements compared with those destined for
the basolateral surface (Wandinger-Ness et al., 1990;
Ikonen et al., 1995). Rab8, for example, was not found
to be involved in influenza HA transport (Huber et al.,
1993). Two independent routes for cell surface trans-
port have also been suggested to exist in nonpolarized
cells (Yoshimori et al., 1996). Influenza HA sorting has
been linked to the formation of glycolipid rafts, which
often include glycosylphosphatidylinositol-anchored
proteins. Interestingly, the glycosylphosphatidylinosi-
tol-anchored protein alkaline phosphatase did not
traffic through endosomes en route to the plasma
membrane (Futter et al., 1995). The cumulative data
suggest that constitutive transport to the cell surface
may occur via several routes. Apical markers and
basolateral markers may be delivered directly from
the TGN to the cell surface via distinct carrier vesicles.
In addition, basolateral molecules may traffic through
endosomes and, thereby, depend partially on rab11
function.

Two yeast homologues of rab11 were originally iso-
lated in a suppresser screen to identify further regu-
lators of ER-to-Golgi transport (Benli et al., 1996; Jedd
et al., 1997). Deletion of both Ypt31 and Ypt32 caused
newly synthesized proteins to accumulate in the trans-
Golgi, lending support to the suggested role for these
proteins in Golgi vesicle budding (Jedd et al., 1997).
This is analogous to what we observed for VSV G
protein when mutant rab11S25N protein was ex-
pressed. At present it is unknown whether Ypt31p and
Ypt32p have any role in endocytosis. Furthermore,
expression of the human wild-type rab11 gene under
the control of the inducible Gal10 promoter did not
affect the growth of a ypt31null/ypt32A141D mutant
in yeast (Segev, personal communication). Therefore,
although there are parallels between the yeast and
mammalian homologues, functional specialization of
these proteins in the two systems remains a distinct
possibility. This suggestion is further supported by the
fact that Ypt31p and Ypt32p are functionally redun-
dant in yeast. In mammalian systems a second iso-
form, termed rab11B, is enriched in brain (Lai et al.,
1994). The stingray homologue of rab11B (Ora3) was
found on axonal synaptic vesicles, whereas the origi-
nal isolate (now also designated rab11A) was found
restricted to dendrites (Ngsee et al., 1991; Volknandt et
al., 1993; Sheehan et al., 1996). This would suggest that
at least in neurons the two isoforms have distinct

distributions and likely different functions. Because
rab11A is ubiquitously expressed in all mammalian
cell types, functional analyses of rab11 (including our
study) have centered on this isoform, but clearly the
functional specialization of rab11 in polarized cells
will be of significant interest.

Rab11 as a Select Target of GDI In Vivo
It is of interest to consider what causes rab11 to be a
select target of GDI among the rab proteins analyzed.
It is possible that the specific sequestration of rab11 by
GDI in vivo is reflective of a higher affinity for rab11
compared with other rab proteins. Because GDI-bind-
ing constants have been determined for only a limited
number of rab proteins, this cannot be conclusively
evaluated. However, available data on the GDI-bind-
ing constants for rab3A and rab9 show these to be on
the same order of magnitude (Shapiro and Pfeffer,
1995; Schalk et al., 1996), and no difference was ob-
served between the binding constants for rab5 and
rab6 (Possmayer and Goud, personal communication).
Furthermore, GDP dissociation from rab11 was af-
fected in a dose-dependent manner by GDI over a
similar concentration range as rab3A, suggesting that
the binding constants of these two rab proteins are
also on the same order of magnitude (Sakurada et al.,
1991; Nishimura et al., 1994). If differences in affinity
prove to be minimal, as suggested by these examples,
then differences in the GDP-bound concentrations of
individual rab proteins could offer an alternative ex-
planation for the observed selectivity of GDI in vivo.

The relative nucleotide-bound state (GTP or GDP
bound) of a given membrane-bound rab protein is
governed by its nucleotide exchange and hydrolysis
rates. The rab guanine nucleotide exchange factors
and GTPase-activating proteins, which contribute to
the regulation of these rates, appear to be specific for
individual rab family members (Novick and Zerial,
1997). In addition, the intrinsic nucleotide exchange
and hydrolysis rates for individual rab proteins varies
quite dramatically (Zerial and Huber, 1995). There-
fore, it is plausible that rab11 remains a sensitive tar-
get, because it has a longer residency in the GDP-
bound state relative to other rab proteins. To test this
possibility we compared the in vivo nucleotide-bound
states of two rab proteins, which we observed to have
significantly different sensitivities to increased GDI
levels. Rab8, which was insensitive to GDI, was pref-
erentially recovered from labeled cell extracts in the
GTP-bound state. Under the same circumstances
rab11 was preferentially in the GDP-bound state. A
longer residency in the GDP-bound state could be
brought about by a slower rate of guanine nucleotide
exchange, lack of stabilization in the GTP-bound form
by a suitable effector, or a rapid GTPase-activating
protein–stimulated GTP hydrolysis rate. In this re-

A Role for rab11 in Exocytic Transport

Vol. 9, November 1998 3253



spect it is interesting to note that rab5, which has a
high intrinsic GTPase activity and rapidly cycles be-
tween the GTP and GDP-bound form on membranes
(Rybin et al., 1996), is relatively insensitive to release
by GDI under our assay conditions (our unpublished
results). In contrast, both rab7 and rab11 have signif-
icantly slower intrinsic GTPase activities (Urbé and
Parton, 1995; Simon et al., 1996), yet both are sensitive
to release from membranes by excess GDI (our unpub-
lished results). Taken together, the data hint that the
factors involved in stable membrane recruitment, in-
cluding GDI displacement factor and guanine nucle-
otide exchange factor, may be the most critical in
dictating the GDP-/GTP-bound ratio of an individual
rab protein.

The observation that the inhibition of VSV G exocy-
tosis caused by excess GDI could be overcome by
overexpression of active forms of rab11 (wild-type
rab11 and rab11Q70L) and not by the dominant neg-
ative form (rab11S25N) argues for specificity. It sug-
gests that the delivery of sufficient functional rab11 to
membranes is a critical parameter in relieving the
transport inhibition. The dominant negative
rab11S25N protein binds GDP preferentially, and even
though it was clearly detected on membranes (see
Figures 1–3), it failed to restore efficient transport. The
fact that functional rab11 was all that was required to
restore transport argued strongly that the observed
transport inhibition was not caused by a pleiotropic
effect of GDI. Excess wild-type rab8 was ineffective in
restoring transport to normal levels, presumably be-
cause it functions in a different transport step (possi-
bilities described above) and, therefore, could not sub-
stitute for a rab11 deficiency on membranes.

Excess GDI has been shown to block both ER-to-
Golgi and intra-Golgi transport events in vitro (Elazar
et al., 1994; Peter et al., 1994). Our finding that excess
GDI had relatively little effect on these transport steps
in vivo is not necessarily contradictory. In both assay
systems, excess GDI is present, which shifts the equi-
librium to favor GDP-bound rab protein release from
membranes. In vitro, limiting amounts of GTP may
result in the accumulation of rab proteins in their
GDP-bound conformations, thereby making them sen-
sitive to GDI-mediated release. Once released, the
large volume of most in vitro reactions, relative to the
cytosolic volume of an intact cell, may also come into
play. The large fold dilution of released rab–GDI com-
plexes makes the likelihood of membrane rebinding
and rab protein recruitment into the active state very
low. In contrast, the abundance of GTP in vivo and the
relatively constant cytosolic volume allow for the con-
tinuous recruitment of rab proteins into their GTP-
bound forms on membranes. Consequently, differ-
ences in the nucleotide-bound status of ER- and Golgi-
specific rab proteins are likely to exist under the two
circumstances and may account for the observed dif-

ferences between the in vitro and in vivo assay sys-
tems.

Function of Multiple GDI Isoforms
Several GDI isoforms have been identified in mamma-
lian systems; however, the function of individual iso-
forms remains unclear (Nishimura et al., 1994; Shi-
sheva et al., 1994b; Janoueix-Lerosey et al., 1995). Our
data support the view that there are at least three
distinct GDI isoforms (Janoueix-Lerosey et al., 1995;
Pfeffer et al., 1995). Yeast (Saccharomyces cerevisiae) en-
codes only one GDI (Gdi1p), and it has been shown to
be an essential gene product (Garrett et al., 1994). A
variety of explanations have been put forward for the
existence of multiple mammalian isoforms. The obser-
vation that the GDI-1 and GDI-2 isoforms were differ-
entially expressed in some cells and bound rab pro-
teins in accordance with their cell type abundance led
to the postulate that multiple isoforms might function
in a tissue-specific manner (Bachner et al., 1995). How-
ever, because these two isoforms were clearly not
mutually exclusive in their expression profiles, this
appeared not to be the complete explanation (Shisheva
et al., 1994b; Yang et al., 1994). It was observed that the
mouse GDI-1 and GDI-2 isoforms exhibited overlap-
ping but distinct subcellular distributions, and a sug-
gestion was put forward that this difference might
contribute to differences in function (Shisheva et al.,
1994a, 1995).

The results reported here provide no evidence for
functional distinctions between GDI-1 and GDI-2 in
the regulation of exocytic rab proteins on the basis of
their localization. The canine GDI-1 and GDI-2 iso-
forms exhibited the same differences in membrane
localization (our unpublished results) described pre-
viously for the mouse homologues (Shisheva et al.,
1995), yet both isoforms inhibited late exocytic mem-
brane transport to a similar extent. In addition, both
isoforms exhibited the same capacity for dissociating
various rab proteins from membranes in vivo. Rab8
was not dissociated by either isoform, whereas rab11
was dissociated to a significant extent. This is perhaps
not surprising, because the two GDI proteins dis-
played an absolute conservation of their rab protein
binding domains (Schalk et al., 1996).

Summary
Our data point to an essential function for rab11 in the
export of selected molecules from the Golgi, which has
not been characterized previously. Rab11 was also
revealed as a sensitive target for membrane dissocia-
tion in the presence of excess GDI. This is most likely
attributed to the longevity of the protein in its GDP-
bound form in vivo. Consequently, we would predict
that the transport step regulated by rab11 is an impor-
tant rate-limiting step in intracellular membrane traf-
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fic, because active transport depends on the GTP-
bound status of the protein at equilibrium.
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