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GTPases of the Ypt/Rab family play a key role in the regulation of vesicular transport. Their ability to cycle
between the GTP- and the GDP-bound forms is thought to be crucial for their function. Conversion from the
GTP- to the GDP-bound form is achieved by a weak endogenous GTPase activity, which can be stimulated by
a GTPase-activating protein (GAP). Current models suggest that GTP hydrolysis and GAP activity are
essential for vesicle fusion with the acceptor compartment or for timing membrane fusion. To test this idea, we
inactivated the GTPase activity of Ypt1p by using the Q67L mutation, which targets a conserved residue that
helps catalyze GTP hydrolysis in Ras. We demonstrate that the mutant Ypt1-Q67L protein is severely impaired
in its ability to hydrolyze GTP both in the absence and in the presence of GAP and consequently is restricted
mostly to the GTP-bound form. Surprisingly, a strain with ypt1-Q67L as the only YPT1 gene in the cell has no
observable growth phenotypes at temperatures ranging from 14 to 37°C. In addition, these mutant cells exhibit
normal rates of secretion and normal membrane morphology as determined by electron microscopy. Further-
more, the ypt1-Q67L allele does not exhibit dominant phenotypes in cell growth and secretion when overex-
pressed. Together, these results lead us to suggest that, contrary to current models for Ypt/Rab function, GTP
hydrolysis is not essential either for Ypt1p-mediated vesicular transport or as a timer to turn off Ypt1p-
mediated membrane fusion but only for recycling of Ypt1p between compartments. Finally, the ypt1-Q67L
allele, like the wild type, is inhibited by dominant nucleotide-free YPT1 mutations. Such mutations are thought
to exert their dominant phenotype by sequestration of the guanine nucleotide exchange factor (GNEF). These
results suggest that the function of Ypt1p in vesicular transport requires not only the GTP-bound form of the
protein but also the interaction of Ypt1p with its GNEF.

The movement of proteins through the secretory pathway
involves their orderly progression through a series of membra-
nous compartments (66). Transport between successive secre-
tory compartments appears to be mediated by vesicles that bud
from one compartment and fuse with the next (60, 77).
Progress has been made in the past few years in our under-
standing of the vesicle machinery and the mechanisms regu-
lating the directionality and specificity of vesicle targeting and
fusion. Over the last 10 years, the Ypt/Rab family of small
GTPases has been shown to play an important role in vesicular
trafficking in both yeast and mammalian cells (22, 63, 109). It
has been suggested that these proteins act at the different steps
of the secretory pathway to ensure the fidelity of vesicular
targeting (10, 49, 88, 90). However, the specific mechanism by
which Ypt/Rab proteins regulate vesicular trafficking is still
unknown.

The ability of Ypt/Rab proteins to cycle between GTP- and
GDP-bound forms is thought to be crucial for their function
(11, 28, 60, 67). Conversion from the GDP- to the GTP-bound
form is achieved by nucleotide exchange, while the shift from
the GTP- to the GDP-bound form is accomplished by the
endogenous GTPase activity of these proteins. Most GTP-
binding proteins have slow intrinsic rates of GTP hydrolysis
and nucleotide exchange and thus require accessory factors to
stimulate these reactions. Factors that stimulate guanine nu-
cleotide exchange (guanine nucleotide exchange factor
[GNEF]) (17, 18, 100, 102) and GTP hydrolysis (GTPase-

activating protein [GAP]) (16, 17, 25, 40, 94, 95, 99, 108) have
been identified for Rab proteins, but their role in vesicular
transport is not clear. In addition, a protein that inhibits GDP
dissociation (GDI) has also been identified as a Rab accessory
factor. GDI is believed to be involved in recycling of Rab
proteins, in their GDP-bound form, between membranes after
each round of vesicle fusion (4, 91). Finally, GDI displacement
factor (20) has been recently suggested to have a role in Ypt/
Rab protein recruitment to the membrane.

The following hypothesis has been advanced to explain how
guanine nucleotide exchange and hydrolysis regulate the func-
tion of Ypt/Rab proteins: (i) nucleotide exchange stimulated
by GNEF is coupled to membrane localization of Rab proteins
to the donor (or vesicle) compartment; and (ii) GTP hydroly-
sis, stimulated by GAP, is important for vesicle fusion with the
acceptor compartment (28, 60). At present, there is little evi-
dence for the second part of this hypothesis. A recent alterna-
tive suggestion for the role of GTP hydrolysis proposes that the
GTPase activity is not required for Ypt/Rab-mediated mem-
brane fusion but rather acts as a timer for this fusion (78).
These two alternative models for the role of GTP hydrolysis
have arisen from two lines of investigation: the cloning and
disruption of GAP genes (see below), and the use of mutations
in Ypt/Rab proteins that impair GTP hydrolysis (see Discus-
sion). Our results do not support either of these views but
rather suggest a different model in which the GTPase activity
of Ypt/Rab proteins is not essential for membrane fusion or its
timing but may be required for the recycling of these proteins
between compartments.

If the GTPase activity of Ypt/Rab proteins is not crucial for
their function, the GAP factors that regulate GTP hydrolysis
are also not likely to be essential for Ypt/Rab function. While

* Corresponding author. Mailing address: Department of Pharma-
cological and Physiological Sciences, The University of Chicago, 947
East 58th St., Box 271, Chicago, IL 60637. Phone: (773) 702-3526. Fax:
(773) 702-3774. E-mail: ns15@midway.uchicago.edu.

827



factors that regulate GTP hydrolysis for Ras and Rho have
been identified and characterized (for a review, see reference
54), comparatively little is known about GAPs for Ypt/Rab
GTPases. GAP activity was detected in mammalian and yeast
cell extracts by using different Ypt/Rab proteins, including
Ypt1p and Sec4p (16, 17, 40, 95). In the yeast Saccharomyces
cerevisiae, Gyp6p and Gyp7p are GAPs that act on Ypt6p and
Ypt7p, respectively (94, 99). Ypt6p is suggested to function in
vacuolar protein sorting (94) or transport within the Golgi
complex (48), and Ypt7p functions in endocytosis and homo-
typic vacuole fusion (53, 106). The GYP6 and GYP7 gene
products do not have homology with each other or with other
GAPs specific for Ras and Rho. Deletion or overexpression of
GYP6 has no effect on cell growth. However, since neither
YPT6 nor YPT7 is an essential gene, these results leave open
the question of whether GAPs are necessary for the function of
essential Ypt/Rab proteins.

In this work, we studied the role of GTP hydrolysis in the
function of Ypt1p during vesicular transport. Ypt1p, a member
of the Ypt/Rab family of GTPases, has an essential function in
the regulation of endoplasmic reticulum (ER)-to-Golgi and
intra-Golgi transport in the yeast secretory pathway (5, 39, 74,
86, 88). To determine the consequence of preventing GTP
hydrolysis by Ypt1p, we created a Q67L mutation; the corre-
sponding residue in Ras is important for GTP hydrolysis (19,
24, 45, 55, 65, 82). To study the effect of this mutation on
intrinsic and stimulated GTP hydrolysis, we developed a GTP
hydrolysis assay and partially characterized a GAP activity for
Ypt1p (75). The ypt1-Q67L mutation causes a severe block in
GTP hydrolysis. However, this mutation confers only a minor
defect in secretion and cell growth, suggesting that GTP hy-
drolysis is not essential for Ypt1p function. In addition, using
the ypt1-Q67L mutation, we found that being in the GTP-
bound form is not sufficient for Ypt1p function in protein
transport. We suggest that Ypt1p must interact with its GNEF
even if it is loaded with GTP.

MATERIALS AND METHODS

Materials, strains, and plasmids. All chemical reagents were purchased from
Sigma Chemical Co. (St. Louis, Mo.) unless otherwise noted. All DNA restric-
tion endonucleases were from New England BioLabs (Beverly, Mass.) or Boehr-
inger Mannheim (Indianapolis, Ind.). Taq DNA polymerase was from Gibco
BRL (Gaithersburg, Md.). The Escherichia coli bacterial strain SURE (Strat-
agene Inc., La Jolla, Calif.) was used for transformations. Bacteria were trans-
formed by electroporation (8, 21).

Yeast strains used in this study were GPY60 (MATa ura3-52 trp1 leu2 his4
pep4::URA3), NSY125 (MATa, his4-539 lys2-801 ura3-52), NSY126 (MATa his4-
539 ade2-ura3-52), NSY406 (see below for construction; MATa his4-539 lys2-801
ura3-52 ypt1-Q67L), DBY1803 (MATa ura3-52 his4-539 lys2-801 ypt1-T40K),
NSY161 (MATa his4-539 ura3-52 ypt1-A136D), REE966 (MATa ade2 can1-110r
his3-11,15 leu2-3,112 trp1-1 ura3-1). Yeast cells were grown either in YPD (1%
yeast extract, 2% Bacto Peptone, 2% dextrose), SD (0.67% nitrogen base with
appropriate nutritional supplements, 2% dextrose), or SRaf (0.67% nitrogen
base with appropriate nutritional supplements, 2% raffinose) (76). Nutrients
omitted for selection purposes are indicated. Yeasts were transformed by the
lithium acetate method (27).

Plasmids used in this study were pNS364 (contains GAL1 and GAL10 pro-
moters [41] cloned into pRS316 [89], a CEN URA3-marked vector), pNS326 (42)
(contains YPT1 driven by the GAL10 promoter in pNS364), pNS330 (50) (con-
tains ypt1-Q67L in pNS364), pNS327 (42) (YPT1-N121I in pNS364), pNS317 (42)
(YPT1-D124N in pNS364), and pNS213 (contains EcoRI-to-BamHI fragment of
ypt1-Q67L from pNS330 for integration of ypt1-Q67L allele [see below]).

Mutagenesis, expression, and purification of Ypt proteins. The Ypt1-Q67L
mutant was generated by site-directed mutagenesis as described previously (42).
The sequence of the mutagenic oligonucleotide was 59-TGG GAC ACT GCA
GGT CTA GAA CGT TTC CGT ACT-39. The cloning of wild-type and mutant
Ypt1 proteins into pGEX-KT, expression in E. coli, and purification are de-
scribed elsewhere (42).

GTP hydrolysis assays. GTP hydrolysis was monitored by the charcoal binding
assay (12, 33). Wild-type and Q67L Ypt1 proteins (10 mM) were preloaded with
5 ml of [g-32P]GTP (2,000 Ci/mmol; Amersham Life Sciences, Arlington Heights,
Ill.) in preload buffer (20 mM HEPES [pH 7.2], 20 mM potassium acetate, 5 mM

EDTA, 0.5 mg of bovine serum albumin [BSA] per ml, 1 mM dithiothreitol
[DTT]) for 15 min at 30°C in a 10-ml volume. Preload reactions were diluted with
50 ml of reaction buffer (20 mM HEPES [pH 7.2], 5 mM magnesium acetate, 300
mM sorbitol, 1 mM DTT) plus 0.5 mg of BSA per ml, and unbound nucleotide
was removed at 4°C with two successive acrylamide spin columns (BioSpin6;
Bio-Rad Laboratories, Hercules, Calif.) equilibrated with reaction buffer plus
BSA. The volume of the flowthrough was adjusted to 250 ml with reaction buffer
plus BSA to give a final Ypt1p concentration of 40 nM. GAP-stimulated GTP
hydrolysis was measured by incubating 2 nM preloaded Ypt1p with a 5-mg/ml
concentration of a P12 (12,000 3 g pellet) subcellular fraction (75) in GTP
hydrolysis assay buffer (reaction buffer plus 1 mM each GTP, GDP, and ATP) at
30°C. Intrinsic GTP hydrolysis was measured by substituting 5 mg of BSA (a
nonspecific protein) per ml for the P12 fraction. Aliquots of 20 ml were removed
at the indicated time points and added to 320 ml of ice-cold 5% NoritA activated
charcoal in 50 mM NaH2PO4. Samples were vortexed and centrifuged at 1,400 3
g for 10 min at 4°C. A 170-ml aliquot of the supernatant was removed and added
to 4 ml of scintillation fluid (Ready Protein1; Beckman, Fullerton, Calif.).
Samples were quantified in a Beckman scintillation counter.

Construction and analysis of strains. The ypt1-Q67L mutant allele was inte-
grated into the genomes of yeast strains NSY125 (S288C genetic background)
and REE966 (W303 genetic background) at the YPT1 locus by gene replacement
as described elsewhere (87). For this purpose, the EcoRI-to-BamHI fragment of
ypt1-Q67L was subcloned into the integrating plasmid pRS406 (89) to create
pNS213. pNS213 was linearized by partial digestion with NcoI and transformed
into yeast. Transformants were selected on media lacking uracil. Recombinants
that had lost the plasmid sequence including the URA3 marker were then se-
lected by using 5-fluoroorotic acid (American Bioorganics, Inc., Niagara Falls,
N.Y.), which selects against colonies that express the product of the URA3 gene.
5-Fluoroorotic acid-resistant colonies were screened for the presence of the
ypt1-Q67L allele by PCR amplification of the YPT1 gene, using yeast genomic
DNA as a template (prepared as described in reference 35), and digestion of the
PCR product with XbaI, a restriction site created by the ypt1-Q67L mutation.
The haploid strain containing the ypt1-Q67L allele was backcrossed twice with
NSY126. Diploids were sporulated, and tetrads were dissected. Tetrads were
diagnosed for the presence of the ypt1-Q67L allele by PCR amplification of
genomic DNA and restriction digestion of the amplified product with XbaI as
described above. Tetrads gave rise to four live spores that germinated and grew
at similar rates. The chromosomal copy of the ypt1-Q67L allele was sequenced
after backcrossing. Genomic DNA was prepared as described above and PCR
amplified in two independent reactions with primers flanking the ypt1-Q67L
open reading frame (NSOL1 [59-GGG CCC GCA TGC GCA CCA GTT TTG
AGG AGG-39] and NSOL2 [59-GGG CCC GGA TCC GAT AAG GAA GAA
TG-39]). The two PCR products were cut with both EcoRV and BamHI and
subcloned into the vector pRS306 (89) in independent ligation reactions. DNA
was prepared from six independent transformants, equivalent quantities of DNA
from each were pooled, and the entire coding region of the ypt1-Q67L gene was
sequenced.

The growth phenotype of the ypt1-Q67L strain (NSY406) was tested by spot-
ting 10-fold serial dilutions onto YPD or SD plates. Cells were grown at 10, 14,
26, 30, and 37°C for up to 2 weeks. Plates were photographed when large colonies
were visible in the wild-type control strain.

To test for dominance of the ypt1-Q67L allele, yeast strain NSY125 was
transformed with pNS330, a CEN plasmid containing the URA3 gene and the
ypt1-Q67L coding region under the control of the galactose-inducible GAL10
promoter. For controls, NSY125 was transformed with pNS364 (GAL1/10 vector
control), pNS326 (wild-type YPT1), or pNS327 (containing the dominant nega-
tive YPT1-N121I allele) (42). Tenfold serial dilutions of cells were inoculated
onto SD-Ura (repressing medium), SRaf-Ura (noninducing medium), or SRaf-
Ura-plus-2% galactose (inducing medium) plates and grown at 14, 30, or 37°C.

In vivo orthophosphate labeling and isolation of nucleotide associated with
Ypt1p. Cells were grown to an optical density at 600 nm (OD600) of 0.5 to 1. Cells
(37.5 OD600 units per immunoprecipitation) were harvested, resuspended to 5
OD600 units/ml in spheroplasting medium (YEP; 0.1% glucose, 1.4 M sorbitol, 50
mM KPi [pH 7.5], 50 mM 2-mercaptoethanol, zymolyase 100T [1 U/OD unit;
Seikagaku America, Rockville, Md.]), and incubated at 30°C for 1 h with gentle
rotation. Spheroplasts were pelleted, resuspended to 7.5 OD units/ml in low-
phosphate medium (low-phosphate YEP [105], 0.1% glucose, 1 M sorbitol), and
incubated at 30°C for 30 min. Cells were pelleted and resuspended with 250 ml
of low-phosphate medium per 37.5 OD units; 0.5 mCi of [32P]orthophosphate
(150 mCi/ml in H2O; Dupont NEN, Boston, Mass.) was added per 37.5 OD600
units of cells in screw-cap 1.5-ml microcentrifuge tubes. Cells were incubated
with label for 1 h at 30°C with occasional agitation. Cells were pelleted at
12,000 3 g for 1 min in a microcentrifuge and washed twice with 1 ml of
low-phosphate medium. Labeled spheroplasts were lysed by the addition of 150
ml of 20 mM HEPES [pH 7.5] and 5 mM MgCl2 and vortexed 20 times with 3-s
pulses at a setting of 6 on an S/P vortexer. A 103 stock of buffer 88 (13 buffer
88 is 20 mM HEPES [pH 6.8], 150 mM potassium acetate, 5 mM magnesium
acetate, and 250 mM sorbitol [6]) and a 5003 stock of protease inhibitor cocktail
(13 protease inhibitor cocktail is 1 mg each of leupeptin, chymostatin, pepstatin,
antipain, and aprotinin per ml [30]) were added to 13. When Triton X-114 phase
partitioning was performed (see below), an equal volume of 2% Triton X-114 in
buffer 88 was added, samples were treated as described below, and aqueous and

828 RICHARDSON ET AL. MOL. CELL. BIOL.



detergent phases were recovered separately. Ten percent Triton X-100 was
added to a final concentration of 1%, and samples were incubated on ice for 15
min. Tubes were centrifuged for 10 min at top speed in a microcentrifuge.
Supernatants were collected. A 150-ml mixture of 5 ml of anti-Ypt1p immuno-
globulin G (88) or control preimmune serum, 7% protein A-Sepharose (Zymed,
San Francisco, Calif.), 1% Triton X-100, and buffer 88 was added to each sample.
Immunoprecipitation was carried out for 2 h at 4°C. Samples were pelleted and
washed five times with buffer 88 plus 1% Triton X-100 and then once with buffer
88. To the protein A-Sepharose pellet, 20 ml of 50 mM Tris-HCl (pH 7.5)–40 mM
EDTA–2% sodium dodecyl sulfate (SDS) was added. Samples were heated at
70°C for 5 min. The Sepharose beads were pelleted in a microcentrifuge, and 5
ml of supernatant was spotted onto polyethyleneimine (PEI)-cellulose thin-layer
chromatography (TLC) plates (Aldrich Chemical Co., Milwaukee, Wis.). Plates
were developed in water until the front rose 2 cm above the origin, dried, and
then developed completely in 1 M LiCl (97). Radioactivity was quantified with a
radioanalytic imager (AMBIS Systems QuantProbe 3.0; Ambis Inc., San Diego,
Calif.).

Pulse-chase analysis. For pulse-chase analysis, the secretory marker proteins
carboxypeptidase Y (CPY) and invertase were assayed as previously described
(39). Cells were grown overnight at 30°C in SD (2% dextrose) minus methionine
and cysteine to an OD600 of between 0.5 and 1. For invertase induction, cells
were harvested, washed twice, resuspended in SD (0.1% dextrose) minus methi-
onine and cysteine, and grown for 1 h at 30°C. Cells were then incubated for 6
min in medium containing Tran35S-label (50 mCi/OD unit; ICN, Irvine, Calif.).
Chase was initiated by the addition of excess unlabeled methionine and cysteine.
Aliquots were removed at the indicated time points and added to ice-cold 10 mM
sodium azide. Cells were washed and lysed with glass beads. CPY or invertase
was immunoprecipitated from cell lysates and subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) on 8% gels (anti-CPY antibodies were from T.
Stevens; anti-invertase antibodies were from C. Kaiser). Gels were soaked with
Amplify (Amersham) to enhance the radioactive signal, dried, and exposed to
film.

Electron microscopy. Samples from wild-type (NSY125) and ypt1-Q67L
(NSY406) cells were prepared for electron microscopy as described previously
(44). In all cases, cells were grown to an OD600 of between 0.5 and 1 in YPD
medium at 30°C. Thirty-two cell sections of the ypt1-Q67L strain and 20 sections
of the wild-type strain were examined for phenotypes.

Immunofluorescence microscopy. Immunofluorescence experiments were per-
formed as previously described (72), with some modifications. Cells were grown
to an OD600 of between 0.5 and 1, pelleted, resuspended in 0.1 M KPO4 (pH
6.5)–3.7% formaldehyde, and incubated at 26°C for 2 h with rotation for fixation.
After being pelleted and washed three times in SP (1.2 M sorbitol, 0.1 M KPO4
[pH 7.5]), cells were resuspended in SP to a final concentration of 5 OD600/200
ml. Recombinant b-glucanase (20,000 U/ml) and 5 mM DTT were added for 1 h
at 37°C to spheroplast cells. Spheroplasts were harvested and washed once with
SP, and 20 ml was spotted onto coverslips precoated with 0.1% poly-L-lysine.
Samples were washed and blocked with Tris-buffered saline (TBS)-BSA (10 mM
Tris [pH 7.5], 100 mM NaCl, 2 mg of immunoglobulin G-free BSA per ml). For
Ypt1p and Och1p staining, all washes and antibody incubations contained 1%
octylglucoside. Primary antibody was added at the appropriate dilution (affinity-
purified anti-Ypt1p antibodies, 1:400 [88]; anti-Sec7p serum, preabsorbed to
fixed yeast cells, 1:500 [23]; anti-hemagglutinin [HA] antibodies, 1:1,000
[BAbCo, Richmond, Calif.]) and incubated for 1 h. Cells were then washed 10
times with TBS-BSA and incubated with secondary antibody at the appropriate
dilution (rhodamine-conjugated anti-rabbit FAb, 1:150; fluorescein isothiocya-
nate-conjugated anti-mouse antibody, 1:200) for 1 h. After 10 washes with TBS-
BSA, coverslips were mounted onto slides by using fluorescein isothiocyanate
guard (Vectashield; Vector Laboratories, Burlingame, Calif.). Cells were visual-
ized with a fluorescence microscope (model Axioskop; Carl Zeiss Inc., Thorn-
wood, N.Y.).

Several Golgi markers were examined. Endogenous Sec7p was visualized with
anti-Sec7p antibodies (23). Pmr1p, Och1p, and Kex2p were visualized as HA-
tagged proteins expressed by plasmids pL161 (3), pOH (32), and pSN218 (59),
respectively. The triple-HA-tagged Och1p and single HA-tagged Kex2p were
expressed under the control of their own promoters on CEN URA3-marked
plasmids. Single-HA-tagged Pmr1p was expressed on a 2mm URA3-marked vec-
tor under the control of its own promoter. For protein expression, NSY125 and
NSY406 strains were transformed with the appropriate constructs or with the
corresponding empty vector as a control.

Cell fractionation and Western blotting. For detection of Pmr1 protein,
NSY125 and NSY406 were transformed with a 2mm plasmid containing HA-
tagged PMR1 (pL161 [3]). To determine the distribution of proteins in cell
fractions, cells were grown to an OD600 of between 0.5 and 1, pelleted, washed
in buffer 88, resuspended in buffer 88 with 1 mM phenylmethylsulfonyl fluoride,
and lysed with acid-washed glass beads. Lysates were cleared of unbroken cells
by centrifugation at 500 3 g. Lysates were then spun at 100,000 3 g to generate
a supernatant (S100) and pellet (P100). Equivalent quantities of protein were
loaded onto 11% gels and separated by SDS-PAGE. Samples were transferred to
polyvinylidene difluoride nylon membranes (Immobilon; Millipore, Bedford,
Mass.) at 90 V for 1 h at 4°C in 20 mM Tris–150 mM glycine–20% (vol/vol)
methanol (15). Membranes were blocked in TBST (20 mM Tris-HCl [pH 7.5],
140 mM NaCl, 1% [vol/vol] Tween 20) plus 5% milk for 1 h at room temperature

or overnight at 4°C. Blots were washed once with TBST for 15 min at room
temperature and probed with anti-Ypt1p antibody (diluted 1:1,000 in TBST plus
1% milk) or anti-HA monoclonal antibody (diluted 1:1,000; BAbCo) for 1 h at
26°C or with affinity-purified anti-Mnn1p antibody (diluted 1:400; [29]) overnight
at 4°C. After four 5-min washes with TBST, membranes were incubated for 1 h
at 26°C with horseradish peroxidase-conjugated goat anti-rabbit secondary anti-
body (1:5,000 in TBST plus 1% milk; Amersham) for detection of anti-Ypt1 and
anti-Mnn1 antibodies or with horseradish peroxidase-conjugated goat anti-
mouse secondary antibody (1:15,000; Cappel, Durham, N.C.) for detection of
anti-HA antibody. Membranes were washed with TBST four times for 5 min
each, developed for chemiluminescence as described by the manufacturer (Am-
ersham), and exposed to film. Bands were quantified by densitometry (Molecular
Dynamics apparatus).

Determination of the prenylation state of Ypt1. Two methods were used to
determine the prenylation state of Ypt1p: Triton X-114 phase partitioning and
separation of species by electrophoresis on urea (4 to 8 M)-acrylamide (10 to
15%) gradient gels. Triton X-114 phase partitioning was carried out by the
method of Bordier (9), with minor modifications. Briefly, 100 ml of a cell extract
(prepared as described above for cell fractionation and Western blotting) was
mixed with 100 ml of 2% Triton X-114 in buffer 88 and incubated at 30°C for 5
min. The mixture was layered on top of a cushion of 6% sucrose (wt/vol) and
0.06% Triton X-114 in buffer 88 in a 1.5-ml microcentrifuge tube. Samples were
centrifuged at 1,000 3 g for 5 min at room temperature. The aqueous phase
(remaining above the cushion) was collected. The detergent phase moved
through the cushion and was concentrated as a large droplet at the bottom of the
tube. The droplet was collected by moving a pipette tip through the cushion and
removing the entire droplet as well as some cushion material. The droplet was
restored to the original sample volume of 200 ml by dilution with buffer 88. The
presence of Ypt1p in total, aqueous, and detergent fractions was assessed by
SDS-PAGE and Western blotting as described above.

As an alternative method for detection of prenylated Ypt1p, separation of
proteins in cell extracts was performed by SDS-PAGE with gels containing a
gradient of 4 to 8 M urea and 10 to 15% acrylamide (80). Proteins were then
transferred to polyvinylidene difluoride nylon membranes and processed for
Western blotting as described above.

In vitro transport. In vitro ER-to-Golgi transport assays were carried out as
described previously (30). Cell fractions were prepared from strains NSY125 and
NSY406 as described previously (30), with minor modifications. An S12 fraction
was prepared as described for preparation of an S3 (30) except that lysates were
centrifuged at 12,000 3 g instead of 3,000 3 g. The S12 was substituted for the
S3 in transport assays. Buffer 88 was used in place of transport buffer. Ypt1-
D124N protein was purified as described previously (42). Briefly, Ypt1p-D124N
was expressed in E. coli and purified as a glutathione S-transferase fusion protein
on glutathione-agarose beads. The fusion protein on beads was cleaved with
thrombin to elute purified Ypt1p-D124N. For inhibition experiments, Ypt1p-
D124N was incubated with S12 for 10 min on ice prior to addition of the
permeabilized yeast cell fraction.

RESULTS

Ypt1-Q67L mutant protein is restricted to the GTP-bound
form in vitro and in vivo. To determine the consequences of
blocking hydrolysis of GTP on the ability of Ypt1p to mediate
vesicular transport, we created a novel ypt1 mutation by site-
directed mutagenesis. This mutation, ypt1-Q67L, is in a residue
that is conserved among all Ras-like proteins and has been
suggested to coordinate the water molecule that is required for
GTP hydrolysis in Ras (19, 24, 45, 55, 65, 82). The analogous
mutation was shown to generate proteins defective in the abil-
ity to hydrolyze GTP in many members of the Ras superfamily,
including a number of Ypt/Rab proteins (14, 34, 93, 103). We
tested whether the Ypt1-Q67L protein shows a defect in in-
trinsic and stimulated GTP hydrolysis. Stimulated GTP hydro-
lysis was tested in the presence of a yeast cell fraction contain-
ing a Ypt1p GAP activity (75). Intrinsic hydrolysis was
determined by substituting the yeast cell fraction with an equiv-
alent concentration of BSA, a nonspecific protein. For hydro-
lysis assays, Ypt1 proteins were expressed and purified from E.
coli and preloaded with [g-32P]GTP. GTP hydrolysis was mea-
sured by a charcoal binding assay (12, 33). Wild-type Ypt1p
hydrolyzes GTP at a low intrinsic rate of 0.002 mol of GTP per
mol of Ypt1p per min at 30°C, similar to the previously pub-
lished rate of 0.006/mol/mol/min (101). In the presence of
saturating amounts of Ypt1-GAP activity, this rate is increased
54-fold to 0.108 mol/mol/min. The Ypt1p-Q67L mutant, how-
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ever, has an intrinsic rate of hydrolysis that is below the level of
detection in this assay. Although this mutant is still responsive
to the GAP activity, its stimulated rate of hydrolysis (0.004
mol/mol/min) reaches only a level similar to the intrinsic rate
of the wild-type protein (Fig. 1). Therefore, like the analogous
Ras mutant, Ypt1p-Q67L, is severely defective in GTP hydro-
lysis in vitro (about 25-fold less active than the wild type) and
is expected to be in the GTP-bound form.

To verify that Ypt1p-Q67L is defective in GTP hydrolysis
not only in vitro but also in vivo and is indeed in the GTP-
bound form in the cell, we determined the nucleotide-bound
state of the wild-type and Q67L Ypt1 proteins in vivo. We
constructed a strain containing the mutant ypt1-Q67L allele as
the only YPT1 gene (see below), and wild-type and ypt1-Q67L
strains were tested by in vivo 32P labeling. Cells were grown to
log phase, converted to spheroplasts, and labeled with
[32P]orthophosphate. Spheroplasts were then lysed, and Ypt1p
was immunoprecipitated. Nucleotides associated with Ypt1p
were released by SDS treatment and resolved by PEI-cellulose
TLC. Wild-type Ypt1p is primarily associated with GDP, ex-
hibiting a GDP/GTP ratio of 72:28. By contrast, Ypt1p-Q67L
is primarily associated with GTP, exhibiting a GDP/GTP ratio
of 12:88. While most of the wild-type Ypt1p becomes preny-
lated in yeast cells, about 30% of the Ypt1p-Q67L was found
to be unprenylated (see below). We wanted to verify that the
prenylated functional form of Ypt1p-Q67L is predominantly
bound to GTP. To examine the nucleotide-bound state of the
prenylated pool of Ypt1p-Q67L, a Triton X-114 phase parti-
tioning step was introduced after the in vivo orthophosphate
labeling procedure. As seen in Fig. 2, the prenylated pool of
Ypt1p-Q67L shows the same GDP/GTP ratio of 12:88 that is
observed with the entire cellular pool of Ypt1p-Q67L protein.
The GDP/GTP ratio for the prenylated pool of wild-type pro-
tein was 81:19, also similar to that in the whole-cell extract.
Therefore, even the prenylated pool of Ypt1p-Q67L is pre-
dominantly in the GTP-bound state. Thus, the nucleotide state

of the mutant protein in vivo is consistent with the observed
hydrolysis defect in vitro. The small fraction of Ypt1p-Q67L
which is bound to GDP in vivo could arise from residual GT-
Pase activity of the mutant protein. Alternatively, it might
represent newly synthesized protein which may bind GDP
prior to the first round of nucleotide exchange (2, 85). To-
gether, these results show that the mutant Ypt1p-Q67L is se-
verely impaired in GTP hydrolysis in vitro, and the in vivo
GTP/GDP ratio data confirm that hydrolysis by the mutant
Ypt1p-Q67L is slower in intact cells.

Ypt1-Q67L mutant protein functions efficiently in cell
growth and secretion. To assess the effects on cell growth and
protein transport of substituting wild-type Ypt1p with the hy-
drolysis-impaired Ypt1p-Q67L mutant, the chromosomal copy
of YPT1 was replaced by the ypt1-Q67L mutant allele. Serial
dilutions were spotted onto YPD plates and grown at temper-
atures ranging from 10 to 37°C. Cells carrying the ypt1-Q67L
allele as the only copy of the YPT1 gene do not exhibit growth
defects at temperatures ranging from 14 to 37°C (Fig. 3). Only
when cells are grown at 10°C does a growth defect become
apparent. This partial growth defect at 10°C was less pro-
nounced when cell growth was tested on minimal medium
(data not shown).

The ability of cells to grow well with Ypt1p-Q67L was un-
expected, especially since current models suggested a major
role for GTP hydrolysis in Ypt/Rab GTPase function, either
for membrane fusion or as a timer to turn it off. To rule out the
possibility that a compensatory mutation arose in the ypt1-
Q67L allele as an intragenic suppressor, the genomic copy of
ypt1-Q67L was amplified by PCR in two independent reactions
and sequenced. No intragenic reversion was detected. To rule
out intergenic suppression, ypt1-Q67L was backcrossed twice
and tetrads were analyzed. All four spores of tetrads were
viable, with no differences in growth rates, at 30°C. To ensure
that the lack of phenotype was not a strain-specific phenome-
non, the ypt1-Q67L allele was integrated by gene replacement
into two independent genetic backgrounds, S288C and W303,
and identical growth phenotypes were observed (data not
shown). Most importantly, as shown by the in vivo labeling (see
above), close to 90% of the Ypt1p-Q67L mutant is bound to
GTP. Together, these results demonstrate that although the
Ypt1p-Q67L mutant is severely defective in GTP hydrolysis, it
is capable of functioning in the cell to support growth.

Ypt1p has been shown to mediate ER-to-Golgi transport (5,

FIG. 1. Ypt1p-Q67L is defective in intrinsic and GAP-stimulated GTP hy-
drolysis. GTP hydrolysis was monitored by the charcoal binding assay. Wild-type
(squares) and Ypt1p-Q67L (triangles) proteins were preloaded with [g-32P]GTP
for 15 min at 30°C. Unbound nucleotide was removed with two successive
acrylamide spin columns. GTP hydrolysis assays were performed by incubating 2
nM preloaded Ypt1p with a P12 subcellular fraction (5 mg/ml) prepared from
GPY60 cells (GAP-stimulated hydrolysis; open symbols) or without the P12
fraction (intrinsic hydrolysis; closed symbols) at 30°C. Aliquots were removed at
the indicated time points and added to ice-cold activated charcoal to stop the
reaction. The charcoal was pelleted, and an aliquot of the supernatant was
removed and quantified by scintillation counting. The counts measured at time
zero were subtracted as background. GTP binding was slightly less efficient for
Ypt1p-Q67L, but hydrolysis rates were normalized for the amount of Ypt1p
bound to GTP. Data shown are typical of three independent experiments.

FIG. 2. Ypt1p-Q67L is predominantly bound to GTP in vivo. Wild-type (WT;
NSY125) and ypt1-Q67L (NSY406) strains were grown to mid-logarithmic phase,
spheroplasted, and labeled with [32P]orthophosphate for 1 h at 30°C. Sphero-
plasts were then lysed osmotically, and lysates were subjected to phase partition-
ing with 1% Triton X-114. Ypt1p was immunoprecipitated from the detergent
phase with anti-Ypt1p antibodies for 2 h at 4°C. Associated nucleotides were
released by heating in SDS and resolved by TLC on PEI-cellulose plates. Mi-
gration of nucleotides was determined by using unlabeled GDP and GTP stan-
dards which were visualized with UV light. Radiolabeled nucleotides were quan-
tified by radioanalytic imaging. The results mentioned in the text are the averages
from three independent experiments.
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74, 86, 88) as well as intra-Golgi transport (39). To determine
if GTP hydrolysis by Ypt1p is important for protein transport,
the secretory phenotype of the ypt1-Q67L mutant strain was
examined. We used two markers: the slowly transported pro-
tein CPY, a vacuolar enzyme that traverses the secretory path-
way in about 15 to 30 min, and the rapidly transported protein
invertase, a secreted enzyme that reaches the periplasmic
space in less than 5 min. The kinetics of CPY transport from
the ER to the vacuole were determined by pulse-chase analysis
(Fig. 4A). Cells were metabolically labeled at 30°C in mid-
logarithmic phase of growth with Tran35S-label for 6 min.
Chase was initiated by the addition of excess unlabeled methi-
onine and cysteine. At the indicated time points, aliquots were
removed, cells were lysed, CPY was immunoprecipitated, and
the different modified forms of CPY were separated by SDS-
PAGE. During the pulse, there is an accumulation of labeled
CPY in its ER form (Fig. 4A, p1). During the chase this form
is converted first to the Golgi form (Fig. 4A, p2) by glycosyl-
ation and then to the vacuolar form (Fig. 4A, m) by proteolysis,
and by 30 min all of the labeled CPY has matured. The kinetics
of CPY transport were very similar between wild-type and
ypt1-Q67L strains. To detect possible subtle delays in transport
in the mutant strain, we also examined invertase secretion.
Wild-type and ypt1-Q67L strains were shifted to low-glucose
medium at 30°C for 1 h at mid-logarithmic phase to induce the
expression and secretion of invertase. Cells were then meta-
bolically labeled, and the label was chased as described above.
Aliquots were removed at the indicated time points, and in-
vertase was immunoprecipitated. During the pulse, there is an
accumulation of labeled invertase in both the ER from (core
glycosylated) and the higher-molecular-weight Golgi form
(outer chain mannosylated); within less than 5 min of chase, all
of the invertase is converted to the Golgi form. As with CPY,

the kinetics of invertase transport were very similar between
wild-type and mutant cells (Fig. 4B).

An alternative assay for the secretory ability of cells is to use
them as a source of material for a cell-free protein transport
reaction. Some mutants exhibit more severe secretory defects
in vitro than in vivo (5, 74). ypt1-Q67L mutant cells were used
for the preparation of fractions for the ER-to-Golgi in vitro
transport reaction, for which Ypt1p is essential (5, 6, 74, 86).
Figure 4C shows that the Ypt1p-Q67L mutant drives this trans-
port reaction almost as efficiently as wild-type Ypt1p. In the
case of Rab5, the Q79L mutant protein (analogous to Ypt1-
Q67L) stimulated endosome fusion in vitro (7, 34), but no
stimulation of ER-to-Golgi transport was seen with Ypt1-
Q67L. Together, these data demonstrate that the hydrolysis-
impaired Ypt1p-Q67L is able to function efficiently in protein

FIG. 3. ypt1-Q67L mutant cells grow normally at temperatures ranging be-
tween 14 and 37°C. Tenfold serial dilutions of the ypt1-Q67L strain (NSY406)
were spotted onto YPD plates and grown at the indicated temperatures. Wild
type (WT; NSY125), ypt1-T40K (DBY1803), and ypt1-A136D (NSY222) strains
were spotted as controls. ypt1-T40K and ypt1-A136D strains are shown to dem-
onstrate that other mutations in YPT1 that deplete Ypt1p function do cause a
growth phenotype and that the conditions used in the experiment are effective. FIG. 4. Secretory kinetics are normal in ypt1-Q67L mutant cells. (A) In vivo

transport of CPY. Wild-type (NSY125) and ypt1-Q67L mutant (NSY406) cells
were grown at 30°C in minimal medium without methionine to mid-logarithmic
phase. Cells were then pulse-labeled with Tran35S-label for 6 min at 30°C.
Samples were chased with excess unlabeled methionine and cysteine for the
indicated times (minutes). CPY was immunoprecipitated with anti-CPY anti-
bodies, and modified forms were separated on SDS–8% polyacrylamide gels. p1,
ER form; p2, Golgi form; m, mature vacuolar form. (B) In vivo transport of
invertase. A pulse-chase experiment was performed as described above for CPY
except that invertase was derepressed by switching to low-glucose (0.1%) me-
dium for 1 h at 30°C, and immunoprecipitation was done with anti-invertase
antibodies. The constitutive cytoplasmic form, the core ER form, and Golgi
outer chain forms are indicated. Rates of transport were determined by quanti-
fication of the different forms of CPY and invertase and found to be the same in
wild-type and mutant cells. (C) In vitro ER-to-Golgi transport. Transport of
35S-labeled pro-a-factor was assayed in a cell-free reaction (30). Cell fractions
were prepared from wild-type (NSY125; squares) or ypt1-Q67L (NSY406; trian-
gles) cells. Permeabilized yeast cells serve as the donor compartment and were
incubated with the indicated quantities of S12, the supernatant of a 12,000 3 g
spin that contributes the acceptor compartment as well as necessary soluble
components. Percent transport was calculated as the percentage of ER-modified
(core-glycosylated, concanavalin A-precipitable) a-factor that acquired Golgi-
specific modifications (anti-a-1,6-mannose-precipitable counts per minute) in 90
min at 20°C. Data shown are typical of four independent experiments.
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transport both in vivo and in vitro. The slightly lower rate of
transport in vitro in the Ypt1p-Q67L-driven reaction (about
20%) is consistent with either a minor role of GTP hydrolysis
in transport or a role in recycling of Ypt1p between mem-
branes (see below).

A characteristic phenotype of sec mutants that disrupt protein
trafficking is the accumulation of aberrant membranes of secre-
tory compartments that precede the step in which the mutant
proteins function (44, 61, 62). Alternatively, abnormally large
organelles can arise from increased activity of a secretory regula-
tor, as is the case with the Rab5-Q67L mutant protein (93). It was
therefore of interest to examine whether ypt1-Q67L mutant cells
accumulate any abnormal membrane structures. Cells from wild-
type and ypt1-Q67L strains were fixed, stained, and sectioned for
transmission electron microscopy. Micrographs revealed no obvi-
ous ultrastructural differences between wild-type and mutant cells
(data not shown). Notably, there was no accumulation of small
ER-to-Golgi vesicles and large Golgi-to-plasma membrane vesi-
cles, as seen in secretion-defective ypt1 and sec4 mutants, respec-
tively (38, 62, 79), nor was there an exaggeration of ER-like
membranes as occurs in mutants blocked in exit from the ER (44,
62). Additionally, there was no occurrence of the Berkeley body
structures that form in mutants blocked in exit from the Golgi (38,
61, 62). Thus, by the criterion of maintaining normal organelle
structure, Ypt1p-Q67L appears to behave like the wild-type pro-
tein.

The Ypt1-Q67L mutant protein exhibits a partial defect in
prenylation and localization. Ypt1p resides on intracellular
membranes of the ER, Golgi, and small vesicles, as shown by
immunofluorescence, electron microscopy, and cell fraction-
ation studies (6, 56, 71, 88). To assess whether the bound
nucleotide influences Ypt1p distribution in cells, we compared
the localization of Ypt1p in wild-type and ypt1-Q67L strains.
When viewed by indirect immunofluorescence, wild-type
Ypt1p localizes to punctate structures throughout the cyto-
plasm, characteristic of Golgi staining (reference 88 and Fig.
5). The Ypt1p-Q67L mutant staining is much more diffuse,
although occasional punctate staining is discernible (Fig. 5). To
rule out the possibility that the diffuse staining pattern ob-
served in the mutant strain is due to a disruption of Golgi
structure, the localization of resident Golgi proteins was de-
termined. Three markers were examined: HA-tagged Och1p (a
cis-Golgi marker [32, 58]), Sec7p (a general Golgi marker
[23]), and HA-tagged Kex2p (a trans-Golgi marker [73]). Each
of these markers shows a punctate staining pattern that is
similar in wild-type and mutant strains, indicating that Golgi
structure is not grossly perturbed in the ypt1-Q67L strain. The
difference in Ypt1p-Q67L localization is, therefore, not likely
to be due to Golgi fragmentation but, as shown below, prob-
ably reflects a larger cytosolic pool of mutant protein.

The localization of Ypt1p was verified by cell fractionation.
Wild-type and ypt1-Q67L mutant cells were lysed, and cell
lysates were centrifuged at 100,000 3 g to generate superna-
tant (S100) and pellet (P100) fractions. Proteins in the cell
fractions were resolved by SDS-PAGE, and Ypt1p was visual-
ized by Western blot analysis with anti-Ypt1p antibodies.
Ypt1p was found to be more abundant in the S100 fraction in
ypt1-Q67L cells than in the wild-type cells (Fig. 6). Specifically,
50% of the total protein is found in the S100 fraction of
ypt1-Q67L cells versus 5% in wild-type cells. The fractionation
of Pmr1p and Mnn1p was examined to determine how resident
Golgi proteins fractionate under these conditions. Pmr1p (Fig.
6 [3, 84]) and Mnn1p (data not shown [29]) were found exclu-
sively in the P100 fraction. Therefore, the Ypt1p-Q67L found
in the S100 fraction is likely to be there due to its residence in
the cytosol. Together, the cell fractionation and the immuno-

fluorescence results suggest that while most of the wild-type
Ypt1p is bound to membranes, about half of the mutant
Ypt1p-Q67L mislocalizes to the cytoplasm.

Ypt/Rab proteins require geranylgeranylation for function
and for membrane association (56, 104). The machinery that
transfers the geranylgeranyl group onto Ypt/Rab proteins has
been well characterized. The GDP-bound form of Rab pro-
teins is preferred over the GTP-bound form as a substrate for
modification by a factor of 10- to 50-fold (81, 85). Because
Ypt1p-Q67L is primarily in the GTP-bound form in vivo (see
above), it was possible that ypt1-Q67L cells contain a higher
proportion of unprenylated Ypt1p, thereby explaining the ob-
served accumulation in the S100 fraction. Two methods were
used to determine the prenylation state of Ypt1p: Triton X-114
phase partitioning (9) and electrophoretic separation on urea-
acrylamide gradient gels (80). When cell fractions from the
wild-type and ypt1-Q67L mutant cells were subjected to phase
partitioning, more Ypt1p was found in the aqueous phase in
the mutant strain (20 to 30%, versus 1 to 5% for the wild type)
(Fig. 7A; compare lanes 2 and 5). Partitioning into the aqueous
phase could occur either because of a prenylation defect or
because the Ypt1p-Q67L is complexed with another protein
that masks the prenyl group. Therefore, the prenylation state
was verified by electrophoretic separation. On urea-acrylamide
gradient gels, the prenylated form of Ypt1p migrates faster
than the unprenylated form. The aqueous phase of the Triton
X-114 extraction was examined with this gel system, and it was
found to contain exclusively the lower-mobility form, while the
detergent phase contained only the higher-mobility form (Fig.
7A; compare lanes 5 and 6). The unprenylated protein was
found exclusively in the S100 fraction, not in the P100 mem-
brane fraction, supporting the observation that prenylation is
required for membrane association (Fig. 7B). A striking result
evident in Fig. 7B is that in addition to the accumulation of
unprenylated protein, there is an accumulation of prenylated
Ypt1p-Q67L in the S100 fraction (the total amounts of preny-
lated Ypt1p in mutant and wild-type cells are similar). In
contrast, in wild-type cells, when 81% of the Ypt1p is bound to
GDP (see above), most of the prenylated Ypt1p is attached to
the membrane. Therefore, the presence of some prenylated
Ypt1p-Q67L in the cytosol suggests that the prenylated GTP-
bound form is not the preferred form for association with the
membrane. This result agrees with the estimate that about
50% of the mutant Ypt1p-Q67L mislocalizes to the cytoplasm,
even though only about 25% of it is unprenylated. Together,
these data show that Ypt1p-Q67L mutant has partial defects in
both prenylation and localization to the membrane and that
these two phenotypes are probably at least partially linked.
However, it seems that these partial defects do not affect the
function of the mutant Ypt1p in protein transport, perhaps
because the concentration of Ypt1p in the cell is not limiting.

The ypt1-Q67L mutation does not exert dominant effects on
cell growth and secretion. Overexpression of the GTP-bound,
activated form of many Ras-like GTPases results in dominant
phenotypes ranging from stimulated endocytic rates for Rab5
expression, to oncogenic transformation of cells by Ras, to
rearrangements of the actin cytoskeleton by Rho-type GTPases
(19, 47, 93). It was therefore of interest to determine the
consequences of overexpression of Ypt1p-Q67L. For this pur-
pose, a wild-type strain was transformed with the ypt1-Q67L
mutation under the control of the inducible GAL10 promoter
on a CEN plasmid. Empty vector, wild-type YPT1, and the
dominant mutant YPT1-N121I (42, 83) were transformed as
controls. Tenfold serial dilutions were spotted on plates with or
without 2% galactose and grown at 30°C (Fig. 8A). Colony size
and abundance were identical between cells expressing YPT1
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or ypt1-Q67L and those transformed with the vector control,
while expression of YPT1-N121I was lethal as reported previ-
ously (42, 83). Similar results were observed at both 37 and
14°C (data not shown). Therefore, overexpression of Ypt1p-
Q67L does not seem to affect cell growth.

As a more sensitive measure of Ypt1p function, the rate of
secretion in cells overexpressing Ypt1p-Q67L or wild-type Ypt1p
was examined. CPY was used as a marker, and its transport in
cells containing the empty vector was examined as a control.
Using the relatively slowly transported CPY marker should allow
us to detect acceleration, as well as delay, in protein transport.
Cells were grown to mid-logarithmic phase in medium without
galactose. They were then shifted to medium with 2% galactose
for 3 h to induce the expression of Ypt1p. Pulse-chase analysis
was performed as described above but in medium containing 2%
galactose. No difference in the rate of CPY transport was ob-

FIG. 5. In ypt1-Q67L mutant cells, the immunofluorescence staining pattern of Ypt1p-Q67L is abnormal but other Golgi markers are normal. Yeast cells from
wild-type (NSY125) or ypt1-Q67L (NSY406) strains were fixed and stained for fluorescence microscopy with affinity-purified anti-Ypt1p antibodies (1:500) or anti-Sec7p
antibodies (1:500) as indicated. For visualization of Och1p and Kex2p, the same strains were transformed with plasmids expressing HA-tagged Och1p or Kex2p as
indicated, fixed, and stained with anti-HA antibodies (1:1,000 dilution). Bar, 10 mm.

FIG. 6. Mislocalization of mutant Ypt1p-Q67L to the cytosol as assessed by
cell fractionation. Wild-type and ypt1-Q67L mutant cells were lysed with glass
beads and centrifuged at 100,000 3 g to generate supernatant (S) and pellet (P)
fractions (T, total cell lysate). Proteins were resolved by SDS-PAGE, transferred
to nylon membranes, and processed for Western blot analysis with affinity puri-
fied anti-Ypt1p antibodies (upper panel). For visualization of the Golgi marker
Pmr1p, cells were transformed with a plasmid expressing HA-tagged Pmr1p.
Cells were fractionated as above, and proteins were resolved by SDS-PAGE on
8% gels and processed for Western blot analysis with anti-HA antibodies (lower
panel).
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served between control cells and those overexpressing wild-type
Ypt1p or Ypt1p-Q67L (Fig. 8B).

To confirm that Ypt1p is indeed overexpressed in these cells
after 3 h of induction, Western blot analysis was performed.
Cells were lysed with glass beads, and extracts normalized for
cell breakage were loaded on a urea-acrylamide gradient gel.
This gel system enables the separation of prenylated and un-
prenylated forms of Ypt1p (see above). In control cells, just the
prenylated form of Ypt1p is visible. In cells overexpressing
wild-type Ypt1p or Ypt1p-Q67L, two bands, a highly abundant
form that migrates at the same size as the bacterially expressed
unprenylated protein and a less abundant prenylated form, are
evident. The overexpressed wild-type prenylated protein is 40-
fold more abundant than the endogenous Ypt1p. The preny-
lated Ypt1p-Q67L is 10-fold more abundant than the endog-
enous protein (Fig. 8C). Therefore, a 10-fold overexpression of
prenylated Ypt1p-Q67L does not have a dominant effect on
cell growth or the rate of protein transport.

Interaction with GNEF is important even for the Ypt1p-
Q67L GTP-bound form. As shown above, Ypt1-Q67L is pri-
marily in the GTP-bound form. One question that we asked is
whether Ypt1p-Q67L requires the activity of the GNEF for its
function. In the case of Ras, a hydrolysis-defective mutant,
Ras2-G19V, bypasses the requirement for the GNEF (encod-
ed by the CDC25 gene) (13). In addition, mutants of H-Ras
that have lost the ability to bind GNEF can be rendered func-
tional with a second mutation, G12V, that reduces GTP hy-
drolysis (57). It has been hypothesized from this result that this
G12V Ras mutant is able to bind GTP at some low rate
without the exchange factor and that with impaired GTP hy-
drolysis activity, there is a sufficient quantity of GTP-bound
Ras to sustain function.

We were interested in determining whether Ypt1p-Q67L re-
quires GNEF function. For the Ras experiment, GNEF activity
was blocked by deletion of the CDC25 gene (13). Because the

GNEF for Ypt1 has not been identified, we used an alternative
strategy. We have previously demonstrated that the D124N and
N121I Ypt1p mutant proteins block nucleotide exchange on wild-
type Ypt1p (42). In vivo, these mutants exhibit a dominant lethal
phenotype. Addition of these mutant proteins to an otherwise
wild-type in vitro ER-to-Golgi transport assay blocked vesicle
fusion. We tested whether these inhibitors of the Ypt1p GNEF
would block Ypt1p-Q67L function both in vivo and in vitro. For
in vivo analysis, YPT1-D124N and YPT1-N121I were expressed
under the control of the inducible GAL10 promoter in wild-type
and ypt1-Q67L strains. When cells were grown in the absence of
galactose (noninducing conditions), no growth defect was ob-
served. However, when cells were grown on galactose-containing
medium (inducing conditions), lethality correlated with expres-
sion of the dominant mutants in both the wild-type and ypt1-Q67L
strains (Fig. 9A).

It was difficult to confirm that the mutant Ypt1p-Q67L has
bound GTP when GNEF is inhibited in vivo, since overexpres-
sion of the dominant negative mutant proteins interferes with
the loading of Ypt1p with labeled GTP (data not shown).
However, we could determine the effect of these dominant
proteins in vitro. For these experiments, we used fractions

FIG. 7. Mutant Ypt1p-Q67L is partially defective in prenylation. (A) A
smaller fraction of the mutant Ypt1p-Q67L than of wild-type Ypt1p is preny-
lated, as determined by Triton X-114 phase partitioning and urea-acrylamide
gradient gel electrophoresis. Wild-type (NSY125) and ypt1-Q67L mutant
(NSY406) total cell lysates were subjected to phase partitioning with 1% Triton
X-114. Total (T), aqueous (A), and detergent (D) phases were electrophoresed
on 4 to 8 M urea–10 to 15% acrylamide gels and processed for Western blot
analysis with anti-Ypt1p antibodies. Note that the aqueous phase contains all of
the unprenylated form and the detergent phase contains all of the prenylated
Ypt1p-Q67L. (B) Unprenylated and some prenylated mutant Ypt1p-Q67L is
mislocalized to the cytoplasm (S100 fraction). Wild-type and ypt1-Q67L mutant
cells were lysed with glass beads and centrifuged at 100,000 3 g to generate
supernatant (S) and pellet (P) fractions (T, total cell lysate). Proteins were
resolved by SDS-PAGE on 4 to 8 M urea–10 to 15% acrylamide gradient gels,
transferred to nylon membranes, and processed for Western blot analysis with
affinity-purified anti-Ypt1p antibodies. The upper form of Ypt1p is unpreny-
lated; the lower form is prenylated. Quantification indicates that there is the
same amount of prenylated Ypt1p in wild-type and mutant strains. Data are
typical of three independent experiments.

FIG. 8. ypt1-Q67L is not dominant for growth or secretion when overex-
pressed. (A) Growth phenotypes. Wild-type YPT1 (WT; pNS326), ypt1-Q67L
(pNS330), and YPT1-N121I (pNS327) were expressed from the galactose-induc-
ible GAL10 promoter on a CEN URA-marked plasmid in the strain NSY125.
Tenfold serial dilutions of cells were spotted onto SRaf-Ura or SRaf-Ura-
plus-2% galactose plates and grown at 30°C. (B) CPY transport. The strains were
grown overnight in SRaf-Ura minus methionine at 30°C to mid-logarithmic
phase and then switched to inducing media (SRaf-Ura minus methionine plus
2% galactose) for 3 h at 30°C. Cells were harvested and pulse-labeled with
Tran35S-label for 6 min at 30°C and chased for the indicated times (minutes).
Cells were then lysed, and CPY was immunoprecipitated with anti-CPY anti-
bodies and separated on SDS–8% polyacrylamide gels. p1, ER form; p2, Golgi
form; m, mature vacuolar form. (C) Western blot analysis of Ypt1p expression.
Cells used for the CPY assay were tested for Ypt1p expression. Ypt1p expression
was induced with 2% galactose for 3 h at 30°C. Cells were lysed, and equivalent
quantities of extract were run on 4 to 8 M urea–10 to 15% acrylamide SDS-
containing gels. Proteins were transferred to nylon membranes and processed for
Western blotting with anti-Ypt1p antibodies. The unprenylated and prenylated
forms of Ypt1p are indicated.
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prepared from wild-type and ypt1-Q67L mutant cells that do
not express the dominant negative proteins and thus contain
approximately 19 and 88% prenylated GTP-bound Ypt1p, re-
spectively (see above). Purified Ypt1p-D124N, a dominant
negative inhibitor of Ypt1p GNEF, was added to the ER-to-
Golgi transport reactions. Ypt1p-D124N blocked transport in
the ypt1-Q67L reaction with the same dose dependence and
degree of inhibition as in the wild-type reaction (Fig. 9B). As
with Ras and elongation factor Tu (EF-Tu) (31, 36, 37, 46, 69,
70), the nucleotide-free mutant Ypt1 proteins do not block the
other known regulators of Ypt1p, GAP and GDI (43). How-
ever, it is a formal possibility that the dominant mutant pro-
teins affect other, yet unknown aspects of Ypt/Rab function,
although there is no precedent for this from analogous muta-
tions in other GTPases as unrelated as Ras and EF-Tu. These
results suggest that the presence of GTP-bound wild-type or
Q67L mutant Ypt1p is necessary, but that Ypt1p function also
requires interaction with Ypt1-GNEF. The proof awaits the
identification of the gene encoding Ypt1-GNEF to test that the

expected lethality of its deletion cannot be suppressed by the
ypt1-Q67L mutation.

DISCUSSION

One current view in the field assigns a crucial role to GTP
hydrolysis in Ypt/Rab-mediated vesicular transport (1, 28, 60,
63) (Fig. 10A). This view, which stems from a comparison with
the role that EF-Tu plays in protein translation, suggests that
both the GDP- and the GTP-bound forms of Ypt/Rab proteins
are important for their function (10). Support for this idea
comes from the study of GTPase-defective mutants of Ypt/Rab
proteins. First, the sec4-Q79L allele, which encodes a protein
partially defective in GTP hydrolysis, confers partial cold sen-
sitivity for growth and a minor secretory defect at the nonper-
missive temperature (103). However, since both the biochem-
ical and the physiological effects of the Q79L mutation on
Sec4p are mild, a mutation with a more severe biochemical
defect is needed to test this hypothesis. Second, overexpression
of two Rab proteins result in inhibition of protein transport:
Rab2-Q65L potently inhibits ER-to-Golgi transport (although
Rab1-Q67L does not) (96); Rab6, wild type or Q72L, reduces
the rate of transport between the cis/medial Golgi and the late
Golgi (52) and causes redistribution of Golgi resident proteins
into the ER (51). This overexpression approach leaves unre-

FIG. 9. Mutant Ypt1p-Q67L requires GNEF for function both in vivo and in
vitro. (A) ypt1-Q67L cell growth is inhibited by expression of the dominant
nucleotide-free alleles of YPT1. Wild-type (NSY125) and ypt1-Q67L (NSY406)
cells were transformed with plasmids carrying the wild-type YPT1 gene
(pNS326), YPT1-D124N (pNS317), or YPT1-N121I (pNS327) under the induc-
ible GAL10 promoter. Yeast strains carrying these plasmids express Ypt1p when
grown on medium containing galactose. Tenfold serial dilutions were spotted on
SRaf-Ura medium without galactose (2 Galactose) or with 2% galactose (1
Galactose). (B) In vitro transport in a ypt1-Q67L mutant cell reaction is inhibited
by the nucleotide-free Ypt1p-D124N. In vitro transport cellular fractions from
wild-type (squares) and ypt1-Q67L mutant (triangles) cells were prepared, and
the reactions were performed as for Fig. 4C. Reactions were supplemented with
the indicated quantities of purified mutant Ypt1p-D124N. Transport is expressed
as percentage of uninhibited transport (reactions with no Ypt1p-D124N). Data
shown are typical of four independent experiments.

FIG. 10. Three models for the role of GTP hydrolysis in Ypt/Rab-mediated
vesicular transport. (A) GTP hydrolysis is required for vesicle-membrane fusion
(28, 60). (B) GTP hydrolysis is required to turn off Ypt/Rab-mediated homotypic
membrane fusion (78). (C) GTP hydrolysis is required for Yptp recycling be-
tween membranes (this report). In this model, GTP hydrolysis is not required
either for Yptp-mediated membrane fusion or for turning off Yptp function in
heterotypic membrane fusion but rather is required for Yptp recycling between
membranes.
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solved the question of whether the endogenous Ypt/Rab pro-
tein could function when mutated. A second model suggests
that GTP hydrolysis has a role as a timer that turns off Ypt/
Rab-mediated membrane fusion (78) (Fig. 10B). This model
suggests that GTP hydrolysis is required not for membrane
fusion but rather for its prevention (see below).

In this report, we suggest that GTP hydrolysis does not play
an important role in Ypt1p-mediated vesicular transport in
vivo or in vitro. While Ypt1p function is essential for ER-to-
Golgi transport (5, 6, 39, 74, 86, 88), cells expressing only the
mutant Ypt1p-Q67L, which is severely impaired in its intrinsic
and stimulated GTP hydrolysis, exhibit only a minor defect in
cell growth. In addition, Ypt1p-Q67L is almost as efficient as
the wild-type protein at supporting vesicular transport in vitro.
We calculated that while it takes a wild-type Ypt1p molecule
about 9 min in vitro to hydrolyze one molecule of GTP in the
presence of saturating amounts of GAP, Ypt1p-Q67L needs
about 4.2 h for this reaction. Therefore, because protein trans-
port from the ER to the plasma membrane takes only 5 to 15
min in yeast cells, Ypt1p-Q67L probably exerts its function
without the need for GTP hydrolysis. The possibility remains
that, since Ypt1p levels are probably not limiting, the residual
GTP hydrolysis of Ypt1p-Q67L may support efficient vesicular
transport. However, support for the argument that GTP hy-
drolysis is not required comes from a recent report in which it
was shown that Rab5 protein can support endosome fusion in
vitro in the presence of a slowly hydrolyzable nucleotide ana-
log, XTPgS (78). In that report, it was suggested that the
GTPase activity of Rab5 serves as a timer, regulating the ki-
netics of membrane docking and fusion (78). Consistent with
this hypothesis are the observations that overexpression of the
wild-type or Q79L allele of rab5 causes the accumulation of
large early endosomes and increased rates of transferrin inter-
nalization in vivo (93) and that addition of purified wild-type
Rab5 or Rab5-Q79L protein stimulates endosome fusion in
vitro (7, 34). Furthermore, depletion of the TSC2 gene prod-
uct, which encodes a Rab5 GAP, results in increased rates of
fluid phase endocytosis (108). In contrast to these results, our
in vivo study shows that GTP-bound Ypt1p-Q67L has no effect
on secretion even when overexpressed; and results with the
Q67L analogous mutations of Sec4p, Rab2, and Rab6 show
inhibition of protein transport (see above). The different ef-
fects of the GTP hydrolysis defective mutants in Rab5 versus
Ypt1p, Sec4p, Rab2, and Rab6 may arise from a difference
between the regulation of homotypic and heterotypic mem-
brane fusion. While homotypic membrane fusion could con-
tinue if the Ypt/Rab protein stays in its GTP-bound form, in
heterotypic membrane fusion, the Ypt/Rab protein, even if it is
in its activated GTP-bound form, might not be able to promote
membrane fusion since the other components of the targeting/
fusion machinery are not present. We suggest that the only role
of GTP hydrolysis by Ypt/Rab proteins that function in the
exocytic pathway is to generate the GDP-bound form for effi-
cient GDI-mediated recycling between membranes (Fig. 10C).
The diverse phenotypes observed after mutating the various
exocytic Ypt/Rab proteins may reflect differences in their re-
quirements for efficient recycling.

GDI-mediated recycling of Ypt/Rab proteins involves their re-
versible association with membranes (68, 107), and GDI function
is essential for yeast cell viability and protein transport (26). How-
ever, if the role of GTP hydrolysis by Ypt/Rab proteins is to allow
efficient GDI-mediated recycling between membranes, it seems
that the recycling of Ypt1p is not essential for either protein
transport or cell growth. This suggestion is consistent with the
observation that Ypt1p is still functional when permanently fixed
to membranes via a membrane anchor (64). Thus, recycling of

Ypt/Rab proteins can probably also occur via a GDI-independent
mechanism that does not involve their detachment from mem-
branes and therefore may not require GTP hydrolysis. Alterna-
tively, it is possible that recycling of Ypt1p is not important for its
function, since there is excess Ypt1p in the cell. This conclusion is
based on the observation that mutant cells with a 90% reduction
in the level of Ypt1p show no growth or secretion defects at the
permissive temperature (39, 75a).

The roles of cycling between the GTP- and GDP-bound forms
of Ypt/Rab proteins and of the factors that regulate this cycling
are still unresolved. Current models suggest that GAPs regulate
Ypt/Rab proteins at the acceptor compartment and that GTP
hydrolysis and GAP activity are essential for vesicle fusion with
this compartment. In these models, GNEF is predicted to func-
tion at the donor compartment (or on the vesicles) in the recruit-
ment of Ypt/Rab GTPases to the membrane (60, 92, 98). Our
data suggest an alternative model for Ypt/Rab mode of action.
Our combined information from studies of a GTPase-defective
mutant Ypt1p and of GAP localization suggest that GTP hydro-
lysis is not essential for vesicle fusion (this study) and that GAP
for Ypt1p does not function at the acceptor compartment (75).
We have previously shown that nucleotide exchange is essential
for Ypt1p-mediated vesicular transport (42). Therefore, in our
model the shift from the GDP- to the GTP-bound form is the
event that is crucial for vesicle targeting and/or fusion, while GTP
hydrolysis and the GDP-bound form are needed for the recycling
of Ypt/Rab proteins. We propose the following hypothesis for the
roles of nucleotide cycling of Ypt/Rab proteins and for the local-
ization of their accessory proteins: (i) nucleotide exchange,
GNEF, and the GTP-bound form are essential for vesicle target-
ing or fusion, and GNEF functions at the acceptor compartment;
(ii) GTP hydrolysis, GAP, and the GDP-bound form do not have
a direct role in vesicle fusion but rather function in GDI-mediated
recycling of Ypt/Rab proteins between membranes, a process that
is not essential for Ypt1p function.

If the GTP-bound form of Ypt/Rab proteins is the active form
of these proteins and is crucial for executing their functions, while
the GDP-bound form is inactive, these proteins are more similar
to heterotrimeric G proteins and Ras than to EF-Tu. One ques-
tion that arises is, why does the Q67L mutation not confer a
dominant phenotype with Ypt1p as it does with Ras (19)? In
other words, if the Ypt1-Q67L mutant protein is constitutively
active, why does it not confer either accelerated secretion and/or
uncontrolled membrane fusion that might lead to growth defects?
Our explanation is that the nature of the process regulated by the
active form of Ypt/Rab proteins is different from that regulated
by G proteins and Ras. Thus, active Ypt/Rab proteins promote
vesicle targeting and fusion when present on the vesicle. In het-
erotypic membrane fusion, after the vesicle fuses they are not in
the right place or in the right context to stimulate such an event.
It is reasonable to suppose that the regulators responsible for
stimulating Ypt/Rab proteins to promote membrane targeting
and fusion are their GNEFs. This suggestion is supported by our
finding that nucleotide-free mutant Ypt1 proteins, which inhibit
the Ypt1-GNEF, also block the action of GTP-bound Ypt1p-
Q67L. Thus, Ypt/Rab proteins have a unique mode of regulation:
like Ras, they are active in the GTP-bound form, but unlike Ras,
they seem to require interaction with the GNEF to be biologically
active.
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