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Small GTPases of the Ypt/Rab family are involved in the regulation of vesicular trans-
port. Cycling between the GDP- and GTP-bound forms and the accessory proteins that
regulate this cycling are thought to be crucial for Ypt/Rab function. Guanine nucleotide
exchange factors (GEFs) stimulate both GDP loss and GTP uptake, and GTPase-activating
proteins (GAPs) stimulate GTP hydrolysis. Little is known about GEFs and GAPs for
Ypt/Rab proteins. In this article we report the identification and initial characterization
of two factors that regulate nucleotide cycling by Ypt1p, which is essential for the first
two steps of the yeast secretory pathway. The Ypt1p-GEF stimulates GDP release and
GTP uptake at least 10-fold and is specific for Ypt1p. Partially purified Ypt1p-GEF can
rescue the inhibition caused by the dominant-negative Ypt1p-D124N mutant of in vitro
endoplasmic reticulum-to-Golgi transport. This mutant probably blocks transport by
inhibiting the GEF, suggesting that we have identified the physiological GEF for Ypt1p.
The Ypt1p-GAP stimulates GTP hydrolysis by Ypt1p up to 54-fold, has a higher affinity
for the GTP-bound form of Ypt1p than for the GDP-bound form, and is specific to a
subgroup of exocytic Ypt proteins. The Ypt1p-GAP activity is not affected by deletion of
two genes that encode known Ypt GAPs, GYP7 and GYP1, nor is it influenced by
mutations in SEC18, SEC17, or SEC22, genes whose products are involved in vesicle
fusion. The GEF and GAP activities for Ypt1p localize to particulate cellular fractions.
However, contrary to the predictions of current models, the GEF activity localizes to the
fraction that functions as the acceptor in an endoplasmic reticulum-to-Golgi transport
assay, whereas the GAP activity cofractionates with markers for the donor. On the basis
of our current and previous results, we propose a new model for the role of Ypt/Rab
nucleotide cycling and the factors that regulate this process.

INTRODUCTION

Transport of proteins through the secretory pathway
involves their orderly progression through a series of
membranous compartments. Movement between suc-
cessive compartments appears to be mediated by ves-
icles that bud from one compartment and fuse with
the next (Jamieson and Palade, 1967; Palade, 1975).
Progress has been made in the last few years in un-
derstanding the machinery and mechanisms contrib-

uting to the directionality and specificity of vesicle
targeting and fusion. The Ypt/Rab family of small
GTPases has been shown to play a key role in vesic-
ular trafficking in yeast and mammalian cells. These
proteins are implicated in the regulation of protein
transport through the exocytic, endocytic, and tran-
scytotic pathways (Ferro-Novick and Novick, 1993;
Zerial and Stenmark, 1993). In yeast, four members of
the Ypt/Rab family have been shown to be essential
for regulating the exocytic pathway. Ypt1p is essential
for the first two steps of the pathway, endoplasmic
reticulum (ER)-to-Golgi and cis-to-medial Golgi trans-
port, mediating the targeting and/or fusion of trans-
port vesicles in the first step (Segev et al., 1988; Rexach
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and Schekman, 1991; Segev, 1991; Jedd et al., 1995). We
recently showed that Ypt31p and Ypt32p are essential
for exit from the trans-Golgi compartment (Jedd et al.,
1997). Sec4p functions at the final step of the pathway
(Novick et al., 1981). It has been suggested that Ypt/
Rab proteins act at the different steps of the secretory
pathway to ensure the fidelity of vesicular targeting
(Bourne, 1988; Novick and Brennwald, 1993; Pfeffer,
1994). However, the specific mechanism by which
Ypt/Rab GTPases regulate protein transport and the
means by which Ypt/Rab proteins themselves are reg-
ulated are still unknown.

Ypt/Rab proteins cycle between GTP- and GDP-
bound forms by nucleotide exchange and GTP hydro-
lysis, reactions that are thought to switch the confor-
mation of these proteins and to determine the partner
proteins with which these proteins interact (Balch,
1990; Novick and Brennwald, 1993). The function of
this nucleotide cycling by Ypt/Rab proteins has been
studied by the use of mutants that are restricted to one
or the other of the nucleotide-bound forms. The im-
portance of nucleotide exchange is suggested by stud-
ies of Ypt/Rab mutants that are restricted to either the
GDP form or the nucleotide-free form. These two
types of mutations were shown to be dominant inhib-
itors of protein transport both in vivo and in vitro
(Wagner et al., 1987; Walworth et al., 1989; Gorvel et al.,
1991; Bucci et al., 1992; Tisdale et al., 1992; Brondyk et
al., 1993; Li and Stahl, 1993; Nuoffer et al., 1994; Rie-
derer et al., 1994). In the case of Ypt1p, the nucleotide-
free mutations were shown to act via inhibition of the
Ypt1p nucleotide exchanger (Jones et al., 1995). The
importance of GTP hydrolysis was studied by the use
of Ypt/Rab mutants that are defective in this process.
Conflicting evidence suggests either that these muta-
tions have very little effect on the functioning of the
Ypt/Rab protein or that they have a dominant inhib-
itory or stimulatory effect. For example, we have
shown that Ypt1p-mediated ER-to-Golgi transport is
not affected by a mutation that severely impairs GTP
hydrolysis (Richardson et al., 1998), whereas Rab5-
mediated endosome fusion was shown to be stimu-
lated by such a mutation (Gorvel et al., 1991; Bucci et
al., 1992). We have suggested that GTP hydrolysis is
not important for general heterotypic vesicle fusion,
which is the basis for vectorial transport (e.g., Ypt1p-
mediated transport), but is important for down-regu-
lation of homotypic membrane fusion (e.g., Rab5-me-
diated fusion) (Richardson et al., 1998).

Most small GTPases have slow intrinsic rates of
nucleotide exchange and GTP hydrolysis and thus
require accessory factors to stimulate these reactions.
GDP dissociation and GTP binding are accelerated by
guanine nucleotide exchange factors (GEFs), whereas
GTP hydrolysis is stimulated by GTPase-activating
proteins (GAPs). Current models propose that GEF-
stimulated nucleotide exchange occurs at the donor

compartment and is coupled to the localization of
Ypt/Rab proteins to specific membranes, whereas
GAP-stimulated GTP hydrolysis occurs at the acceptor
compartment and is essential for vesicle fusion or its
timing (Rybin et al., 1996; Novick and Zerial, 1997) (see
Figure 9A). However, there is very little evidence to
support such models, and in particular, little is known
regarding the localization of the regulatory factors.

Although GEFs and GAPs that act on members of
the Ras and Rho families of small GTPases have been
extensively characterized (McCormick, 1990; Boguski
and McCormick, 1993), less is known about GEFs and
GAPs for Ypt/Rab GTPases. To date, three genes en-
coding GEFs for Ypt/Rab proteins have been identi-
fied, one in yeast for Sec4p and two in mammalian
cells for Rab3 and Rab5 (Horiuchi et al., 1997; Wada et
al., 1997; Walch-Solimena et al., 1997). We have shown
that Ypt1p mutant proteins inhibit Ypt1p-GEF activity
and are also potent inhibitors of ER-to-Golgi transport
in vivo and in vitro, implying that nucleotide ex-
change stimulated by this GEF is essential for Ypt1p
function (Jones et al., 1995). In agreement with this
result, the Sec4p-GEF Sec2p is essential for viability
(Nair et al., 1990). Recently, a number of Ypt/Rab GAP
genes have been cloned; these are the mammalian
tuberin and Rab3 GAP and the yeast GYP6, GYP7, and
GYP1 (Strom et al., 1993; Vollmer and Gallwitz, 1995;
Fukui et al., 1997; Xiao et al., 1997; Du et al., 1998).
There are several open questions regarding the mech-
anism of action, the localization, and the specificity of
GEFs and GAPs for Ypt/Rab proteins. Identifying and
characterizing these regulatory proteins should help
resolve these issues. Because there is very little homol-
ogy shared between the different known GEFs or
GAPs for Ypt/Rab proteins, we decided to take a
biochemical approach to identify factors that regulate
the nucleotide cycling of Ypt1p.

In this article we describe both a GEF and a GAP for
Ypt1p in yeast. The novel GEF activity stimulates both
GDP release and GTP uptake by Ypt1p but not by
other exocytic Ypt proteins. Contrary to the predic-
tions of current models, which assign GEF function to
the donor compartment, the Ypt1p-GEF activity is
highly enriched in the P100 (100,000 3 g pellet) frac-
tion, which functions as the acceptor in a Ypt1p-me-
diated ER-to-Golgi cell-free transport assay. The GAP
activity for Ypt1p interacts with both Ypt1p and Sec4p
but not with Ypt31p or Ypt32p, indicating substrate
specificity. The novel GAP activity characterized here
is highly enriched in the P12 fraction, which functions
as the donor in the ER-to -Golgi transport assay, even
though current models would predict that Ypt1p-GAP
activity should be enriched in the acceptor compart-
ment. On the basis of the localization of these two
Ypt1p regulators and our previous results (Jones et al.,
1995; Richardson et al., 1998), we propose a new model
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for the role of nucleotide cycling and associated reg-
ulatory factors in Ypt1-mediated vesicular transport.

MATERIALS AND METHODS

Yeast Strains and Materials
The yeast strains used in this study are listed in Table 1. GYP1 and
GYP7 were deleted sequentially in NSY116 using PCR products
amplified from the following templates: kanMX4 (Wach et al., 1994),
for disruption of the entire open reading frame of GYP1 with the
kanr gene of Escherichia coli using the upstream primer 59-ACCAA
TACCG ACCAC TTAAT AAAAG TAACC ATATA CAGCT
GAAGC TTCGT ACGCT-39 and the downstream primer 59-TACAT
ACTAT ACAGT AAGTA AAATG AATAG GTCCG GCATA
GGCCA CTAGT GGATCTG-39, and pRS303 (Sikorski and Hieter,
1989), for disruption of the entire open reading frame of GYP7 with
the HIS3 gene using the upstream primer 59-AAAGT TCTAC AA-
GAG TCATT CATAC ATCCC CTGCT CTTGG CCTCC TCTAG-39
and the downstream primer 59-TATTC AATAT GTAAA GTTCC
GTTTC TATTT ACCTC GTTCA GAATG ACACG-39. Yeast strains
were grown in rich medium (YEPD; 1% yeast extract, 2% bactopep-
tone, 2% dextrose) (Rose et al., 1988). All chemical reagents were
purchased from Sigma Chemical (St. Louis, MO), unless otherwise
noted. All DNA restriction endonucleases were from New England
BioLabs (Beverly, MA) or Boehringer Mannheim (Indianapolis, IN).
Taq DNA polymerase was from Life Technologies–Bethesda Re-
search Laboratories (Gaithersburg, MD).

Expression and Purification of Ypt Proteins
Construction of plasmids for the expression of GST-Ypt1p
(pNS361), GST-Ypt1-D124N (pNS363), GST-Ypt31p (pNS210), GST-
Ypt32p (pNS211), and GST-Sec4p (pNS212) is described elsewhere
(Jones et al., 1995; Jedd et al., 1997). To construct the GST-Ypt1-T40K
fusion protein pNS240, we used a pGEM3Zf(2) plasmid that con-
tains the ypt1-T40K allele (Jedd et al., 1995) as a template for PCR
with the upstream primer 59-CCT GGG GAT CCA TGA ATA GCG
AGT ACG ATT ACC TGT TCA AAC TGC TGT TGA TCG GG-39
(which creates a BamHI site just upstream of the initiator methio-
nine) and the downstream primer 59-GGG CCC GGA TCC GAT
AAG GAA GAA TG-39. The PCR fragment was cut with BamHI and
cloned into the BamHI site of pGEX-KG (Guan and Dixon, 1991) to
create pNS214. GST fusion proteins were purified as described
elsewhere (Jones et al., 1995) and were dialyzed against Buffer 88
[250 mM sorbitol, 20 mM HEPES, pH 6.8, 150 mM KOAc, 5 mM

Mg(OAc)2] (Baker et al., 1988). Thrombin cleavage of these GST
fusion proteins yields proteins with a two amino acid extension
(Gly-Ser) at the amino termini.

GST-Ypt1p was used as a substrate for the geranylgeranyl trans-
ferase reaction. Geranylgeranyl transferase activity was reconsti-
tuted in vitro as described (Jiang et al., 1995). The prenylated and
unprenylated forms of GST-Ypt1p were then separated by Triton
X-114 phase partitioning (Bordier, 1981). The two phases were then
mixed with a 50% slurry of glutathione agarose beads, and Ypt1p
was purified after thrombin cleavage as described above.

Yeast Cell Extract Preparation
Crude extracts were prepared from spheroplasts and fractionated as
described (Baker et al., 1990; Wuestehube and Schekman, 1992). For
comparison of GEF activities in the various fractions, supernatant
fractions (both S100 [100,000 3 g supernatant] and S12) were dia-
lyzed in Buffer 88 overnight. To extract endogenous Ypt1p from the
particulate fraction, we treated P100 (;10 mg of protein per milli-
liter) with 1% Triton X-100 or 1% n-octylglucoside for 1 h on ice. The
mixture was centrifuged at 100,000 3 g for 1 h, and the pellet was
resuspended to the starting volume in Buffer 88 and recentrifuged.
The pellet, which contained .80% of the GEF activity, was resus-
pended to the initial volume in Buffer 88 to generate a fraction
referred to as detergent-extracted P100 (Det-P100). This fraction was
further extracted with 0.5 M NaCl for 1 h on ice. A final centrifu-
gation at 100,000 3 g for 1 h yielded a supernatant, termed solubi-
lized GEF, that contained ;75% of the total exchange activity in the
original P100 fraction.

Guanine Nucleotide Exchange Assays
[3H]GDP Release Assays. Ten picomoles of Ypt1p were preloaded
by incubating with 20 pmol of [59,89-3H]GDP (31.7 Ci/mmol; New
England Nuclear, Boston, MA) in preload buffer (20 mM HEPES, pH
7.2, 20 mM KOAc, 1 mM DTT, 5 mM EDTA) for 10 min at 30°C. At
the end of the incubation, samples were placed on ice, and MgCl2
was added to 10 mM. [3H]GDP remained stably bound to the Ypt1p
for at least 1 h. The cell fractions containing the GEF activity for
Ypt1p, or bovine serum albumin (BSA) as a control, were diluted
into reaction buffer [20 mM HEPES, pH 7.2, 5 mM Mg(OAc)2, 0.75
mM GTP, 0.75 mM GDP, 1 mM DTT], and exchange reactions were
initiated by the addition of Ypt1p-[3H]GDP. The reaction volume
was 50 ml. Incubations were performed at 30°C for varying periods
of time, as noted. To monitor the release of [3H]GDP from Ypt1p by
filtration, we applied 5 ml samples to wet nitrocellulose filters
(BA85; Schleicher & Schuell, Keene, NH) by pipetting samples into
3 ml of ice-cold wash buffer (20 mM Tris-HCl, pH 7.5, 20 mM NaCl,
5 mM MgCl2, 1 mM DTT). Filters were washed twice more with 3 ml
of the same buffer and were counted with Ready Protein1 (Beck-
man, Fullerton, CA) or Filtron-X (National Diagnostics, Atlanta,
GA) scintillation fluid. In all experiments, initial values were ;8–
10 3 103 dpm per 5 ml sample.

Ras2 protein, expressed and purified from E. coli (a gift from K.
York and J. Broach), was preloaded with [3H]GDP exactly as de-
scribed for Ypt1p above. His6-Sec4 protein (a gift from P. Novick)
was preloaded with [3H]GDP as described (Kabcenell et al., 1990).
[32P]GTP Uptake Assays. Bacterially expressed Ypt1p was pre-
loaded as described above but with nonradioactive GDP. The pre-
loaded Ypt1p was added together with cell fractions containing the
GEF activity for Ypt1p or ovalbumin (as a control) to reaction buffer
lacking guanine nucleotides. ATP was added to 1 mM to prevent
nonspecific hydrolysis of [32P]GTP. [a-32P]GTP (3000 Ci/mmol;
Amersham, Arlington Heights, IL) was diluted to a specific activity
of 75 Ci/mmol. Exchange reactions were initiated by the addition of
100 pmol of GTP to a 50 ml reaction mixture containing 10 pmol of
Ypt1p and various amounts of exchange-containing cellular frac-
tions. Samples of 5 ml were removed at intervals, and the amount of
[a-32P]GTP bound to Ypt1p was determined by quantitative immu-

Table 1. Yeast strains

Strain Genotype Source

GPY60 MATa, ura3-52, trp1, leu2,
his4, pep4<URA3

G. Payne, UCLA

NSY116 MATa, ade2, his3-D200,
leu2-3,112, ura3-52

D. Botstein, Stanford

NSY125 MATa, his4-539am, lys2-
801am, ura3-52

D. Botstein, Stanford

NY929 dss4<URA3 P. Novick, Yale
NY931 DSS4 (wt) P. Novick, Yale
NY431 MATa, ura3-52, sec18-1 P. Novick, Yale
NY418 MATa, ura3-52, sec17-1 P. Novick, Yale
NY426 MATa, ura3-52, sec22-3 P. Novick, Yale
NY13 MATa, ura3-52 P. Novick, Yale
NSY418 NSY116 gyp1<kanr This study
NSY420 NSY116 gyp1<kanr

gyp7<HIS3
This study
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noprecipitation with 2.5 mg of anti-Ypt1p immunoglobulin G puri-
fied from polyclonal serum (Segev et al., 1988) and with 20 ml of
protein A sepharose (Zymed, San Francisco, CA). Immunoprecipi-
tation was necessary to distinguish between Ypt1p and other GTP-
binding proteins present in the extract. Immunoprecipitation was
performed for 2 h at 4°C in reaction buffer (see above) plus 150 mM
KOAc, 1% Triton X-100, and 150 mM GDP and GTP. At the end of
the incubation, immune complexes were washed five times with 1
ml of wash buffer (see [3H]GDP Release Assay) plus 1% Triton
X-100. Washed immune complexes were boiled for 5 min in the
presence of 2% SDS, and the amount of bound radioactivity was
determined by liquid scintillation counting. Immunoprecipitation
under these conditions was quantitative as demonstrated by com-
parison of immunoprecipitation with filtration of Ypt1p-[3H]GDP
from reaction mixtures identical to those above. Specificity of im-
munoprecipitation was demonstrated with preimmune and non-
Ypt1p-specific antisera. Values for GTP uptake by trace amounts of
endogenous Ypt1p in the extracts were determined by performing
the reactions in the absence of bacterially produced Ypt1p. These
values (equal to ,5% of those for GTP uptake by the bacterially
produced substrate) were subtracted from the measurements of
stimulated exchange. Further background measurements were de-
termined by sampling at the initiation of the reaction (time 5 0).
These values (also ,5% of those for GTP uptake by the bacterially
produced substrate) were subtracted from the measurements of
stimulated exchange as well.

Partial Purification of GEF Activity
Gel Filtration. Twenty-one milliliters of solubilized GEF (n-octyl-
glucoside extracted) was prepared from 20,000 OD600 units of cells
(strain GPY60) as described above. The solubilized GEF was applied
to a 2.5 3 92.5 cm column of Sephacryl S-300 HR equilibrated in
Buffer 88 in three separate runs using 7 ml (at 1.8 mg/ml) per run.
The column was eluted at 1.4 ml/min, and 2.5 ml fractions were
collected. GEF activity was measured by performing the [3H]GDP
release assay on alternating fractions. Peak fractions were collected
into two pools: a high-specific activity pool A and a low-specific
activity pool B. The specific activities of the pools were assayed
using both the [3H]GDP release assay and the [32P]GTP uptake
assay. Each pool of fractions was concentrated ;30-fold in a Cen-
triprep-30 unit.
Hydroxyapatite Chromatography. Concentrated material (2.3–2.9
ml) from the Sephacryl S-300 HR column was applied to a 1 3 5 cm
ceramic hydroxyapatite (HAP) (Bio-Rad, Richmond, CA) column in
Buffer 88 with 0.5 M NaCl and 10 mM KPO4, pH 6.8 (HAP wash
buffer). The column was run at 30 cm/h (;23.6 ml/h), and 1 ml
fractions were collected. The column was washed with 1–3 column
volumes of HAP wash buffer until the absorbance returned to
baseline. Bound protein was then eluted with a linear gradient from
10 to 200 mM KPO4 in Buffer 88 followed by one to three column
volumes of 400 mM KPO4, pH 6.8. Samples were dialyzed against
Buffer 88 in a microdialysis unit (Life Technologies–Bethesda Re-
search Laboratories) for 2 h before assaying for guanine nucleotide
exchange activity by the GDP loss assay. Fractions with the greatest
GDP release activity were pooled and concentrated in a Cen-
triprep-30 unit.

ER-to-Golgi Transport Assay
An in vitro ER-to-Golgi transport system using permeabilized yeast
cells as the donor compartment was used for the experiments that
demonstrate rescue by purified Ypt1p-GEF of Ypt1p-D124N inhibi-
tion of ER-to-Golgi transport (Ruohola et al., 1988).

GTP Hydrolysis Assays
Three methods were used to measure GTP hydrolysis: charcoal
binding, TLC, or filtration through nitrocellulose. For the charcoal-

binding assay (Brandt et al., 1983; Higashijima et al., 1987), Ypt1p (10
mM) was preloaded with 5 ml of [g-32P]GTP (2000 Ci/mmol; Am-
ersham) in preload buffer (20 mM HEPES, pH 7.2, 20 mM KOAc, 5
mM EDTA, 0.5 mg/ml BSA, 1 mM 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 Mg(OAc)2, 300 mM sorbitol, 1
mM DTT] plus 0.5 mg/ml BSA, and unbound nucleotide was re-
moved at 4°C with two successive acrylamide spin columns (Bio-
Spin6; Bio-Rad) equilibrated with reaction buffer plus 0.5 mg/ml
BSA. The volume of the flow-through was adjusted to 250 ml with
reaction buffer plus BSA to give a final Ypt1p concentration of 40
nM. GAP-stimulated hydrolysis was measured by incubating 2 nM
preloaded Ypt1p with the indicated quantities of the indicated
subcellular fractions in reaction buffer plus 1 mM each GTP, GDP,
and ATP at 30°C. Intrinsic GTP hydrolysis was measured by sub-
stituting BSA (a nonspecific protein) for the subcellular fraction.
Aliquots were removed at the indicated time points and processed
as described (Richardson et al., 1998). When TLC was used to
measure GTP hydrolysis, Ypt1p was preloaded as described above
but with [32P]GTP labeled at the a position (3000 Ci/mmol; Amer-
sham), and unbound nucleotide was removed as described above.
GTP hydrolysis reactions were performed as described above. Ali-
quots were removed at the indicated times, and reactions were
stopped by addition of an equal volume of stop buffer (50 mM
Tris-HCl, pH 7.5, 40 mM EDTA, 2% SDS). Samples were heated at
65°C for 5 min. Aliquots (5 ml) were spotted on polyethyleneimine-
cellulose TLC plates, and nucleotides were resolved by developing
plates in water followed by 1 M LiCl (Tanaka et al., 1991). Detection
and quantitation of radioactivity were performed with a radioana-
lytic imager (QuantProbe 3.0; Ambis Systems, San Diego, CA).
When the filtration method was used to assay GTP hydrolysis,
Ypt1p was preloaded with [g-32P]GTP as described above, except
that spin columns were not used to separate unbound nucleotide.
GTP hydrolysis reactions were performed as described above for
the charcoal assay, except that aliquots removed at the indicated
time points were processed as for the GDP release assay (see above).

Extraction of GAP Activity
Yeast extracts were prepared and fractionated as described (Baker et
al., 1990; Wuestehube and Schekman, 1992). The P12 fraction was
used as the source of GAP activity. For trypsin extractions, digestion
was performed on P12 at 10 mg/ml with trypsin at 0.1 mg/ml for
1 h on ice and then stopped by the addition of soybean trypsin
inhibitor at 0.2 mg/ml. As a control, trypsin inhibitor was added
before trypsin, and the mixture was incubated for 1 h on ice. An
aliquot was removed and saved as “total.” The remainder was
centrifuged at 12,000 3 g. The supernatant was removed and saved.
The pellet was resuspended in Buffer 88 to the original volume
before centrifugation. Equivalent volumes of total, supernatant, and
pellet fractions of extracted material were incubated with 2 nM
Ypt1p preloaded with [32P]GTP as described above. GTP hydrolysis
was determined by the charcoal-binding assay as described above.
For detergent inhibition curves, the P12 or the trypsin-extracted
activity was used as a source of GAP activity. These fractions were
incubated with the indicated amounts of detergent and 2 nM Ypt1p
preloaded with [32P]GTP as described above. Aliquots were re-
moved at the indicated time periods and processed for quantifica-
tion by the charcoal-binding assay or by the filtration assay as
indicated. To test geranylgeranylated Ypt1p as a substrate, we pre-
loaded 1.2 pmol of the aqueous or detergent phase of Triton X-114–
partitioned Ypt1p (see below) with [g-32P]GTP (2000 Ci/mmol) as
described above; 1.2 nM preloaded Ypt1 proteins were tested for
responsiveness to trypsin-extracted GAP in the absence or presence
of detergent. GTP hydrolysis was monitored by the filtration assay
as described above.
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Competition of Ypt1p-GAP Activity
For competition experiments, Ypt1p was preloaded with [g-32P]GTP
as described above. Competitor protein (90 mM) was preloaded for
15 min at 30°C with 180 mM unlabeled nucleotide, either GDP, GTP,
or GppNHp, in a 20 ml reaction that contained 20 mM HEPES, pH
7.2, 20 mM KOAc, 5 mM EDTA, 0.5 mg/ml BSA, and 1 mM DTT.
After preloading, 0.1 M Mg(OAc)2 was added to a final concentra-
tion of 5 mM. For the no-competitor control, a mock preload reac-
tion was performed that contained nucleotide but no competitor
protein. Labeled Ypt1p (2 nM) was mixed with the indicated quan-
tities of cold competitors (or the mock preload control) before the
addition of the P12 GAP activity. Reactions were initiated by the
addition of 0.75 mg/ml of P12, and incubation was at 30°C. Aliquots
were removed at 0, 10, 20, and 30 min and were processed for
quantification by the charcoal-binding assay as described above.

RESULTS

Identification of Ypt1p-GEF
To identify a GEF activity for Ypt1p in yeast cells, we
first assayed the ability of cell lysates to stimulate
release of GDP from Ypt1p. Crude extracts of Saccha-
romyces cerevisiae strain GPY60 and fractions obtained
by differential centrifugation were incubated with re-
combinant Ypt1p preloaded with [3H]GDP. Yeast cell
extracts stimulated GDP release from Ypt1p above the
intrinsic rate in a time- (Figure 1A) and concentration-
dependent manner. Because we later show that this
activity also promotes GTP uptake specifically by
Ypt1p (see below), we refer to this activity as Ypt1p-
GEF. Comparing equal amounts of protein from dif-
ferent cell fractions revealed that the P100 fraction was
enriched in GEF activity, whereas there was no detect-
able or little activity in the S100, S12, and the P12
fractions, respectively (Figure 1A). The highest spe-
cific activity of Ypt1p-GEF was found in the P100
fraction (;three- to fivefold enrichment relative to the
crude lysate; Figure 1B). Approximately one-half of
the Ypt1-GEF activity present in the total extract was
recovered in the P100 fraction, whereas very little
(;2.5%) was found in the P12 fraction (Figure 1C),
suggesting that the Ypt1p-GEF associates with a light
particulate cellular compartment.

Figure 1. Identification of a GDP release-stimulating activity for
Ypt1p in the P100 fraction of yeast cells. (A) Time course of GDP
release from Ypt1p in the presence of fractionated yeast extracts is
shown. Ypt1p-[3H]GDP was incubated in the presence of cell extract
or BSA at 1 mg/ml. Values represent the percent of label retained
at the indicated time, relative to that at the beginning of the

Figure 1 (cont). incubation. Fractions are the total extract (closed
circles), S12 (open triangles), P12 (closed triangles), S100 (open
squares), P100 (closed squares), and no extract (BSA; open circles).
(B) Ypt1p-GEF is enriched in the P100 fraction. To determine the
specific activity of GDP release in the different fractions, we varied
the fraction concentration from 0.2 to 1 mg/ml in the GDP release
reaction and withdrew samples at 3 min intervals over 15 min.
Conditions were selected under which protein and time were lim-
iting, and rates of GDP release were determined from the linear
portion of the curve. (C) The P100 fraction contains approximately
one-half of the Ypt1p-GEF activity in the total extract. The portion of
activity per fraction was calculated as the product of the specific
activity (Figure 1B) and amount (milligrams) of protein in the frac-
tions obtained from ;5000 OD600 units of cells. Results shown in
this figure are representative of at least three experiments, and
values from similar experiments agreed to within 5%.
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To characterize the association of the Ypt1p-GEF
activity with this particulate compartment, we ex-
tracted the P100 fraction with detergents and NaCl.
Although Ypt1p can be extracted from the P100 frac-
tion by nonionic detergent treatment, the Ypt1p-GEF
activity was resistant to detergent treatment. Instead,
;75% of the GEF activity was liberated by 0.5 M NaCl
(Figure 2A). Increasing the NaCl concentration be-
yond 0.5 M did not significantly increase the recovery
of Ypt1p-GEF activity. The ability of the Ypt1p-GEF to
be extracted by salt but not by detergent is consistent
with an association with membranes or cytoskeletal
elements by electrostatic interactions.

Salt extraction of Det-P100 yielded solubilized
Ypt1p-GEF activity free of Ypt1p. The solubilized GEF
activity is enriched 4-fold relative to the P100 fraction
and ;16- to 20-fold relative to the total cell extract
(Figure 2B). The solubilized GEF was proteinaceous
because it was sensitive to protease or heat but not to
RNase or DNase. The Det-P100 fraction was used for
experiments in which high concentrations of the ex-
change activity were needed, whereas the salt extract
was used for further purification of the Ypt1p-GEF
(see below; the solubilized GEF fraction could not be
used in high concentrations because salt interferes
with the exchange reaction and salt removal caused
protein precipitation).

To confirm that this Ypt1p-GEF activity corresponds
to a genuine exchange activity, we used the partially
purified exchange factor to assay stimulation of GTP
binding by recombinant Ypt1p. Recombinant Ypt1p was
preloaded with nonradioactive GDP; then the binding of
[a-32P]GTP was measured in the presence of either the
Det-P100 fraction or the solubilized GEF. The intrinsic
rates of GDP release and GTP uptake of Ypt1p were very
similar (0.76 6 0.13 and 0.87 6 0.12 fmol/min per pico-
mole of Ypt1p, respectively). Adding increasing
amounts of the Det-P100 fraction accelerated GTP up-
take by Ypt1p to a maximum 10-fold stimulation at 5
mg/ml (Figure 3A). When the solubilized GEF was used
as a source of exchange activity, both GTP uptake and
GDP release rates were also linear with respect to con-
centration and time (Figure 3B) and were essentially
identical. Thus, the activity that we identified on the
yeast cell membranes and that was solubilized and par-
tially purified stimulates the exchange of Ypt1p-bound
GDP for GTP at least 10-fold.

A candidate for Ypt1p-GEF activity is Dss4p, a sug-
gested GDP-release factor for the closely related
Sec4p. Previous work demonstrated that purified re-
combinant Dss4p was capable of stimulating release of

Figure 2. Association of the Ypt1p-GEF with the P100 fraction and
preparation of the solubilized GEF fraction. (A) Extraction of Ypt1p-
GEF from the P100 fraction by salt but not by detergents is shown.
P100 was treated with 1% Triton X-100, 30 mM n-octylglucoside, or
0.5 M NaCl. Equal volumes of the P100 fraction and the treated
pellets and supernatants were diluted at least fivefold into the
reaction mixture (NaCl concentrations were at or below 100 mM, a
concentration that does not affect intrinsic or stimulated exchange)
and were assayed for their ability to stimulate release of [3H]GDP
from Ypt1p as described. Addition of 1% Triton X-100, 30 mM
n-octylglucoside, or 0.5 M NaCl to the unfractionated P100 had no
effect on its activity. Extracts were prepared at least twice and were
assayed at least twice per extraction with equivalent results. Extrac-
tion with 1% Triton X-100 and 30 mM n-octylglucoside gave iden-
tical results and are presented as Detergent. (B) Sequential extrac-
tion of the P100 fraction with Triton X-100 and NaCl yields a soluble
Ypt1p-GEF activity and an additional fourfold increase in specific
activity. The solubilized GEF fraction is the S100 fraction from

Figure 2 (cont). sequential extraction of the P100 fraction with 1%
Triton X-100, followed by extraction of the resulting pellet with 0.5
M NaCl. The total enrichment of the Ypt1p-GEF activity in the
solubilized fraction relative to the crude cell extract is 16- to 20-fold.
Similar results were obtained with four independent preparations.
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GDP from Ypt1p by 2.5-fold above the intrinsic rate
(Moya et al., 1993). We compared the stimulation of
GDP release for Ypt1p by yeast cell extracts prepared
from a wild-type strain and a strain in which the DSS4

gene was deleted (Moya et al., 1993). P100 fractions
prepared from both yeast strains yielded equivalent
results and stimulated GDP release from Ypt1p by 4-
to 5-fold (Table 2A). Therefore, the Ypt1p-GEF activity
that we have identified is not Dss4p.

Substrate Specificity of Ypt1p-GEF
To determine the specificity of the Ypt1p-GEF activity,
we assayed the ability of the Det-P100 fraction to
stimulate the exchange of guanine nucleotides bound
to Ras2p, Ypt32p, or Sec4p. Under conditions in which
the Det-P100 fraction stimulated GDP release by ;12-
fold from Ypt1p, there was an ;4- to 6-fold stimula-
tion of GDP release from Ras2p but no effect on the
other two proteins (Figure 4). To determine whether
the exchange factors for Ypt1p and Ras2p are distinct,

Figure 3. Stimulation of GTP uptake by Ypt1p-GEF. (A) Increasing
concentrations of the Det-P100 (Triton X-100–extracted) fraction
result in increasing stimulation of GTP uptake by Ypt1p. Ten pico-
moles of Ypt1p preloaded with nonradioactive GDP were incubated
with varying amounts of the Det-P100 fraction in reaction mixtures
containing [a-32P]GTP. Reactions were performed for 15 min, and
the amount of isotope bound to Ypt1p was determined by immu-
noprecipitation of samples removed at 2–5 min intervals. The re-
sults represent the averages of two independent experiments. Error
bars represent SEM. (B) Partially purified solubilized Ypt1p-GEF
stimulates GTP uptake as well as GDP release. Ten picomoles of
Ypt1p preloaded with either nonradioactive or [3H]GDP were incu-
bated with varying amounts of the solubilized GEF fraction in
reaction mixtures containing [a-32P]GTP or nonradioactive GTP,
respectively. Samples were taken at intervals, and the amount of
isotope bound to Ypt1p was determined by immunoprecipitation
([32P]GTP uptake assay; closed circles) or nitrocellulose filtration
([3H]GDP release assay; open circles). Intrinsic rates for GDP release
and GTP uptake, measured in the presence of BSA or ovalbumin,
respectively, were subtracted. The results represent the averages of
two to nine determinations per point. Error bars represent SEM.

Table 2. Activity of Ypt1p regulators in extracts of mutant strains

A Yeast strain % GDP release

DSS4 wild-type (NY 931) 40
Ddss4-(NY929) 42
Wild-type (GPY60) 39

B Yeast strain % GAP activity in the P12

Wild type (NSY116) 100
DGYP1 DGYP7 (NSY420) 93.3

C Yeast strain GAP activity in the P12

Wild type (NY13) 1
sec22-3 (NY426) 1
sec18-1 (NY431) 1
sec17-1 (NY418) 1

(A) The Ypt1p-GEF is not Dss4p. [3H]GDP release assays were
performed in the presence of 1 mg/ml P100 fraction prepared from
strains carrying either a dss4 deletion (NY929) or the wild-type DSS4
allele (NY931). Both strains yielded equivalent exchange activities,
similar to the activity observed with the wild-type strain (GPY60)
used for this study. Results show percent stimulated GDP release
after 15 min of incubation and are representative of two experiments
with results agreeing to within 5%. For comparison, ,5% of the
bound GDP was released after a 15-min incubation in the absence of
cell extract. (B) Deletion of GYP1 and GYP7 does not affect the
amount of GAP activity in the P12. Two nanomolar Ypt1p pre-
loaded with [g-32P]GTP was incubated at 30°C for 30 min with 0.5
mg/ml P12 generated from fractionation of yeast strains containing
either the wild-type alleles of GYP1 and GYP7 or deletions of these
genes. BSA (1 mg/ml) was included in the measurement of intrinsic
hydrolysis. GTP hydrolysis was measured by the charcoal assay,
and results are expressed as percent of the GAP activity in wild-type
P12. Data shown are an average of two independent experiments,
with results agreeing to within 5%. (C) The Ypt1p-GAP activity is
not influenced by mutations in genes whose products are involved
in vesicle fusion: SEC18, SEC17, or SEC22. GAP assays were per-
formed as above, using the TLC method. Both the P12 and the S12
fractions were tested. Mutant cells showed the same distributions
and levels of Ypt1p-GAP as wild-type cells.
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we used a mutant Ypt1p, D124N, that inhibits the
Ypt1p-GEF (Jones et al., 1995). Stimulation of nucleo-
tide exchange by the Ypt1p was abolished by the
mutant protein, while the stimulation of GDP release
from Ras2p was unaffected (Figure 4, compare panels
A and D), indicating that the factors that stimulate
release of GDP from Ypt1p and Ras2p are distinct.
Thus, the exchange activity present in the Det-P100
cellular fraction seems to be specific for Ypt1p and
does not act on the other exocytic Ypt proteins. Par-
tially purified Ypt1p-GEF (see HAP peaks A and B
below) also failed to stimulate nucleotide exchange for
Ypt31p and Ypt32p (our unpublished observations).

At least one Rab GEF was reported to act preferentially
on the prenylated form of Rab relative to the unpreny-
lated form (Miyazaki et al., 1994). However, prenylation
of the recombinant Ypt1p had no effect on the ability of
the Ypt1p-GEF (P100 fraction) to stimulate nucleotide
exchange (our unpublished observations).

Partial Purification of Ypt1p-GEF
To purify Ypt1p-GEF further, the P100 fraction was
extracted with 1% n-octylglucoside (because it is more
readily removed by dialysis than is Triton X-100), and
the residual membranes were extracted with 0.5 M

Figure 4. The Ypt1p-GEF activity present in the Det-P100 (Triton X-100– or n-octylglucoside–extracted) fraction does not act on Ypt32p or
Sec4p and is different from the exchange factor for Ras2p. Ten picomoles of Ypt1p-[3H]GDP (A), Ypt32p-[3H]GDP (B), Sec4p-[3H]GDP (C),
or Ras2p-[3H]GDP (D) were incubated in the presence of the Det-P100 fraction (closed circles; 5 mg/ml, except 2 mg/ml Ypt32p) or BSA
(open circles), and the stimulated and intrinsic rates of [3H]GDP release were determined by sampling at the times indicated. Including the
Det-P100 fraction at 1 mg/ml resulted in ;6-fold stimulation of GDP release from Ypt1p (our unpublished observations), but no stimulation
was observed for Ypt32p at concentrations of Det-P100 up to 2 mg/ml. Including 5 mg/ml of Det-P100 fraction resulted in ;12-fold
stimulation of GDP-release from Ypt1p, no stimulation for Sec4, and approximately ;4- to 6-fold stimulation for Ras2p. The stimulated GDP
release by Ypt1p can be completely inhibited by Ypt1-D124N dominant-mutant protein (1.5 mM). However, the GEF activity for Ras2p present
in this fraction is not affected by this Ypt1 mutant protein (A and D; open triangles). The results represent the averages of two experiments
with duplicates for each time point. Error bars represent SEM.
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NaCl to generate a solubilized GEF fraction that lacks
Ypt1p. Sephacryl S-300 HR gel filtration partially re-
solved two peaks of activity with apparent molecular
sizes of ;400–450 and ;200 kDa (Figure 5A). The two
peaks were collected as individual pools, termed pool
A and pool B. Approximately 17–31% of the starting
Ypt1p-GEF activity was recovered in pool A with a
purification of ;3- to 5-fold. Approximately 14–17%
of the starting Ypt1p-GEF activity was recovered in
pool B with a purification of ;1.5- to 1.7-fold. The
apparent molecular sizes of the Ypt1p-GEF peaks
were the same regardless of whether n-octylglucoside
or Triton X-100 was used in the extract preparation
and did not change if the solubilized GEF fraction was
dialyzed to remove residual n-octylglucoside before
chromatography. Thus the apparent molecular sizes
derived from gel filtration are not attributable to pro-
tein inclusion in detergent micelles. Each S-300 pool
was loaded separately onto a ceramic HAP column
and eluted with a 10–200 mM potassium phosphate
gradient. Pool A exhibited a peak of activity at ;105
mM phosphate, whereas pool B showed a single peak
of activity at ;80 mM phosphate (Figure 5B). We
verified that these partially purified activities, which
stimulate GDP release from Ypt1p, are GEFs by assay-
ing both pools for stimulation of GTP uptake. The
specific activities measured by GDP release and GTP
uptake were similar (within a factor of 2) during each
step of the purification procedure. The purification
factor after HAP chromatography was ;120 for peak
A and ;37 for peak B. It is not clear whether the two
peaks represent two different Ypt1p-GEFs or the same
GEF in two different protein complexes.

Rescue of ER-to-Golgi Transport by Partially
Purified Ypt1p-GEF
We showed previously that the Ypt1p-GEF activity
present in the P100 or Det-P100 fraction is completely
inhibited by the Ypt1p-D124N mutant protein (Figure
4A; Jones et al., 1995). The two peaks of Ypt1p-GEF
generated by sequential purification on the S-300 and
HAP columns are also inhibited to equal extents by
Ypt1p-D124N (our unpublished observations). We
have also shown that this dominant-mutant Ypt1p is a
potent inhibitor of an ER-to-Golgi in vitro transport
assay, probably because of inhibition of the Ypt1p-
GEF (Jones et al., 1995). To lend support to the asser-
tion that the partially purified Ypt1p-GEF described
here is an authentic Ypt1p-GEF, we tested the most
purified exchange factor, peak A from the HAP col-
umn, for its ability to restore transport function to an
in vitro ER-to-Golgi transport reaction inhibited by
Ypt1p-D124N. The HAP peak A restored ;50% of the
inhibited transport reaction in a concentration-depen-
dent manner (Figure 6). These results suggest that the

partially purified exchange activity described here is a
physiological Ypt1p-GEF.

Identification and Characterization of a GAP
Activity for Ypt1p
GAP activity was measured as the stimulation of GTP
hydrolysis by recombinant Ypt1p preloaded with
[32P]GTP, using the charcoal-binding method. Wild-
type Ypt1p hydrolyzed GTP at a low intrinsic rate of
0.002 mol of GTP per mole of Ypt1p per minute at
30°C (Richardson et al., 1998), similar to previously
reported values (Wagner et al., 1987). A GAP activity
that stimulated GTP hydrolysis by Ypt1p was found to
be highly enriched in the P12 fraction (see below).
Treatment of this fraction at 95°C for 5 min or incu-
bation with trypsin (1 mg/ml) ablated GAP activity,
suggesting that the active factor is proteinaceous. GAP
activity in the P12 fraction was linear with respect to
protein concentration (0.5–1 mg/ml; Figure 7A) and
time (0–30 min). Stimulation of hydrolysis ap-
proached a maximum at 5 mg/ml P12, in which the
rate of GTP hydrolysis was increased 54-fold (to 0.108
mol per mole of Ypt1p per minute). Phosphate release
from GTP hydrolysis in the charcoal-binding assay
has been confirmed by TLC analysis that shows that
the GTP is being converted to GDP. Two observations
argue against the possibility that the GAP activity in
the P12 fraction is a protease. 1) Ypt1p mutants that
are resistant to the GAP activity have been identified
(see below), and 2) the total amount of nucleotide
bound to Ypt1p during the course of incubation with
the P12 fraction remains constant.

To test models of Ypt/Rab function that assign the
site of action of their GAPs to the acceptor compart-
ment, we wanted to determine the compartment in
which Ypt1p-GAP resides. Lysates were fraction-
ated by differential centrifugation into 12,000 3 g
supernatant (S12) and pellet (P12) fractions. The S12
was then subjected to centrifugation at 100,000 3 g
to generate supernatant (S100) and pellet (P100)
fractions. Although detectable Ypt1p-GAP activity
exists in crude lysates, 73% of the activity fraction-
ated into the P12 fraction where it is approximately
eightfold enriched over that in the cell lysate (Figure
7B). Eighteen percent of the activity was found in
the P100 fraction, where its specific activity is lower
than is that in cell lysates. Therefore, the activity in
the P100 probably represents contamination by P12
membranes. Only 1% or less of Ypt1p-GAP activity
was found in the S100 fraction. The finding that the
Ypt1p-GAP is enriched in the P12 fraction, with the
majority of its activity found in this fraction, sug-
gests that it is associated with large particulate cel-
lular structures.
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Figure 5. Partial purification of the Ypt1p-GEF. (A) Gel filtration column. Two partially overlapping Ypt1p-GEF peaks are collected into
distinct pools. The solubilized GEF fraction (Det-P100 extracted by salt) was separated on a Sephacryl S-300 HR column. Stimulated GDP loss
at 30 min is graphed versus fraction number (squares). Protein concentration in the fractions as determined by absorbance at 280 nm is plotted
(solid black line). The inverted triangles at the top show the positions of ferritin (450 kDa), alcohol dehydrogenase (150 kDa), ovalbumin (45
kDa), and myoglobin (17.8 kDa). Pool A and Pool B were collected separately for further analysis and purified and concentrated as described
in MATERIALS AND METHODS. The chromatogram represents the average of three independent experiments performed under identical
conditions. (B) HAP column. The S-300 A and S-300 B pools generate single, distinct peaks of Ypt1p-GEF activity on the hydroxyapatite
column. The S-300 pool A and the S-300 pool B were loaded onto separate ceramic hydroxyapatite columns and eluted with a phosphate
gradient. The results shown are the stimulated GDP loss at 30 min in fractions from the HAP column loaded with the S-300 A pool (squares),
the absorbance at 280 nm of the HAP column loaded with the S-300 A pool (solid line), the stimulated GDP loss at 30 min in fractions from
the HAP column loaded with the S-300 B pool (circles), and the absorbance at 280 nm of the HAP column loaded with the S-300 B pool (black
dotted line). The phosphate gradient (from 10 to 200 mM) is indicated by the diagonal dotted line. Fractions with significant guanine
nucleotide exchange activity (filled symbols) were combined into HAP A or HAP B pools (indicated by the inverted triangles at the top). The
results represent two independent experiments.
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Extraction of Ypt1p-GAP from Membranes
The association of Ypt1p-GAP with P12 membranes
was examined using different procedures, including
incubation with trypsin, high salt, high pH, and de-
tergent. Only limited trypsin digestion (0.1 mg/ml,
1 h, 0°C) resulted in solubilization accompanied by a
two- to threefold stimulation of GAP activity (Figure
7C). This indicates that Ypt1p-GAP is tightly associ-
ated with P12 membranes. The trypsin extraction may
lead to elevated GAP activity by increasing substrate
accessibility.

One interesting feature of the Ypt1p-GAP is that it is
potently inhibited by both ionic (CHAPS) and non-
ionic (n-octylglucoside, Triton X-100) detergents. Tri-
ton X-100 causes a dose-dependent inhibition of GAP
activity, and the trypsin-solubilized GAP is ;10-fold
more sensitive than is the insoluble GAP (Figure 7D).
Ypt1p itself is still active for GTP binding under these
conditions (Richardson et al., 1998). The lower sensi-
tivity of the insoluble activity may be attributable to
titration of Triton by membrane lipids and proteins.
The detergent sensitivity of GAP does not appear to be

attributable to interaction of GAP with the prenyl
group of Ypt1p, because geranylgeranylated Ypt1p is
as sensitive to detergent as unprenylated Ypt1p.
Therefore, our data favor a model in which detergents
exert their inhibitory effects either by unfolding GAP
or by preventing interaction of GAP with Ypt1p.

Substrate Specificity of Ypt1p-GAP
The substrate specificity of GAP was examined using
competition assays. To determine whether GAP has a
higher affinity for the GTP- or GDP-bound form of
Ypt1p, we incubated the P12 fraction with Ypt1p pre-
loaded with [32P]GTP, and increasing concentrations
of Ypt1p preloaded with cold nucleotide were added
as a competitor. Ypt1p preloaded with either
GppNHp (a poorly hydrolyzable analog of GTP; Fig-
ure 8A) or GTP were both effective competitors, but
high concentrations (60 mM) were needed for 50%
inhibition of GAP activity. This may reflect a relatively
low-affinity interaction between GAP and recombi-
nant Ypt1p. When Ypt1p preloaded with GDP is used
as a competitor, ;60 mM gives only 32% inhibition of
GAP activity. These data indicate that the GAP has a
higher affinity for the GTP-bound form of Ypt1p than
for the GDP-bound form.

Because the P12 fraction may contain other GAP
activities, we used competition assays to determine
whether other Ypt proteins can compete with Ypt1p
for the GAP activity. In their GppNHp forms, Ypt31p
or Ypt32p, which share 42% identity with Ypt1p, were
poor competitors for the GAP activity. On the other
hand, Sec4p, which shares 48% identity with Ypt1p,
showed 35% inhibition of GAP activity at 60 mM, as
compared with 50% inhibition by Ypt1p itself (Figure
8B). Therefore, the Ypt1p-GAP is specific to a sub-
group of exocytic Ypt proteins.

To assess the effect of mutations predicted to affect
interactions of GTPases with their GAPs, we exam-
ined whether mutants of Ypt1p would exhibit re-
duced responsiveness to the activity. Specifically,
we examined the behavior of a Ypt1p variant con-
taining a mutation, T40K, in the putative effector
domain, a region that is important for interaction of
Ras with Ras-GAP (Boguski and McCormick, 1993;
Polakis and McCormick, 1993). To determine
whether Ypt1p-T40K is resistant to GAP, we as-
sayed stimulation of GTP hydrolysis by wild-type
or mutant Ypt1p preloaded with [32P]GTP in the
presence of the P12 fraction. As seen in Figure 8C,
the intrinsic rate of GTP hydrolysis by Ypt1p-T40K
is nearly identical to that of wild type. However, the
mutant protein has an ;60% lower rate of GAP-
stimulated hydrolysis. Therefore, the effector-do-
main mutation T40K impairs the ability of Ypt1p to
respond to its GAP. GTP hydrolysis in the presence
of GAP was found to be even more severely im-

Figure 6. Inhibition by Ypt1p-D124N of the in vitro transport
reaction is relieved by Ypt1p-GEF, HAP peak A. The indicated
amounts of exchange activity from HAP Pool A (1 unit is defined as
1 fmol of GDP released from 0.1 mM Ypt1p per minute per milli-
gram of GEF) were mixed with 1.1 mg of Ypt1p-D124N protein (2 ml)
in a total volume of 38 ml of Buffer 88 and were incubated on ice for
20 min. This amount of Ypt1p-D124N protein inhibits the ER-to-
Golgi transport reaction 50% under these conditions. The S1 cell
fraction (2 ml, ;100 mg) was added to each reaction, and then
incubations were continued on ice for 20 more minutes before the
reactions were initiated by the addition of 10 ml of permeabilized
yeast cells preloaded with 35S-a-factor. The reactions were incu-
bated at 20°C for 90 min. The percent rescue of inhibition of trans-
port was calculated by setting 0% inhibition equal to the amount of
transport in the uninhibited control reaction and by setting 100%
inhibition equal to the amount of ER-to-Golgi transport in the fully
inhibited reaction (without HAP Pool A). This figure represents the
average of two independent experiments with each sample mea-
sured as duplicates, and the error bars represent the SD of all four
measurements for each point.
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paired in another mutant, Ypt1p-Q67L (Richardson
et al., 1998). These data support the suggestion that
the activity we have identified does not cause the
nonspecific dissociation and breakdown of GTP
from Ypt1p but is an authentic Ypt1p-GAP.

Is Ypt1p-GAP the Product of a Previously
Characterized Gene?

Several yeast proteins are known to act as GAPs for
Ypt proteins (Strom et al., 1993; Vollmer and Gallwitz,

Figure 7. Identification of a Ypt1p-GAP activity in the P12 cellular fraction and its solubilization. (A) GAP activity is linear with P12
concentration. Ypt1p (2 nM) preloaded with [g-32P]GTP was incubated with the indicated quantities of P12 fraction at 30°C. GTP
hydrolysis was measured by the charcoal-binding assay. Squares represent a 15 min incubation; circles represent a 30 min incubation.
Data are expressed as the percent of the total 32P-labeled pool of GTP bound to Ypt1p that was hydrolyzed, and the intrinsic rate of
GTP hydrolysis by Ypt1p was subtracted. Results are the average of two independent experiments. Error bars represent the range
divided by 2. (B) Localization of GAP activity to P12 (specific activity) is shown. Crude lysates (Total) were generated from GPY60 cells.
Lysates were centrifuged at 12,000 3 g to generate S12 and P12. The S12 fraction was further centrifuged at 100,000 3 g to generate S100
and P100. Ypt1p (2 nM; 200 fmol) preloaded with [g-32P]GTP was incubated with the indicated cell fractions at 0.5 mg/ml for 15 min
at 30°C. GTP hydrolysis was measured as described above. Specific activity is a measure of the femtomoles of GTP hydrolyzed by Ypt1p
per minute per microgram of added cell fraction. Results are the average of three independent measurements performed with cell
fractions from two independent fractionations. Error bars represent the SEM. (C) GAP activity is stimulated and extracted by limited
trypsin digestion. Seven hundred micrograms of a P12 fraction were left untreated (Untreated Total) or treated with trypsin at 0.1
mg/ml on ice for 1 h after which time trypsin inhibitor at 0.2 mg/ml was added (Treated Total). The trypsin-treated sample was then
centrifuged at 12,000 3 g for 10 min to generate supernatant (Treated Sup) and pellet (Treated Pellet) fractions. The pellet was
resuspended to the original volume in Buffer 88 before centrifugation. An equal volume of each sample was assayed for GAP activity
as described above. Including trypsin inhibitor at the beginning of the incubation completely prevents extraction and stimulation of the
GAP (our unpublished observations). Results are the average of three independent measurements. Error bars represent the SEM. (D)
GAP activity is inhibited by Triton X-100. Inhibition of GAP activity in the P12 (0.5 mg/ml; squares) or in the trypsin-solubilized GAP
(extracted as described in C from 0.05 mg of P12; circles) by Triton X-100 was tested. GAP assays were performed as described above
in the presence of the indicated final concentrations of Triton X-100 (vol/vol) for 15 min at 30°C. Data expressed as the percent of GAP
activity from the uninhibited reaction are typical of two independent experiments.
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1995). Although Gyp6p was reported not to have GAP
activity on Ypt1p (Strom et al., 1993), possible activity
of Gyp7p on Ypt1p was not reported. In addition, we
found a closely related gene in the S. cerevisiae genome
database (YOR070C), whose product was recently
shown to have a GAP activity for Sec4p and Ypt1p
and was termed GYP1 (Du et al., 1998). To test whether
Gyp7p or Gyp1p are responsible for the Ypt1p-GAP
activity that we have identified, we deleted GYP7 and
GYP1 individually or together. No reduction in GAP
activity was observed in the P12 (or S12) fraction from
either the single (our unpublished observations) or
double deletion strains (Table 2B). Hence, the GAP
activity we have characterized is the product of a gene
or genes distinct from the known GYP genes.

Among the proteins implicated in the ER-to-Golgi
transport step in yeast are components and regulators
of the soluble N-ethyl-maleimide sensitive factor at-
tachment protein (SNAP) receptor (SNARE) complex,
a set of proteins thought to help determine the speci-
ficity of vesicle targeting. If Ypt1p regulates the assem-
bly of the SNARE complex in a GTP-dependent man-
ner, as suggested in the literature (Lian et al., 1994;
Sogaard et al., 1994; Lupashin et al., 1996), the assem-
bled SNARE complex could turn off Ypt1p function by
acting as a GAP or by signaling to a GAP. To test this,
we determined whether preventing or promoting
SNARE complex assembly would affect Ypt1p-GAP
activity. To prevent SNARE complex assembly, we
used extracts from sec22 mutant cells. SEC22 encodes a
component of the SNARE complex, and sec22 mutants
fail to form stable SNARE complexes (Lian et al., 1994;
Sogaard et al., 1994). Conversely, to promote SNARE
complex assembly, we generated extracts from sec17–1
and sec18–1 cells, in which the SNARE complex is
stabilized (Sollner et al., 1993; Sogaard et al., 1994). The
cells were shifted to the nonpermissive temperature of
37°C for 1 h before cell lysis, and all cellular fractions
were tested for GAP activity, in case inactivating one
of these gene products caused redistribution of the
GAP activity. No differences in the localization or
specific activity of GAP were observed in fractions
prepared from sec18–1, sec17–1, or sec22–3 cells (Table
2C); thus, it is unlikely that the Ypt1p-GAP is either
the product of these genes or influenced by the activity
of these gene products.

Figure 8 (cont). mg/ml P12 (GAP-stimulated hydrolysis; filled
symbols) or without the P12 fraction (intrinsic hydrolysis; open
symbols) at 30°C. Aliquots were removed at the indicated time
points, GTP hydrolysis was determined by TLC, and radioactivity
was detected with a radioanalytic imager. Hydrolysis is expressed
as the percent of GDP detected divided by the total nucleotide
detected (GDP 1 GTP). Results are the average of two independent
measurements. Error bars represent the range divided by 2.

Figure 8. Substrate specificity of Ypt1p-GAP. (A) Ypt1 GAP has a
higher affinity for the GTP form than for the GDP form of Ypt1p.
Ypt1p (2 nM) preloaded with [g-32P]GTP was mixed with the indi-
cated concentrations of competitor Ypt1p preloaded with cold Gp-
pNHp (squares) or GDP (circles). P12 was added to a concentration
of 0.75 mg/ml as a source for GAP activity. Reactions contained 1
mM each ATP, GTP, and GDP. Incubations were performed for 30
min at 30°C. The decrease in the rate of GTP hydrolysis observed is
expressed as the percent inhibition of the rate determined for the
uninhibited control (0 mM competitor). Data are the average of two
experiments. Error bars represent SEM. (B) Competition by other
exocytic Ypt proteins for Ypt1p-GAP is shown. To determine which
proteins Ypt1p-GAP can interact with, we assayed various Ypt
proteins for their ability to compete with Ypt1p for the Ypt1p-GAP.
Reactions were performed as described in A in the presence of the
indicated concentrations of Ypt1p (squares), Sec4p (diamonds),
Ypt32p (triangles), or Ypt31p (circles) preloaded with GppNHp.
Data are the average of two experiments. Error bars represent SEM.
(C) Ypt1p-T40K is defective in GAP-stimulated GTP hydrolysis.
Wild-type (squares) and Ypt1p-T40K (triangles) proteins were pre-
loaded with [a-32P]GTP for 15 min at 30°C. GTP hydrolysis assays
were performed by incubating 2 nM preloaded Ypt1p with 1.5
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DISCUSSION

A Novel Ypt1p-GEF
In this study we identify and present an initial char-
acterization of both GEF and GAP activities for Ypt1p.
The Ypt1p-GEF identified in the present study repre-
sents a novel enzyme and is the first GEF in yeast that
has been shown to act on only one exocytic Ypt pro-
tein. We propose that our partially purified activity is
the physiological Ypt1p-GEF because it can rescue the
inhibition of protein transport caused by a dominant
Ypt1p mutant. Stimulation of GDP release by this
factor is accompanied by uptake of GTP. In contrast, a
previously described GDP dissociation stimulator for
the Ypt1/Sec4 GTPases in yeast, Dss4p, does not stim-
ulate GTP uptake (Collins et al., 1997; Nuoffer et al.,
1997). The Ypt1p-GEF is distinct from Dss4p because it
is present in cells in which the DSS4 gene is deleted.
Sec2p was recently identified as having GEF activity
on Sec4p, stimulating both GDP release and GTP up-
take (Walch-Solimena et al., 1997). Two pieces of data
argue that the activity identified in the present study is
distinct from Sec2p. 1) As shown above, Ypt1p-GEF is
not active on Sec4p. 2) Purified Sec2p does not pro-
mote exchange on Ypt1p (our unpublished observa-
tions).

The high apparent molecular weight of the Ypt1p-
GEF is shared with other GEFs for Ypt/Rab proteins,
e.g., Rab3A-GRF (Burstein and Macara, 1992), Sec2p
(Nair et al., 1990), and Rabex-5 (Horiuchi et al., 1997).
With Rabex-5 and Sec2p, the high molecular mass of
these exchange factors reflects the fact that they are
part of larger protein complexes that are required for
membrane fusion or for specification of secretory ves-
icle localization. Although the precise role of GEFs for
Ypt/Rab proteins in vesicular transport is still unclear,
our evidence suggests that the Ypt1p exchange factor
described in this article is required for ER-to-Golgi
transport. This conclusion is based on analysis using
YPT1 dominant mutations that inhibit this exchange
factor (Jones et al., 1995). Similarly, Sec2p is essential
for yeast protein transport (Nair et al., 1990).

GEFs for Ypt/Rab GTPases may be important for
more than simply catalyzing the guanine nucleotide
exchange reaction. For example, an alternative expla-
nation for the fractionation of Ypt1p-GEF to the P100
is that it is associated with cytoskeletal elements,
which reside in this fraction. Consistent with this pos-
sibility, the exchange factor could be extracted from
the particulate fraction with salt, but not with deter-
gent. A potential association of the Ypt1p exchange
factor with the cytoskeleton is interesting because an
association between the secretory pathway and the
cytoskeleton has been proposed (Novick and Botstein,
1985; Vale, 1987; Murphy et al., 1996). Such a connec-
tion is also implied for Sec2p, a GEF for Sec4p, by the
discovery that Sec2p has a role in localization of se-

cretory vesicles to the growing bud, a process thought
to be actin dependent (Novick and Botstein, 1985;
Walch-Solimena et al., 1997). In addition, we have
recently found that Ypt1p-D124N, a potent inhibitor of
Ypt1p-GEF, inhibits protein transport even in the pres-
ence of the GTPase-defective Ypt1p-Q67L (Richardson
et al., 1998). Because the Ypt1p-Q67L mutant protein is
constitutively GTP-bound and does not require GEF
for achieving this state, the Ypt1p-D124N protein may
inhibit the ability of Ypt1p-GEF to perform another
essential function.

A Novel Ypt1p-GAP
The Ypt1p-GAP activity was found to be highly en-
riched in the P12 membrane fraction. A cytosolic
Ypt1p-GAP activity was previously found in yeast
extracts (Tan et al., 1991). However we found that the
cytosolic GAP activity represented ,1% of the total
activity in fractionated yeast lysates; therefore this is
clearly not the major Ypt1p-GAP. There are several
precedents for Ypt/Rab GAP activities fractionating
with membranes, e.g., a GAP activity from mamma-
lian membranes that can work on Ypt1p (Jena et al.,
1992), a Rab3A GAP activity (Burstein et al., 1991), a
Sec4 GAP activity (Walworth et al., 1992), and tuberin,
a Rab5 GAP (Xiao et al., 1997). Such a localization for
Ypt/Rab GAPs is consistent with evidence that the
active GTP-form of Ypt/Rab proteins is membrane
associated, and after hydrolysis, the inactive GDP-
form is removed from membranes by a GDP dissoci-
ation inhibitor (GDI) (Novick and Zerial, 1997).

We have found that Ypt1p-GAP is sensitive to de-
tergents. A sensitivity of Ras-GAP to lipids has also
been reported (Tsai et al., 1989; Serth et al., 1991). The
crystal structure of Ras-GAP in complex with Ras
suggests that hydrophobic interactions occur on the
surfaces of contact between Ras and GAP (Scheffzek et
al., 1997), and this hydrophobic interface may be dis-
rupted by the intercalation of lipids. Ypt1p contains
identical or conservatively substituted amino acids at
the analogous positions and may participate in similar
hydrophobic contacts with its GAP. Therefore, the
detergent inhibition we have observed may be caused
by the disruption of hydrophobic interactions between
Ypt1p and its GAP.

The Ypt1p-GAP described here is probably an au-
thentic GAP because the stimulation of GTP hydroly-
sis is significantly reduced by a mutation in the Ypt1p
effector domain. Competition assays showed that
Ypt1p-GAP can interact with Ypt1p, and to a lesser
extent with Sec4p, but not with Ypt31p or Ypt32p. This
is similar to results reported for Gyp1p (Du et al.,
1998). Other GAP activities reported in the literature
show a high degree of substrate specificity, e.g.,
Gyp6p (Strom et al., 1993), tuberin (Xiao et al., 1997),
and Rab3 GAP (Fukui et al., 1997). Partially purified
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Ypt1p-GAP has a slightly higher affinity for the GTP-
bound form of Ypt1p than for the GDP-bound form.
Purified Ras-GAP has a much higher affinity for the
GTP-bound form of RAS than for the GDP-bound
form of Ras (Vogel et al., 1988). A comparison of the
crystal structures of Ras in the GDP versus GTP forms
reveals major structural rearrangements between the
two forms, especially in the region of contact between
Ras and GAP, termed the switch 1 region (Milburn et
al., 1990). Hence, the Ypt1p-GAP, like the Ras-GAP, is
likely to participate in a cycle of binding to Ypt1p-
GTP, stimulation of hydrolysis, and release of Ypt1p-
GDP.

A New Model for Ypt/Rab Regulation

The unexpected finding in this work is the localization
of the Ypt1p-GEF and -GAP activities. Conventional
models designate the donor compartment as the site of
Ypt/Rab recruitment to membranes and of nucleotide
exchange and the acceptor compartment as the site of
GTP hydrolysis (Goud and McCaffrey, 1991; Novick
and Brennwald, 1993; Novick and Zerial, 1997) (Figure
9A). In Ypt1p-mediated ER-to-Golgi vesicular trans-
port, the donor is the ER and the acceptor is the Golgi,
and these two compartments reside in the P12 and
P100 cellular fractions, respectively (Baker et al., 1988,

Figure 9. Two models for the role
of nucleotide cycling and factors
that regulate it in Ypt/Rab-medi-
ated vesicular transport, using
Ypt1p as an example. (A) Conven-
tional model (Goud and McCaffrey,
1991; Novick and Brennwald, 1993).
In addition to GEFs and GAPs, two
other factors that influence nucleo-
tide cycling of Ypt/Rab proteins are
GDI and GDI-dissociation factor
(GDF). GDI is implicated in the re-
cycling of Ypt/Rab proteins be-
tween membranes (Araki et al. 1990;
Soldati et al., 1993), and GDFs are
thought to function as receptors or
chaperones for Ypt/Rab proteins
(Dirac-Svejstrup et al., 1997). Step I,
recruitment of Ypt1p-GDP to the
donor membrane by GDF and nu-
cleotide exchange by GEF to yield
Ypt1p-GTP are shown; Ypt1p-GTP
is present on forming secretory ves-
icles. Step II, GTP hydrolysis is re-
quired or is coupled with fusion of
secretory vesicles with the acceptor
compartment. Step III, GDI recycles
Ypt1p-GDP back to the donor mem-
brane. (B) New model, based on this
article and our previous work (Jones
et al., 1995; Richardson et al., 1998).
Step I, Ypt1p-GDP is recruited to the
vesicle (or the donor membrane) by
GDF. Step II, nucleotide exchange
by GEF is coupled to vesicle fusion
with the acceptor compartment.
Step III, GTP hydrolysis occurs late
in the pathway to generate Ypt1p-
GDP, and GDI recycles Ypt1p-GDP
for the next cycle. The important
features that distinguish this model
from the conventional model are the
major role suggested for nucleotide
exchange and the factor that medi-
ates it (GEF), the minor role of GTP
hydrolysis and GAP not in vesicle
fusion but in Ypt1p recycling, and

the suggested localization of these regulators. If GAP localizes to the plasma membrane, as shown here, it might have a role in GDI-mediated
Ypt/Rab protein recycling (which is not required for Ypt1p function). In ypt1-Q67L mutant cells, when GTP hydrolysis is defective,
Ypt1p-GTP might be recycled via a GDI-independent mechanism. If GAP localizes to the ER, it might be there to stimulate GTP hydrolysis
by Ypt1p to allow better interaction with the GEF in the next cycle (see DISCUSSION).
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1990). However, in subcellular localization experi-
ments, we find that Ypt1p-GEF cofractionates in the
P100 with Golgi markers, suggesting that this regula-
tor localizes to the acceptor compartment for Ypt1p-
mediated protein transport. In contrast, Ypt1p-GAP is
enriched in the P12 fraction, which contains larger
membranous structures, including the ER and the
plasma membrane (PM).

On the basis of the intriguing localization of the
Ypt1p-GEF and -GAP activities and of our previous
studies of YPT1 mutations that affect nucleotide cy-
cling, we propose a new model for the mechanism of
action of the Ypt/Rab GTPases. Our combined infor-
mation, from studies of a GTPase-defective mutant
Ypt1p (Richardson et al., 1998) and of GAP localiza-
tion, suggests that GTP hydrolysis is dispensable for
vesicle fusion and that Ypt1p-GAP does not function
at the acceptor compartment. We have shown previ-
ously that nucleotide exchange is essential for Ypt1p-
mediated vesicular transport (Jones et al., 1995), and
here we show that Ypt1p-GEF localizes to the acceptor
compartment. Therefore, in our model the event that
is crucial for vesicle targeting and/or fusion is the shift
from the GDP- to the GTP-bound form, whereas GTP
hydrolysis is needed for the recycling of Ypt/Rab
proteins. We propose the following hypothesis. 1) Nu-
cleotide exchange by GEF to generate the GTP-bound
form is essential for vesicle targeting or fusion, and
GEF functions at the acceptor compartment. 2) GTP
hydrolysis by GAP to generate the GDP-bound form
does not have a direct role in vesicle fusion but rather
in a process that occurs after vesicle fusion (Figure 9B).
If Ypt1p-GAP is localized to the PM, as indicated in
Figure 9, GTP hydrolysis occurs at the end of the
exocytic pathway and has a role in GDI-mediated
recycling of Ypt/Rab proteins between membranes, a
process that is not essential for Ypt1p function. If
Ypt1p-GAP resides in the ER, GTP hydrolysis might
occur after Ypt1p recycles back to the ER, probably by
retrograde vesicular transport. The role of GTP hydro-
lysis in this case would be to shift the Ypt1p to its
GDP-bound form, which is the preferred form for
interaction with GEF. Thus, although current models
predict that GEF for Ypt1p localizes to the ER and
GAP for Ypt1p localizes to the Golgi, our model re-
flects the findings that GEF localizes to the Golgi and
GAP localizes to the PM or ER.

A number of previous observations support our
model. First, we propose that GEF activity is directly
involved in vesicle targeting and/or fusion and is not
important for the correct membrane localization of
Ypt/Rab proteins. This suggestion is in agreement
with the finding of a lag between the in vitro binding
of Rab5 and Rab9 to membranes and the uptake of
GTP by these proteins (Soldati et al., 1994; Ullrich et al.,
1994), although in these experiments the function of
the membranes as donor or acceptor compartments is

not clear. Second, in agreement with our suggestion
that GTP hydrolysis is not essential for Ypt/Rab func-
tion in vesicular transport, it has been shown that
nucleotide hydrolysis is not essential for Rab5-medi-
ated endosome fusion. In that study it was suggested
that GTP hydrolysis by Rab5, although not essential
for membrane fusion, is required for its timing, be-
cause inhibition of hydrolysis actually resulted in the
stimulation of endosome fusion (Rybin et al., 1996).
We postulate that the difference in the requirement for
GTP hydrolysis between Ypt1p and Rab5 is caused by
their roles in heterotypic and homotypic membrane
fusion, respectively. Hence, in heterotypic fusion, GTP
hydrolysis is not required to turn off Ypt1p-mediated
vesicle fusion, because after the fusion of the vesicle
with the acceptor compartment, the Ypt/Rab protein
is neither in the right place nor in the right context to
stimulate such an event (Richardson et al., 1998).
Third, according to our model, Ypt1p travels to late
compartments in the secretory pathway. Support for
this argument comes from the finding that Ypt1p is
present on late secretory vesicles that accumulate in
sec mutants defective in fusion of these vesicles with
the plasma membrane (Mulholland et al., 1997). And
fourth, our model proposes that GTP hydrolysis has a
role in GDI-mediated recycling of Ypt/Rab proteins.
However, because GTP hydrolysis is not essential for
Ypt1p function, we suggest that GDI-mediated recy-
cling between membranes is also not essential for
Ypt1p function. This suggestion is consistent with the
observation that Ypt1p is still functional when perma-
nently tethered to membranes via a membrane anchor
(Ossig et al., 1995).

Several questions still remain about GEFs and GAPs
for Ypt/Rab proteins regarding their specificity, local-
ization, and mechanism of action. Answers to these
questions will await the isolation and study of the genes
encoding these factors. The identification and partial
purification of Ypt1p-GEF and -GAP activities set the
stage for identification of the genes encoding them.
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