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In yeast, the Yptl GTPase is required for ER-to-cis-Golgi and cis-to-medial-Golgi protein transport,
while Ypt31/32 are a functional pair of GTPases essential for exit from the trans-Golgi. We have
previously identified a Yptl guanine nucleotide exchange factor (GEF) activity and characterized
it as a large membrane-associated protein complex that localizes to the Golgi and can be extracted
from the membrane by salt, but not by detergent. TRAPP is a large protein complex that is
required for ER-to-Golgi transport and that has properties similar to those of Yptl GEF. Here we
show that TRAPP has Yptl GEF activity. GST-tagged Bet3p or Bet5p, two of the TRAPP subunits,
were expressed in yeast cells and were precipitated by glutathione-agarose (GA) beads. The
resulting precipitates can stimulate both GDP release and GTP uptake by Yptlp. The majority of
the Yptl GEF activity associated with the GST-Bet3p precipitate has an apparent molecular weight
of > 670 kDa, indicating that the GEF activity resides in the TRAPP complex. Surprisingly, TRAPP
can also stimulate nucleotide exchange on the Ypt31/32 GTPases, but not on Sec4p, a Ypt-family
GTPase required for the last step of the exocytic pathway. Like the previously characterized Yptl
GEF, the TRAPP Yptl-GEF activity can be inhibited by the nucleotide-free Ypt1-D124N mutant
protein. This mutant protein also inhibits the Ypt32 GEF activity of TRAPP. Coprecipitation and
overexpression studies suggest that TRAPP can act as a GEF for Yptl and Ypt31/32 in vivo. These
data suggest the exciting possibility that a GEF complex common to Yptl and Ypt31/32 might

coordinate the function of these GTPases in entry into and exit from the Golgi.

INTRODUCTION

Transport of proteins through the secretory pathway in-
volves their orderly progression through a series of mem-
branous compartments. Movement between successive com-
partments appears to be mediated by vesicles that bud from
one compartment and fuse with the next (Jamieson and
Palade 1967; Palade 1975). Progress has been made during
the last few years in understanding the mechanisms contrib-
uting to the directionality and specificity of vesicle forma-
tion, targeting, and fusion. GTPases that belong to the Ypt/
Rab family are key regulators of vesicular transport in yeast
and mammalian cells (Pfeffer, 1992; Ferro-Novick and Nov-
ick, 1993; Zerial and Stenmark, 1993). In yeast, four members
of this family regulate the different steps of the exocytic
pathway. Yptl GTPase is essential for the first two steps,
ER-to-Golgi and cis-to-medial Golgi transport (Segev et al.,
1988; Bacon et al,. 1989; Baker et al., 1990; Segev, 1991; Jedd et
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al., 1995). The functional GTPase pair Ypt31/32 is required
for exit from the trans-Golgi (Benli ef al., 1996; Jedd et al.,
1997). Sec4 GTPase is essential for the fusion of trans-Golgi-
derived vesicles with the plasma membrane (Novick et al.,
1981; Goud et al., 1988).

Like other members of the ras superfamily, the Ypt/Rab
GTPases cycle between the GDP- and the GTP-bound forms
by exchanging GDP for GTP and hydrolyzing GTP. This
cycling is thought to be crucial for the function of GTPases
and is regulated by factors that stimulate these reactions.
Guanine nucleotide exchanger factors (GEFs) stimulate the
shift from the GDP to the GTP-bound form, while GTPase
activating proteins (GAPs) stimulate the shift from the GTP-
to the GDP-bound form (Bourne et al., 1990). A number of
GEFs for the Ypt/Rab family of GTPases have been identi-
fied. In general, the known Ypt/Rab GEFs are each part of
larger protein complexes, are specific to their single Ypt/Rab
target, and do not share homology with one another (Ho-
riuchi et al., 1997, Wada et al., 1997; Walch-Solimena et al.,
1997; Hama et al., 1999). However, their precise mechanism
of action and the means by which they are regulated is still
obscure. In yeast, GEFs have been identified for two Ypt-
family GTPases: Sec2p is the GEF for Sec4p, and Vps9p is the
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GEF for Vps2lp (Walch-Solimena et al., 1997; Hama ef al.,
1999). We have previously identified a GEF for Yptl GTPase
and characterized it as a high molecular weight protein
(MW) that resides on the Golgi and is required for Yptl-
mediated protein transport (Jones et al., 1995; Jones et al.,
1998). Based on these and our other results (Richardson et al.,
1998), we proposed a model for the regulation of Yptl
GTPase function by its GEF and GAP. In this model, GEF
has an essential role at the Golgi in Yptl GTPase function in
ER-to-Golgi vesicle targeting, while GAP is involved in the
process of recycling of Yptl GTPase between membranes,
which is not required for their function (Jones et al., 1998). A
thorough test of this model requires the identification of the
genes that encode the GEF and the GAP for Yptl GTPase.

A large protein complex that is apparently required for
ER-to-Golgi transport and that localizes to the Golgi was
identified and given the name TRAPP (transport protein
particle) (Barrowman et al., 2000; Sacher ef al., 1998). Re-
cently, Sacher et al. (Sacher et al., 2000) have shown that the
extraction properties of this particle from the membrane are
remarkably similar to those of the Yptl GEF that we previ-
ously characterized (Jones et al., 1998). We asked whether
TRAPP is the GEF for Yptl GTPase. Here, we show that not
only can TRAPP stimulate nucleotide exchange by Ypt1, but
it also acts as a GEF for the Ypt31/32 GTPases. The signifi-
cance of this finding might be in the coordination of Yptl
and Ypt31/32 GTPase functions by a common GEF complex.
Since Yptl and Ypt31/32 GTPases regulate entry into and
exit from the Golgi, respectively, coordination of their func-
tions might play a key role in the steady-state maintenance
of Golgi architecture.

MATERIALS AND METHODS

Strains, Plasmids, and Materials

The following yeast strains were used in this study: EJ 758 (Martzen
et al., 1999) was used to express GST-tagged proteins in yeast from
derivatives of the pYEX 4T-1 plasmid; NSY558 (to express GST from
PINS 422); NSY568 (to express GST-Bet3p from pNS423); NSY569 (to
express GST-Bet5p from pNS424); and NSY563 (to express GST-
Sec2p from pNS425). These strains were isolated from a collection of
yeast strains expressing GST-tagged yeast ORFs (Martzen et al.,
1999) (Research Genetics). Expression of tagged-ORFs was verified
by immunoblot analysis using anti-GST antibodies. In addition, the
following yeast strains were used: NSY125 (DBY1034; MATa his4—
539 lys2—-801 ura3-52); NSY222 (MATa his4 ura3-52 ypt1-A136D)
(Jedd et al., 1995); NSY348 (MATa his4-539 lys2—801 ura3-52
ypt31::HIS3 ypt32-A141D) (Jedd et al., 1997), NSY2 (DBY1803, MATa
his4-539 lys2—-801 ura3-5 yptl-1) (Segev and Botstein 1987). Yeast
transformations were performed by the overnight lithium acetate
method (Gietz et al., 1992).

Plasmids for the expression in Escherichia coli of GST-fused Yptl
(pNS351), Ypt1-D124N (pNS363), Ypt31 (pNS210), Ypt32 (pNS211),
and Sec4 (pNS212) have been described elsewhere (Jones et al., 1995;
Jedd et al., 1997; Jones et al., 1998). GST-fused Ypt32-D129N
(pNS419) and Ypt31-N1261 (pNS417) were constructed in an iden-
tical manner.

All chemical reagents were purchased from Sigma (St. Louis,
MO), unless otherwise noted. Polyclonal anti-GST antibodies were
from Molecular Probes (Eugene, OR). Affinity purified anti-Yptl
and Ypt31/32 have been described (Segev et al., 1988; Jedd et al.,
1997).
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Culture Conditions

Yeast strains were grown in synthetic medium lacking leucine and
uracil (0.67% yeast nitrogen base without amino acids), supple-
mented with the appropriate auxotrophic requirements (Rose et al.,
1988). Unless otherwise noted, carbon sources were added to 2%
(wt/vol).

Purification of GST Fusion Proteins

Yptl, Ypt32, and Sec4 proteins were expressed in E. coli as GST
fusion proteins and were purified as previously described; the GST
tag was removed by thrombin cleavage (Jones ef al., 1995). GST
fusion proteins were expressed and purified from yeast cells as
described (Martzen et al., 1999), except that the glutathione agarose
(GA) chromatography was done with 4 X beads and eluted with
2 X glutathione. After the elution, the preps were concentrated
4-fold, using Centricon 10, then dialyzed into B88 (250 mM sorbitol,
20 mM HEPES pH 6.8, 150 mM KOAc, 5 mM Mg(OAc),) (Baker et
al., 1988) and stored at —80°C. The total protein concentration of the
eluted fractions ranged between 0.1-0.2 mg/ml.

Nucleotide Exchange Assays

Nucleotide exchange assays were carried out as previously de-
scribed (Jones et al., 1995).

GDP Release Assays

Twenty (20) pmol Yptlp were preloaded by incubating with 40
pmol 5',8'-3H-GDP (31.7 Ci/mmol; NEN) in preload buffer (20 mM
HEPES pH 7.2, 20 mM KOAc, 1 mM DTT, 5 mM EDTA, 1 ug/wl
BSA) for 10 min at 30°C. At the end of the incubation, samples were
moved to ice, and MgCl, was added to 10 mM. Reactions were
carried out in 50 ul containing 20 mM HEPES pH 7.2, 5 mM
Mg(OAc),, 0.5 mM GTP, 0.5 mM GDP, 1 mM DTT, 0.4 mg/ml BSA,
plus GST-Bet3, GST-Bet5 or GST, purified from yeast. Fractions
were normalized to have molar concentrations similar to the GST
moiety. Exchange reactions were initiated by the addition of 10
pmol Yptlp-*H-GDP. Incubations were carried out at 30°C for vary-
ing periods of time, as noted. When the effects of mutant Ypt
proteins were tested, mutant protein was added to the reaction
mixture and incubated on ice for 10 min before addition of the
substrate. At intervals, 5-ul samples were removed, filtered through
nitrocellulose, washed, and counted as described (Jones et al., 1995).
In all experiments, initial values were ~ 10-20 X 10° dpm per 5 pul.

GTP Uptake Assays

Yptlp was preloaded as described for the GDP release assay, but
with nonradioactive GDP. o-*P-GTP (Amersham, Arlington
Heights, IL; 3000 Ci/mmol, diluted to a specific activity of 75
nCi/mmol) was the only nucleotide in the reaction mixture. Ex-
change reactions were initiated by the addition of 80-100 pmol GTP
to a 50-ul reaction mixture containing 10 pmol Yptlp and GST-Bet3,
GST-Bet5 or GST. Samples of 5 ul were removed at intervals, and
the amount of a-*?P-GTP bound to Yptlp was determined by filtra-
tion as above.

Gel Filtration

Gst-Bet3 (0.75 ml, 0.3 mg protein) was purified from yeast as de-
scribed above, except that the eluted protein was dialyzed into B88
containing 0.15 M NaCl and applied to a Superdex 200 (Pharmacia,
Piscataway, NJ) fast-pressure liquid chromatography column equil-
ibrated in Buffer 88 + 0.2 M NaCl. Flow rate was set at 0.3 ml/min
and fractions of 0.3 ml were collected.
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Figure 1. Bet3-associated Ypt1-GEF activity. GST-Bet3 (A) and GST
(®) were expressed in yeast cells and purified using GA. The purified
fractions were tested for Yptl-GEF activity using GDP-release and
GTP-uptake filtration assays, with recombinant Ypt1 protein as a sub-
strate. (a) Time course of GDP release. Yptlp-[?’H]GDP was incubated
in the presence of 30 ul of GST-Bet3p or GST in a 50 ul reaction. (b)
Time course of GTP uptake, in the presence (filled symbols) or absence
(open symbols, dashed lines) of 0.2 uM Yptlp. Reactions were per-
formed in the presence of [a-**P]GTP. (c) GTP uptake by Yptlp shows
a concentration-dependent stimulation by GST-Bet3p, but not by GST.
As described in panel b legend, 10 or 30 ul of GST-Bet3 or GST were
assayed in a 50-ul reaction; the 30-min time points are shown. Results
shown in this figure are the average of duplicate measurements and
are representative of 2-6 experiments. Error bars represent range di-
vided by 2.
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RESULTS
Yptl GEF Activity Copurifies with GST-Bet3

The TRAPP complex has localization and extraction charac-
teristics similar to those of the Yptl GEF that we previously
characterized (Jones et al., 1998; Sacher et al., 2000). There-
fore, we wished to test the ability of TRAPP to act as a Yptl
GEF. To purify the TRAPP complex, we used one of its
subunits, Bet3p, tagged with GST at the N-terminus. A
GST-Bet3p fusion protein was expressed in yeast cells, pu-
rified by GA-beads precipitation, and tested for its ability to
stimulate GDP release and GTP uptake by recombinant Ypt1
protein. As a control, we used GST protein expressed and
purified in the same way. GST-Bet3p was found to stimulate
both GDP release and GTP uptake by Yptlp above the
intrinsic rates, measured either in the presence of GST pro-
tein (Figure 1,a and b) or BSA (our unpublished results). The
stimulation of GTP uptake by Yptl protein was linearly
dependent on the amount of the GST-Bet3p purified fraction
added to the assay (Figure 1c). These results indicate that
Bet3p, or a protein complex that copurifies with it from yeast
lysates, has Yptl GEF activity.

TRAPP Is a Yptl-GEF

To determine whether the GST-Bet3p itself or the TRAPP
complex possesses Yptl GEF activity, we separated free
GST-Bet3p from TRAPP on a Superdex 200 gel-filtration
column. The expected size of GST-Bet3p is ~ 50 kDa (how-
ever, the tendency of GST to dimerize make it likely that the
observed apparent MW would be close to 100 kDa). TRAPP
was reported to have a molecular weight of ~ 800 kDa on
this column (Sacher et al., 1998). As shown by immuno-blot
analysis using anti-GST antibodies, GST-Bet3p is found in
two peaks on the sizing column: a 50-100 kDa peak, corre-
sponding to the free GST-Bet3p, and a > 670 kDa peak,
corresponding to the TRAPP complex. Column fractions
were tested for Yptl-GEF activity using the GTP-uptake
assay. We found that the majority of the GEF activity copu-
rifies with the high MW peak containing GST-Bet3 (Figure
2a and b), suggesting that the TRAPP complex has Yptl GEF
activity. In contrast, only a minor amount of the total GEF
activity is associated with the free GST-Bet3 peak seen on the
western blot. We conclude that the TRAPP complex is the
major contributor of the Bet3-associated Yptl GEF activity.

We also used another GST-tagged subunit of TRAPP,
Betbp, to purify the TRAPP complex from yeast cells. We
tested the GST-tagged BetSp purified fraction for stimula-
tion of GDP release and GTP uptake by Yptlp. The results
were qualitatively similar to those obtained with the GST-
Bet3p (our unpublished results). Together, these results in-
dicate that TRAPP can act as Yptl GEF.

TRAPP Can Act as a GEF for Ypt31/32 GTPases,
But Not Sec4

The Ypt/Rab GEFs identified to date are each specific for
their GTPase substrate (Horiuchi et al., 1997, Wada et al.,
1997, Walch-Solimena et al., 1997; Hama et al., 1999). We
wished to determine whether this is true also for TRAPP;
therefore, it was tested for its ability to stimulate GDP re-
lease and GTP uptake by Ypt31, Ypt32, and Sec4 GTPases.
Ypt31p and Ypt32p are functional homologues and behave
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Figure 2. Size fractionation of the purified GST-
Bet3p fraction. The purified GST-Bet3 fraction (750
ul, 3 mg protein) was applied to a Superdex 200
C el-filtration column. Fractions (0.3 ml) were col-
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identically in all of our assays, except that Ypt32p exchanges
nucleotides more readily than Ypt31p. This is true of both
their intrinsic rates as well as reactions stimulated by crude
yeast cell lysates (our unpublished results). The GST-Bet3p
precipitate can stimulate both GDP release and GTP uptake
by Ypt32p (Figure 3a and b) and, to a lesser extent, by
Ypt31p (our unpublished results). Nucleotide exchange on
Sec4p can be stimulated by its known GEF, Sec2p (Walch-
Solimena et al., 1997), but not by the GST-Bet3 precipitate
(Figure 3c).

To determine whether the Ypt32 GEF activity is due to
Bet3p itself or to the high MW complex, we tested the Ypt32
GEF activity of the Superdex 200 column fractions of GST-
Bet3p. As described above for the Yptl GEF activity, only
the high MW peak containing GST-Bet3p has a Ypt32 GEF
activity (Figure 2c). In fact, the peak of Ypt32 GEF activity is
narrower than that of the Yptl GEF, suggesting that the
broad peak of Yptl GEF activity may represent more than
one species of the complex. The Yptl GEF that we charac-
terized previously did not stimulate nucleotide exchange by
Ypt31/32 or Sec4 GTPases (Jones et al., 1998). Ypt31/32 GEF
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left: Vo, Blue dextran, 2 X 10° kDa; thyroglobin 670
kDa; aldolase 158 kDa). The results represent two
independent experiments.

activity was present in the P100 (100,000 X g pellet) fraction
that was used for the Yptl GEF purification; however, this
activity was lost after a detergent extraction step used for the
Yptl GEF purification (Jones and Segev, unpublished data).
The GST-Bet3p purification does not include a detergent
extraction step. One possibility is that a detergent-sensitive
factor might be important for TRAPP to function as a
Ypt31/32 GEF but not as a Yptl GEF. This effect may con-
tribute to the apparent heterogeneity of the Ypt1-GEF peak
(Figure 2a) and to the lower apparent MW of the previously
identified Yptl GEF (Jones et al., 1998). Together, these re-
sults indicate that TRAPP can act as a GEF for Yptl and
Ypt31/32 but not for Sec4.

Nucleotide-free Ypt Mutant Proteins Inhibit the Ypt
GEF Activity of TRAPP

Mutant forms of GTPases that cannot bind nucleotides fre-
quently exhibit dominant phenotypes due to inhibition of
their nucleotide exchangers. These nucleotide-free mutant
proteins have higher affinity for the GEF than do the wild-
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Figure 3. Bet3-associated GEF activity for Ypt32, but not Sec4. GST-
Bet3 (A) or GST (@) were purified from yeast cells and tested for Ypt32
and Sec4 GEF activity using GDP-release and GTP-uptake filtration
assays and recombinant Ypt32 or Sec4 protein (as described in Figure
1legend). (a) Time course of GDP release from Ypt32p. (b) Time course
of GTP uptake by Ypt32p, in the presence (solid lines) or absence
(dashed lines) of Ypt32p. (c) Time course of GDP release from Sec4p.
GST-Sec2 (squares) was used as a positive control for a Sec4-GEF. The
data is expressed as percent GDP bound to Sec4p during the reaction.
Results shown in this figure are the average of duplicate measurements
and are representative of 2-4 experiments. Error bars represent range
divided by 2.
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type proteins and therefore sequester the GEF from the
wild-type substrate (Hwang et al., 1989; Powers et al., 1989;
Powers et al., 1991; Hwang et al., 1993; Lai et al., 1993; Haney
and Broach 1994). We showed previously that Yptl-GEF
activity can be inhibited by the Ypt1-D124N mutant protein,
which cannot bind GDP or GTP (Jones ef al., 1995; Jones et al.,
1998). The ability of this mutant protein to inhibit the Yptl
GEF activity of TRAPP was tested. Bet3-associated Yptl-
GEF activity is completely inhibited by the addition of a
twofold excess of the Ypt1-D124N mutant protein, but not
by a twofold excess of the wild-type Yptlp (Figure 4a). The
wild-type protein can also compete for the GEF activity, but
at a much higher concentration; addition of wild-type pro-
tein in an 80-fold excess results in 30% inhibition of measur-
able GDP release. This result, together with the fact that the
localization and extraction and properties of the previously
characterized Yptl GEF and TRAPP are similar, suggests
strongly that TRAPP is basically the Yptl GEF that we have
previously identified.

The YPT31 and YPT32 genes were originally isolated by
us as high-copy suppressors of the YPT1-D124N dominant
mutation (S. Jones, H. Smiley, and N. Segev, unpublished,
and Jedd et al., 1997). Based on this result and the fact that
TRAPP can act as a Ypt31/32 GEF, we expected that the
nucleotide-free Ypt1-D124N mutant protein would inhibit
not only the Yptl GEF activity of TRAPP, but also its
Ypt31/32 GEF activity. We tested the ability of this mutant
protein to inhibit the Bet3-associated Ypt32 GEF activity in
vitro. The GDP release assay indicates that Ypt1-D124N
mutant protein, but not wild-type Yptlp, inhibits more than
50% of the Ypt32 GEF activity (Figure 4b). Together, these
results suggest that TRAPP can act as Yptl and Ypt31/32
GEF in vivo, and that the nucleotide-free Yptl mutant pro-
tein inhibits both its Yptl and Ypt31/32 GEF activities in
vivo.

The YPT31-N1261 and YPT32-D129N mutations in the
guanine binding loop are expected to result in mutant pro-
teins that are defective in nucleotide binding. In contrast to
the analogous YPT1 mutations, these mutations do not exert
dominant inhibiting phenotypes in vivo (Yoo et al., 1999; and
our unpublished results). We tested whether the Ypt31/32
mutant proteins can inhibit the Yptl GEF activity of TRAPP.
Both Ypt31-N126I and Ypt32-D129N mutant proteins have
only a very mild inhibitory effect on the Bet3-associated Yptl
GEF activity (Figure 5). Despite the fact that higher concen-
trations were used, the observed level of inhibition was far
less than that seen with Ypt1-D124N (see Figure 4a). These
mutant proteins also have a very mild inhibitory effect on
the Bet3-associated Ypt31/32 GEF activity (our unpublished
results). The weak inhibitory effect of the nucleotide-free
Ypt31/32 mutant proteins on the TRAPP GEF activity might
explain their lack of effect in vivo. The correlation between
the in vivo and the in vitro phenotypes also supports the
widely-held notion that the mechanism by which nucleoti-
de-free mutant proteins inhibit secretion and cell growth is
through their inhibitory effect on GEFs.

Yptl and Ypt31/32 GTPases Coprecipitate
with TRAPP
The results described above indicate that the TRAPP com-

plex can act as a GEF for Yptl and Ypt31/32 GTPases in
vitro. To assess whether Yptl and Ypt31/32 interact with
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Figure 4. The nucleotide-free mutant Yptlp-D124N protein is a
potent inhibitor of Bet3-associated Yptl and Ypt32 GEF activities. a.
GST-Bet3p Yptl-GEF activity can be inhibited by the Yptlp-D124N
mutant protein, but not by wild-type Yptlp. GST-Bet3 or GST
(circles) purified from yeast cells were tested for Ypt1-GEF activity
using GDP-release filtration assay and recombinant Yptl protein as
described in Figure 1a legend. The GST-Bet3p reactions were done
in the absence (triangles) or presence of 0.4 uM Ypt1-D124N protein
(squares, dashed line), or wild-type Yptlp (squares, solid line).
Results shown in this figure are the average of duplicate measure-
ments and are representative of 3 experiments. Error bars represent
range divided by 2. b. GST-Bet3p Ypt32-GEF activity can be inhib-
ited by the Yptlp-D124N mutant protein, but not by wild-type
Yptlp. Purified GST-Bet3- or GST- (circles) -containing fractions
were tested for Ypt32-GEF activity using GDP-release filtration
assay and recombinant Ypt32 protein as described in Figure la
legend. The GST-Bet3p reactions were done in the absence (trian-
gles) or presence of 0.4 uM Yptl-D124N protein (squares, dashed
line), or wild-type Yptlp (squares, solid line). Results shown in this
figure are the average of duplicate measurements and are represen-
tative of 2 experiments. Error bars represent range divided by 2.

TRAPP in yeast cells, we tested whether they coprecipitate
from yeast cell lysates. The GA-purified GST-Bet3 fraction
was tested for the presence of Yptl and Ypt31/32 proteins
using immuno-blot analysis. The GST-Bet3 fraction, but not
the GST fraction, contains both Yptl and Ypt31/32 proteins
(Figure 6a). The fraction of the total cellular Yptl and
Ypt31/32 proteins that coprecipitate with GST-Bet3 is ~8%.
To determine whether Yptl and Ypt31/32 coprecipitate with
Bet3p itself or with the TRAPP complex, fractions from the
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Figure 5. Ypt31-N126I and Ypt32-D129N inhibition of Yptl GEF.
Purified GST-Bet3- or GST-containing fractions were tested for
Yptl-GEF activity using the GDP-release filtration assay with re-
combinant Yptl protein as described in the legend for Figure 1a. The
GST-Bet3p reactions were carried out in the absence or presence of
1.6 uM Ypt31-N126I (@), 1.0 uM Ypt32-D129N (A), or 1.6 uM Ypt31
wild-type (O) and 1.0 uM Ypt32 wild-type (A) proteins. The results
are expressed as percent inhibition by mutant or wild-type proteins
of GEF-stimulated GDP-release. Intrinsic exchange, measured in the
GST control, was subtracted from the values. Results shown in this
figure are the average of duplicate measurements and are represen-
tative of two experiments. Error, calculated as average deviation
(range divided by 2) was +/— 1% for all the data points.

GST-Bet3 Superdex 200 column were tested for the presence
of these proteins using immunoblot analysis. Both Yptl and
Ypt31/32 proteins are present in the high-molecular weight
peak, which corresponds to the TRAPP complex, but not in
the low-MW peak of free GST-Bet3 subunit (Figure 6b).
Together, these results suggest that Yptl and Ypt31/32 GT-
Pases interact with the TRAPP complex in yeast cells.

Genetic Interactions between YPT1, YPT31/32 and
BET3

Overexpression of YPT1 was previously shown to suppress
the bet3—1 mutation (Rossi et al., 1995). We examined the
effect of overexpression of BET3 on ypt1 and ypt31/32 reces-
sive mutations. Overexpression of GST-Bet3p has no effect
on wild-type cells, but it exacerbates ypt1 and ypt31/32 mu-
tant phenotypes. Specifically, cells carrying a recessive tem-
perature-sensitive allele of YPT1, ypt1-A136D, or ypt1-T40K
(ypt1-1), and that overexpress GST-Bet3p grow more slowly
than cells expressing GST alone even at their permissive
temperatures. Ypt31A/ypt32A141D mutant cells that express
GST-Bet3p grow more slowly than cells expressing GST
alone, only at semipermissive temperature (35°C) but not at
permissive temperature (26°C) (Figure 7). These genetic in-
teractions of YPT1 and YPT31/32 with BET3 support the idea
that TRAPP acts as a Ypt GEF in vivo.
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Figure 6. Coprecipitation of Yptl and Ypt31/32 With GST-Bet3
and TRAPP. (a) GST-Bet3p or GST were expressed in yeast cells and
purified using GA. Equal volumes of eluted preps were analyzed by
SDS-PAGE followed by western blotting using anti-Yptl1 (top panel)
or Ypt31/32 (lower panel) antibodies. Yptl and Ypt31/32 proteins
coprecipitate only with GST-Bet3p but not with GST alone. (b)
Superdex 200 column fractions containing GST-Bet3, high MW
(fraction 30), low MW (fractions 46-48), and the GST-Bet3 fraction
that was loaded on the column (L), were analyzed by SDS-PAGE
followed by western blotting using anti-Yptl (top panel), Ypt31/32
(middle panel), or anti-GST (lower panel) antibodies. Yptl and
Ypt31/32 proteins coprecipitate only with the High MW but not
with the Low MW GST-Bet3p.

DISCUSSION

In this study, we show data suggesting that the TRAPP
complex can act as a GEF for the Yptl and Ypt31/32 GT-
Pases, both in vitro and in vivo. Since Yptl GTPase is re-
quired for ER-to-Golgi transport, while the Ypt31/32 GT-
Pase pair is essential for exit from the trans-Golgi (Segev et
al., 1988; Baker et al., 1990; Jedd et al., 1995; Jedd et al., 1997),
these findings raise the intriguing possibility that a common
GEF complex for the Yptl and Ypt31/32 GTPases might
coordinate entry into and exit from the Golgi apparatus.
Such coordination would clearly be important in maintain-
ing the integrity and the morphology of the Golgi (see
Figure 8 for a model). In addition, coordination of Ypt/Rab
GTPases by their GEFs might be a general mechanism for
the steady-state maintenance of compartment morphology.

The idea that TRAPP can act as a GEF for Yptl is sup-
ported by the fact that the GEF activity could be purified
using two different tagged subunits of this complex, Bet3p
and Bet5p. In addition, the Yptl and Ypt32 GEF activities
associated with Bet3p fractionated as a large complex on a
sizing column. The idea that TRAPP functions as a GEF for
Yptl and Ypt31/32 GTPases in vivo as well is supported by
three lines of evidence. First, genes encoding TRAPP com-
ponents interact genetically with YPT1 and YPT31/32. Spe-
cifically, overexpression of BET3 exacerbates the growth
phenotypes of both ypt1 and ypt31/32 mutations (this study).
In addition, overexpression of YPT1 was previously shown
to suppress the growth phenotype of bet3 and bet5 mutations
(Rossi et al., 1995; Jiang et al., 1998). These results suggest
that the protein products of these genes interact (but not
necessarily directly) and are consistent with a role for
TRAPP in activation of the Yptl and Ypt31/32 GTPases in
the cell. Second, Bet3p coprecipitates with both Yptl and
Ypt31/32 proteins, and these Ypt proteins are present only
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Figure 7. Overexpression of Bet3p exacerbates yptl1 and ypt31/32
mutant phenotypes. Effect of BET3 overexpression on wild-type
(NSY125), ypt1-A136D (NSY222), ypt1-T40K (NSY2), and ypt31A/
ypt32-A141D (NSY348) cells. Yeast strains were transformed with
plasmids expressing GST-Bet3p (+), or GST alone (—). Shown are
10-fold serial dilutions of transformed cells plated on SD-Ura plates
and grown at indicated temperatures. Wild-type cells are not af-
fected by expression of the GST-Bet3p while ypt mutant cells are
affected by expression of GST-Bet3p but not GST alone. Results
shown in this figure are representative of two independent trans-
formants for each strain.

in the high-molecular weight peak of the GST-Bet3 precipi-
tate, indicating that they interact with TRAPP in yeast cell
lysates. Third, YPT1 and YPT31/32 interact genetically. Spe-
cifically, YPT31 and YPT32 were originally identified by us
as high-copy suppressors of a dominant negative YPT1 mu-
tation (S. Jones, H. Smiley, and N. Segev, unpublished data;
and Jedd et al., 1997). This interaction, together with our
findings that this dominant negative Yptl mutant protein
inhibits TRAPP’s GEF activity for Yptl and Ypt32 GTPases,
suggests that these two GTPases share a common GEF.
TRAPP has some attributes that are similar to the previ-
ously characterized Yptl GEF. Both reside on the Golgi,
have high molecular weight and similar extraction profiles,
and are inhibited by nucleotide-free dominant mutant Yptl
proteins. However, the two GEFs are probably not identical
complexes, since the previously characterized Ypt1-GEF has
a smaller MW and does not act as a GEF for Ypt31/32 (Jones
et al., 1998). This is most likely attributable to the inclusion of
a detergent extraction step in the purification of the previ-
ously characterized Yptl-GEF. Thus, the simplest explana-
tion for the distinction between the two Yptl-GEFs is that
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Figure 8. A model for the coordination of entry into and exit from
the yeast Golgi by a GEF complex common to Yptl and Ypt31/32
GTPases. Yptl GTPase is required for ER-to-Golgi transport Golgi
(Segev et al., 1988; Baker et al., 1990; Jedd et al., 1995), while the
Ypt31/32 functional pair is essential for exit from the trans-Golgi
(Jedd et al., 1997). A common GEF complex, TRAPP, might coordi-
nate these steps through the regulation of the Ypt GTPases activa-
tion. The importance of such a coordination is discussed in the text.

the previously characterized Yptl-GEF lacks one or more of
the TRAPP subunits that are important for its activity on
Ypt31/32p, but not its activity on Yptlp. However, it is still
a formal possibility that the two Yptl GEFs are distinct and
that there is more than one Yptl GEF in yeast cells.

We have previously proposed a model for the role of the
regulation of nucleotide cycling in Yptl-mediated vesicle
targeting. In this model, GEF is important for vesicle target-
ing, and nucleotide exchange occurs at the acceptor com-
partment, while GTP hydrolysis by GAP is not important for
this process but might be only involved in recycling of Ypt
proteins between membranes (Jones et al., 1998). The idea
that the GEF function is required for Yptl-mediated ER-to-
Golgi transport was based on the finding that the nucleoti-
de-free Yptl mutant proteins are potent inhibitors of the
Yptl GEF activity and of ER-to-Golgi transport in vivo and
in vitro (Jones et al., 1995). The idea that GEF acts at the
acceptor compartment was based on the localization of the
Yptl GEF activity to the Golgi (Jones et al., 1998). The iden-
tification of TRAPP as the GEF for Yptl supports the first
part of this model, since TRAPP is essential for ER-to-Golgi
vesicle targeting and localizes to the yeast Golgi (Barrow-
man ef al., 2000; Sacher et al., 2000; Sacher et al., 1998), which
serves as the acceptor compartment for Yptlp in ER-to-Golgi
transport. Together, these data support the model in which
the Yptl GEF is essential for Yptl function, and their inter-
action occurs at the acceptor membrane, which, for Yptl
GTPase, is the Golgi.
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TRAPP, a GEF for Yptl and Ypt31/32, is a large protein
complex. Other Ypt/Rab GEFs have also been shown to be
parts of large protein complexes, e.g., Sec2p (Nair ef al.,
1990), Rab3A-GRF (Burstein and Macara 1992), and Rabex-5
(Horiuchi et al., 1997). However, to date, the known Ypt/Rab
GEFs were reported to be specific for a single Ypt/Rab target
(Horiuchi et al., 1997, Wada et al., 1997, Walch-Solimena et
al., 1997; Hama et al., 1999). The fact that TRAPP acts as a
GEF for Yptl and Ypt31/32 GTPases is, therefore, surpris-
ing. It is possible that different TRAPP subunits act as GEFs
for the Yptl and Ypt31/32 GTPases. The localization of
TRAPP to the Golgi apparatus (Barrowman et al., 2000) is
consistent with its role as a GEF for both Yptl and Ypt31/32
GTPases. We propose that the GEF resides where the func-
tion of its Ypt substrate is required, and the functions of Yptl
and Ypt31/32 GTPases are required at the two ends of the
Golgi. The function of Yptl GTPase is required at the cis-
Golgi for the targeting and fusion of ER-derived vesicles
(Cao and Barlowe 2000; Segev 1991), while the function of
Ypt31/32 GTPases is essential for the formation of trans-
Golgi vesicles (Jedd et al., 1997). To date, TRAPP has been
shown to be required for ER-to Golgi transport (Barrowman
et al., 2000; Sacher et al., 1998). Our current findings predict
that TRAPP would also have a role in later steps of the yeast
secretory pathway.

There are several open questions regarding the function of
TRAPP as the GEF for Yptl and Ypt31/32 GTPases, and
regarding the function of Ypt/Rab GEFs in general. It re-
mains to be determined which subunits of TRAPP have the
Yptl and Ypt31/32 binding and GEF activities. Identifica-
tion of TRAPP as a Yptl and Ypt31/32 GEF is an important
first step toward resolving the mechanism by which Ypt/
Rab GEFs act in protein transport.
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