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ABSTRACT
We have used affinity chromatography to identify two proteins that bind to the SH3 domain of the

actin cytoskeleton protein Rvs167p: Gyp5p and Gyl1p. Gyp5p has been shown to be a GTPase activating
protein (GAP) for Ypt1p, a Rab GTPase involved in ER to Golgi trafficking; Gyl1p is a protein that
resembles Gyp5p and has recently been shown to colocalize with and belong to the same protein complex
as Gyp5p. We show that Gyl1p and Gyp5p interact directly with each other, likely through their carboxy-
terminal coiled-coil regions. In assays of GAP activity, Gyp5p had GAP activity toward Ypt1p and we found
that this activity was stimulated by the addition of Gyl1p. Gyl1p had no GAP activity toward Ypt1p. Genetic
experiments suggest a role for Gyp5p and Gyl1p in ER to Golgi trafficking, consistent with their biochemical
role. Since Rvs167p has a previously characterized role in endocytosis and we have shown here that it
interacts with proteins involved in Golgi vesicle trafficking, we suggest that Rvs167p may have a general
role in vesicle trafficking.

THE actin cytoskeleton provides the structural basis then fuse with a specific target compartment. Transport
between organelles is directional and vesicle budding,for cell polarity in Saccharomyces cerevisiae and other
targeting, and fusion must be tightly regulated to ensureeukaryotes. Three types of actin structures are found in
specificity of fusion. Specificity of fusion is controlledvegetative yeast cells: actin cables, cortical actin patches,
by proteins on the surface of vesicles and target mem-and the cytokinetic ring. Actin cables are long bundles
branes, v-SNAREs and t-SNAREs (vesicle and targetof actin filaments that are believed to function as tracks
membrane soluble N-ethylmaleimide-sensitive factor a t-for polarized transport of organelles and vesicles (Nov-
tachment protein receptors), as well as small Rab-typeick and Botstein 1985). Cortical actin patches are
GTPases, also known as Ypt GTPases, that are specificpunctate cytoskeletal bodies found in polarized clusters
for each type of traffic (for review see Bonifacino andat regions of cell growth. They exhibit great biochemical
Glick 2004). Ypt GTPases confer specificity by tetheringcomplexity and are dynamic in composition (for review
vesicles to their target membranes. Like other smallsee Pruyne and Bretscher 2000; Munn 2001). Actin
GTPases, Ypt proteins cycle between an active GTP-boundpatches are thought to be sites of endocytosis (for review
and an inactive GDP-bound state. This cycling is regu-see Engqvist-Goldstein and Drubin 2003); however,
lated by GTPase activating proteins (GAPs) and GTPthe mechanism of this is only beginning to be under-
exchange factors. The role of GTP hydrolysis in vesiclestood (Kaksonen et al. 2003). The cytokinetic ring con-
fusion is somewhat unclear; it has been associated withsists of an actomyosin-based contractile ring assembled
membrane fusion itself, recycling of the GTPase, oron a septin scaffold at the cell division site (for review
timing of vesicle fusion (for review see Segev 2001).see Tolliday et al. 2001).

A number of pieces of evidence point to a role forProtein transport along secretory and endocytic path-
the actin cytoskeleton in vesicle trafficking. Mutants withways in eukaryotic cells is primarily mediated by trans-
a temperature-sensitive allele of the gene encoding ac-port vesicles that bud from a donor compartment and
tin, act1-1, accumulate post-Golgi secretory vesicles and
are partially defective in secretion of invertase (Novick
and Botstein 1985). Actin cables function as tracks
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D-14059, Berlin, Germany. trafficking. Cells lacking the actin patch proteins Myo3p
4Corresponding author: Department of Molecular and Medical Genet- and Myo5p accumulate vesicles and have a partial block

ics, University of Toronto, 1 King’s College Circle, Room 4284 MedSci,
in secretion of invertase (Goodson et al. 1996). In addi-Toronto, ON M5S 1A8, Canada.

E-mail: brenda.andrews@utoronto.ca tion, mutants with the act1-1 allele and mutants lacking

Genetics 170: 555–568 ( June 2005)



556 H. Friesen et al.

the actin patch protein Sla2p accumulate vesicles that in genetic or biochemical screens, its biological function
remains unknown.contain the Golgi GTPase Ypt1p, suggesting that actin

patch proteins may be required for some step in vesicle In this work we have used affinity chromatography to
identify two proteins that bind to the SH3 domain of thetrafficking between Golgi and plasma membrane (Mul-

holland et al. 1997). actin cytoskeleton protein Rvs167p: Gyp5p and Gyl1p.
Gyp5p has been shown to be a GAP for Ypt1p (DeTwo proteins that have been localized to cortical actin

patches are Rvs167p and Rvs161p (Balguerie et al. Antoni et al. 2002), a Rab GTPase involved in ER to
Golgi trafficking (Bacon et al. 1989; Segev 1991; for1999). RVS167 and RVS161, which encode closely re-

lated proteins, were first identified in a screen for mu- review see Lazar et al. 1997). Gyl1p is a protein with
sequence similarity to Gyp5 and has been shown totants that exhibited reduced v iability upon s tarvation

(Bauer et al. 1993). Mutation of RVS167 or RVS161 causes colocalize with Gyp5p (Chesneau et al. 2004). We show
that Gyp5p and Gyl1p interact directly with each othera phenotype consistent with a role for the Rvs proteins

in cortical actin cytoskeleton organization and endo- as well as with Rvs167p. In vitro, recombinant Gyl1p
stimulates the GAP activity of Gy5p toward Ypt1p. Incytosis: loss of viability and unusual cell morphology in

poor growth medium or salt-containing medium, de- vivo, co-overexpression of GYL1 and GYP5 is toxic in
the absence of SEC22 and in the absence of RUD3, twolocalized actin distribution under suboptimal growth

conditions, abnormal (random) budding in diploids, genes involved in ER to Golgi trafficking that have a
synergistic growth defect in combination with RVS167.and defects in endocytosis and sporulation (Bauer et

al. 1993). Consistent with a requirement for Rvs167p We suggest that Rvs167p may play a role in vesicle traf-
ficking in several systems, including ER to Golgi traf-and Rvs161p in vesicle trafficking, ultrastructural studies

have revealed that rvs mutants accumulate late secretory ficking.
vesicles at sites of membrane and cell wall construction
(Breton et al. 2001).

MATERIALS AND METHODSRvs167p and Rvs161p are members of a family of
proteins that include amphiphysins, which are proteins Yeast strains and procedures: Yeast strains are described in
involved in endocytosis of synaptic vesicles in nerve ter- Table 1. Strains were derived using standard yeast genetic

techniques, from either BY263, an S288C-derived strainminals (for review see Zhang and Zelhof 2002). Pro-
(Measday et al. 1994), or BY4741, the S288C-derived strainteins in this family are characterized by the presence
from which the set of yeast gene-deletion mutants was madeof an N-terminal BAR domain and it is through their
(Brachmann et al. 1998; Winzeler et al. 1999). Strains with

respective BAR domains that Rvs167p interacts with deletions and strains with genes tagged at their endogenous
Rvs161p (Navarro et al. 1997; Sivadon et al. 1997; Col- locus were constructed as described (Longtine et al. 1998).

For spot assays, cultures grown to midlog phase were seriallywill et al. 1999). The crystal structure of the BAR do-
diluted and spotted onto the appropriate plates and incubatedmain of Drosophila amphiphysin has recently been
for 3 days at 30�.solved (Peter et al. 2004). It is a crescent-shaped dimer,

DNA manipulations: Plasmids are listed in Table 2. Standard
in which each monomer forms a coiled coil. The BAR procedures were used for recombinant DNA manipulations
domain binds preferentially to highly curved negatively (Ausubel et al. 1994). Details of construction of plasmids are

available upon request. PCR reactions were done with Pfxcharged membranes, and this property is thought to
polymerase (Invitrogen, Burlington, Ontario) as recommendedpromote membrane deformation leading to vesicle bio-
by the manufacturer. The integrity of all PCR products wasgenesis (Lee and Schekman 2004; Peter et al. 2004).
confirmed by sequencing. Oligonucleotides were synthesized

The central portion of Rvs167p consists of a region rich by Invitrogen and sequences are available upon request.
in glycine, proline, and alanine (the GPA region) and Affinity chromatography: SH3 domain proteins containing

6-His tags at their carboxy termini were purified from strainis thought to play a role in Rvs regulation since it is
GJ1158 (Bhandari and Gowrishankar 1997) using Ni-NTAphosphorylated in vivo (Friesen et al. 2003). At its car-
agarose (QIAGEN, Valencia, CA) following a denaturing puri-boxy terminus, Rvs167p, like the amphiphysins, has an
fication procedure recommended by the manufacturer. Pro-

Src homology 3 (SH3) domain, a protein module well teins were covalently coupled to Affi-Gel 10 Resin (Bio-Rad,
defined for binding proline-rich sequences (Pawson Mississauga, Ontario) in coupling buffer (20 mm HEPES, pH

8.0, 300 mm NaCl, 10% glycerol) according to the manufactur-and Scott 1997). Large-scale two-hybrid and phage
er’s recommendations. The concentration of coupled proteindisplay screens have identified a number of proteins that
on the resin was �10 �m. Twenty-microliter columns werebind to the SH3 domain of Rvs167p (Bon et al. 2000;
made in Marsh pipette tips (ABgene, Rochester, NY) with a

Uetz et al. 2000; Drees et al. 2001; Ito et al. 2001; Tong 10-�l frit made of 150- to 212-�m glass beads (Sigma, Oakville,
et al. 2002; Talarek et al. 2005); however, few of these Ontario). Yeast extracts were made and chromatography was

done as described by Ho et al. (1997) using frozen pelletsinteractions have been confirmed. Domain mapping of
from 1.5 liter of log-phase cells (strain BY264). We typicallyRvs167p has revealed that the GPA region and the SH3
loaded 20 mg of yeast extract per column. Columns weredomain are largely dispensable for all Rvs167p functions
washed with SB (20 mm HEPES, pH 7.2, 10% glycerol, 0.1

tested (Colwill et al. 1999). Thus, although the SH3 mm DTT, 0.1 mm PMSF) � 100 mm NaCl and bound proteins
domain is conserved among amphiphysins, and several were eluted with SB � 1 m NaCl and then with SB � 1%

SDS. Eluates were separated on Novex 4–12% gradient gelsbiologically important ligands bind to the SH3 domain
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TABLE 1

Yeast strains used in this study

Strain Genotype Source

BY263 a MATa trp1�63 ura3-52 lys2-801 ade2-107 his3�200 leu2-�1 Measday et al. (1997)
BY264 a BY263 a/� diploid This study
BY508 a BY263 rvs167�::TRP1 Lee et al. (1998)
BY1179 a BY263 GYP5-myc::kan This study
BY1177 a BY263 GYL1-myc::kan This study
BY1185 a BY263 GYP5-HA::kan This study
BY1313 a BY263 GYP5-HA::kan GYL1-myc::kan This study
BY1191 a BY263 gyp5�::His5 This study
BY1189 a BY263 gyl1�::TRP1 This study
BY1254 a BY263 gyp5�::His5 gyl1�::TRP1 This study
BY4741a MATa his3�1 leu2�0 ura3�0 met15�0 Brachmann et al. (1998)

BY4741a gyp5�kan b Deletion consortium strain
BY4741a sec22�::kan b Deletion consortium strain
BY4741a rud3�::kan b Deletion consortium strain
BY4741a rvs167�::kan b Deletion consortium strain

a Except as noted, strains are isogenic to the parent strain, BY263, an S288C derivative.
b Strains from the deletion consortium are isogenic to the parent strain, BY4741, which is also derived from

S288C (Brachmann et al. 1998).

(Invitrogen) using MOPS SDS running buffer recommended from Escherichia coli containing pET19 � GYP5 using Novagen
His Bind resin (Novagen, Madison, WI) following the manu-by the manufacturer. Gels were stained with Coomassie blue

(Bio-Rad), destained, and then stained with silver using a low facturer’s instructions. Similarly, GST-tagged Gyl1p was par-
tially purified from E. coli containing pGEX � GYL1 usingconcentration of formaldehyde (Shevchenko et al. 1996).

Bands representing proteins that bound to wild-type Rvs167p glutathione Sepharose (Amersham, Piscataway, NJ). Protein
was dialyzed against 20 mm Tris-Cl, pH 8.0, 0.3 m NaCl, 1 mmSH3, but not to Rvs167p SH3-P473L or to fyn SH3, were cut

out of the gel. Tryptic peptides were isolated using an in- MgCl2 , 10% glycerol and stored at �80�. Protein was quanti-
gel digestion procedure as described by Figeys et al. (2001). fied by comparison of the band representing full-length pro-
Masses of peptides were identified by matrix-assisted laser de- tein to bands on a gel with dilutions of bovine serum albumin.
sorption ionization time of flight spectrometry using a PerSep- For purification of Rvs167p-Rvs161p, Hi5 insect cells were co-
tive DESTR at Borealis (Toronto), and proteins were identi- infected with recombinant baculoviruses expressing GST-His-
fied using ProFound (http://prowl.rockefeller.edu/cgi-bin/ RVS167 and His-RVS161. After �48 hr, cells were harvested,
ProFound). washed, and lysed in insect cell lysis buffer (50 mm Tris-HCl,

Antibodies, immunoprecipitations, Western blots, and Far pH 7.5, 150 mm NaCl, 5 mm EDTA, 0.1% NP40, 5 mm NaF,
Western assays: Standard procedures were used for yeast cell 0.5 mm MgCl2, and 1 mm DTT). Following centrifugation
extract preparation and immunoblotting (Lee et al. 1998). at 10,000 � g for 20 min, cell extracts were incubated with
Antibodies used were polyclonal �-Rvs167 (Lee et al. 1998), glutathione Sepharose beads for 1 hr at 4�. Beads were washed
monoclonal �-myc (9E10, produced by University of Toronto four times in 10 volumes of lysis buffer and GST-His-Rvs167p
monoclonal antibody facility), monoclonal �-HA (12CA5, and associated His-Rvs161p were eluted with lysis buffer con-
Sigma), and monoclonal �-Flag M2 (Sigma). For co-immuno- taining 50 mm glutathione.
precipitation, cells from 100 ml of log-phase culture were GAP assays: Assays for GAP activity were done as described
vortexed 9 � 1 min with glass beads in lysis buffer [250 mm by Du et al. (1998). Briefly, 1 �m His-Ypt1p or His-Sec4p was
NaCl, 50 mm Tris-Cl, pH 7.5, 5 mm EDTA, 0.1% NP40, 0.5 preloaded with 5 �m GTP spiked with [�- 32P]GTP for 30–60
mm DTT, 20 mm NaF, 20 mm 	-glycerophosphate, 1 mm PMSF, min at room temperature and then Ypt1p-GTP or Sec4p-GTP
and protease inhibitor cocktail lacking EDTA (Boehringer was diluted 10-fold and added, in the presence of a 200-fold
Mannheim, Indianapolis)] and clarified by centrifugation at excess of unlabeled GTP, to His-Gyp5p, GST-Gyl1p, GST-His-
16,000 � g for 10 min. Protein (3 mg) was incubated with Rvs167p-His-Rvs161p, or combinations of these proteins that
2 �l 9E10 monoclonal anti-myc or 2 �l affinity purified anti- had been premixed and left on ice for 20 min. Samples were
Rvs167 antibodies for 1 hr on ice and then 20 �l protein A taken in duplicate at 0, 1, 2, 5, 10, 30, and 60 min and GTP
Sepharose (Pharmacia, Piscataway, NJ) was added and the hydrolysis (release of 32P) was measured by the charcoal-bind-
mixture was incubated for another hour on a Nutator. The ing method (Du et al. 1998). Protein binding to GTP was
beads were washed five times in 0.8 ml cold lysis buffer and measured using a filter-binding assay at 0 and 60 min after
suspended in 20 �l 2� sample buffer, and 7 �l was analyzed addition of GAPs.
on 7.5% polyacrylamide gels. Far Western hybridization was
done as described by Guichet et al. (1997) using 35S-labeled
Gyl1p, Gyp5p, Gyp5p�N, or Gyp5p�C that had been synthe-

RESULTSsized using a coupled T7 polymerase-reticulocyte lysate sys-
tem (Promega, Madison, WI) primed with plasmids pRSET- Identification of two novel Rvs167p-interacting pro-B-YMR192W (BA1612), pET28 � GYP5 (BA1677), pET28 �

teins using affinity chromatography: Rvs167p plays anGYP5�N (BA1679), and pET28 � GYP5�C (BA1680).
Protein purification: His-tagged Gyp5p was partially purified important role in regulating the actin cytoskeleton; how-
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TABLE 2

Plasmids used in this study

Plasmid Description Source

pAR100-RVS-SH3 (BA1267) RVS167 SH3 (codons 423–482) with an N-terminal 6-His tag under This work
the control of the T7 promoter

pAR100-RVS-P473L Same as pAR100-RVS-SH3 but encoding a protein with leucine This work
(BA1268) substituted for proline at position 473

pDN108 (BA1269) fyn SH3 (codons 84–142) with a C-terminal Flag epitope followed by Maxwell and
a 6-His tag under the control of the T7 promoter Davidson (1998)

pGPA-SH3-His (BA1344) RVS167 GPA-SH3 (codons 282–482) with a C-terminal 6-His tag under Friesen et al. (2003)
the control of the T7 promoter

pRSET-B-GYL1 (BA1612) GYL1 with a 6-His tag under the control of the T7 promoter This work
pET28 � GYP5 (BA1677) Full-length GYP5 (residues 1–894) with an N-terminal 6-His tag under This work

the control of the T7 promoter
pET28 � GYP5�N (BA1679) GYP5 residues 403–894 with an N-terminal 6-His tag under the control This work

of the T7 promoter
pET28 � GYP5�C (BA1680) GYP5 residues 1–690 with an N-terminal 6-His tag under the control This work

of the T7 promoter
pET19 � GYP5 (BA1343) GYP5 missing the first 15 amino acids with an N-terminal 6-His tag This work

in pET19b
pGEX � GYL1 (BA1334) GYL1 with an N-terminal GST tag in pGEX-3X This work
pET15-SEC4 SEC4 with an N-terminal 6-His tag in pET15b Du et al. (1998)
pET15-YPT1 YPT1 with an N-terminal 6-His tag in pET15b Du et al. (1998)
pET15-GYP1 GYP1 with an N-terminal 6-His tag in pET15b Du et al. (1998)
p426-GAL High-copy URA3 plasmid with GAL promoter Ronicke et al. (1997)
pAcGHLT-RVS167 RVS167 with N-terminal GST � His tag used for insect cell infection Friesen et al. (2003)
pAcHLT-RVS161 RVS161 with N-terminal His tag used for insect cell infection This work
p426-GAL-GYL1-Flag GYL1 with a C-terminal Flag tag under control of the GAL promoter This work

(BA1691) on high-copy URA3 plasmid
p415-GAL-GYP5-Flag GYP5 with a C-terminal Flag tag under control of the GAL promoter This work

(BA1699) on CEN LEU2 plasmid

ever, the SH3 domain is not required to complement on gels, and looked for bands that were present in
eluates from wild-type Rvs167p SH3 columns but notany defects seen in an rvs167� strain (Colwill et al.

1999). Large-scale two-hybrid screens (Bon et al. 2000; mutant Rvs167p SH3 or fyn SH3 (Figure 1A). Using
mass spectrometry, we identified two proteins that boundUetz et al. 2000; Drees et al. 2001; Ito et al. 2001; Tong

et al. 2002) and phage display studies (Tong et al. 2002) specifically to the wild-type Rvs167p SH3 domain: Ypl249p,
known as Gyp5p, and Ymr192p, known as Gyl1p.have identified a number of proteins that bind to

Rvs167p and specifically to the SH3 domain of Rvs167p. We next used a pulldown assay to confirm that the
proteins we had identified by mass spectrometry wereMany of these proposed SH3 interactions have been

seen only in a two-hybrid assay, however, and it seems Gyp5p and Gyl1p. We constructed yeast strains with
carboxy-terminal 13-myc tags at the endogenous genelikely that a significant fraction will prove to be artifacts

of overexpression or due to indirect interactions in loci, made extract from log-phase cells, and monitored
binding to the Rvs167p SH3 columns by Western blotthese relatively artificial systems. To identify proteins in

yeast extract that bind to the SH3 domain of Rvs167p (Figure 1B). In this assay, Gyp5p-myc and Gyl1p-myc
from yeast extract bound to wild-type Rvs167p SH3 butwe performed affinity chromatography using Rvs167p

SH3 with a carboxy-terminal 6-histidine tag as ligand. not to Rvs167p SH3-P473L. A number of faster-migrat-
ing bands that hybridized to the �-myc antibody wereAs a control for the Rvs167p SH3 we used Rvs167p SH3-

P473L, which contains an amino acid substitution that seen in extract from strains producing both Gyp5p-myc
and Gyl1p-myc (Figure 1B). These may be degradationhas been shown to cause defects in binding the putative

Rvs167p ligands Abp1p and Las17p in a two-hybrid assay products of Gyp5p and Gyl1p.
Co-immunoprecipitation of Rvs167p with Gyp5p and(Colwill et al. 1999). As a control for specificity of

binding we used an unrelated SH3 domain from the Gyl1p: To test whether we could detect an interaction
between Rvs167p and Gyp5p and between Rvs167p andchicken fyn tyrosine kinase (Maxwell and Davidson

1998). We passed extract made from our standard wild- Gyl1p under physiological conditions, we used a co-immu-
noprecipitation assay. We immunoprecipitated eithertype diploid strain (BY264) over the columns, eluted

the bound proteins with 1% SDS, separated the proteins with �-Rvs167 or with �-myc antibodies, separated the
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Figure 1.—Rvs167p SH3 domain binds to Gyp5p and Gyl1p. (A) Affinity chromatography using wild-type Rvs167p SH3 domain,
a mutant Rvs167p SH3 domain with a P473L substitution, and the unrelated fyn SH3 domain as ligands. Extract from wild-type
log-phase yeast cells was passed over the columns; the columns were washed; and bound proteins were eluted with 1% SDS, run
on a 4–12% acrylamide gradient gel, and stained with silver. Arrows on the left point to bands representing two proteins that
bound specifically to wild-type Rvs167p SH3 but not to mutant SH3 or to fyn SH3. These bands were cut out of the gel and the
proteins were digested with trypsin and analyzed by mass spectroscopy, which identified them as Ypl249p (Gyp5p) and Ymr192p
(Gyl1p). Position of protein molecular weight markers (in kDa) is shown on the right. (B) Gyl1p-myc and Gyp5p-myc bind to
wild type but not mutant Rvs167p SH3 in a pulldown assay. Extracts from yeast cells with no tag, cells expressing GYL1-myc , and
cells expressing GYP5-myc were passed over microcolumns of wild-type Rvs167p SH3 or mutant Rvs167p SH3. The bound pro-
teins were eluted with 1% SDS and run on an SDS gel, the gel was transferred to nitrocellulose, and the blot was probed
with �-myc antibodies. Arrows on the left point to the predicted positions of full-length Gyp5p-myc and Gyl1p-myc. (C) Co-
immunoprecipitation of Rvs167p with Gyl1p-myc or Gyp5p-myc. Western blot analysis of immunoprecipitations from yeast extract
using �-Rvs167p antibodies. Lysates from BY508 (rvs167�), BY263 (wt), BY1177 (GYL1-myc), and BY1179 (GYP5-myc) were
incubated with �-Rvs167p or �-myc antibodies as indicated and the resulting immunoprecipitates were analyzed by Western blot.
The positions of migration of Rvs167p and IgG are shown on the right.

immunoprecipitated proteins on an SDS gel, immuno- acids 21–720), the two proteins are 29% identical and
51% similar (Figure 2A). Gyp5p has a 185-residue ex-blotted, and probed the blot with �-Rvs167 antibodies

(Figure 1C). In this experiment, Rvs167p was co-immu- tended region at its amino terminus with no homology.
Gyl1p was originally given the name App2p in the Sac-noprecipitated with �-myc in cells expressing GYL1-myc

(Figure 1C, lane 6) or GYP5-myc (Figure 1C, lane 8) but charomyces Genome Database (http://www.yeastgenome.
org); however, for reasons we explain below, it has beennot in an untagged strain (Figure 1C, lane 4) nor in an

rvs167� strain (Figure 1C, lane 2). Interactions between renamed Gyl1p for Gyp5-l ike protein (http://www.yeast
genome.org).Rvs167p and both Gyp5p and Gyl1p have been detected

previously in large-scale screens with overexpressed pro- Since we had identified Gyp5p and Gyl1p as proteins
that bound to the SH3 domain of Rvs167p, we lookedteins (see discussion); however, we present here evi-

dence that Rvs167p and Gyp5p as well as Rvs167p and in the proteins for PXXP sequences, which are SH3-
binding motifs (for review see Mayer 2001). BothGyl1p interact when the genes are expressed from their

endogenous promoters. Gyp5p and Gyl1p have several PXXP motifs in their
amino-terminal portion, including one PXXP that fitsSequence comparison of Gyp5p and Gyl1p: Gyp5p

has been identified as a GTPase-activating protein for the consensus derived by Tong et al. (2002) for binding
to the Rvs167p SH3 domain in a phage display assay.the Rab GTPase Ypt1p, which is required for vesicle

trafficking from ER to Golgi (De Antoni et al. 2002). The PXXP motif that fits the consensus for binding
to the Rvs167p SH3 in Gyp5p begins at residue 282Gyl1p has been found to colocalize with Gyp5p (Ches-

neau et al. 2004) and GYL1 has synthetic interactions (PPLPPR, PXXP underlined) and in Gyl1p at residue
125 (PPLPPR). In addition, comparison of the sequencewith FUS2 (Talarek et al. 2005). When we examined

these two proteins in a BLAST search (Karlin and Alt- of Gyl1p and Gyp5p to a database of known parallel
two-stranded coiled coils (http://www.ch.embnet.org/schul 1990, 1993) we found that Gyp5p and Gyl1p are

similar in primary sequence to each other (also noted software/COILS; Lupas et al. 1991) revealed that each
protein has a predicted coiled-coil region in its carboxyby Chesneau et al. 2004; Talarek et al. 2005). Indeed

the genes encoding Gyl1p and Gyp5p are part of a terminus (residues 750–870 in Gyp5p, also noted by De
Antoni et al. (2002), and residues 590–700 in Gyl1p).proposed whole-genome duplication in an ancestor of

Saccharomyces (Wolfe and Shields 1997; Kellis et al. A number of GAPs for Ypt/Rab-specific GTPases have
been identified biochemically, by their ability to stimu-2004). Over almost the entire length of Gyl1p (amino
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Figure 2.—Sequence com-
parison of Gyl1p and Gyp5p. (A)
Diagram of Gyl1p and Gyp5p
showing predicted domain struc-
ture and sequence similarity.
Four PXXP motifs (P) are found
in the N-terminal portions of
each protein. The GYP domain
is located in the central portion
of Gyp5p and a region with 35%
sequence identity to this is lo-
cated within the central portion
of Gyl1p. The conserved finger
arginine in Gyp5p is marked “R”.
The C-terminal region of both
proteins is predicted to contain
coiled coils (C-C). Gyl1p and
Gyp5p are 29% identical over al-
most the entire length of Ymr-
192p. (B) Alignment and pre-
dicted secondary structure of the
GYP domain of Gyp5p (amino
acids 412–690) and the corre-
sponding region of Gyl1p (amino
acids 262–535) and secondary
structure of Gyp1p observed in
the crystal structure. Protein se-
quence alignments of the GYP
domain of Gyp1p, Gyp5p, and
Gyl1p were done with ClustalW
and edited manually. Amino
acid residues are colored as fol-
lows: red, hydrophobic (A, V, F,
P, M, I, L, W, including aromatic
Y); blue, acidic (D, E); magenta,
basic (R, H, K); green, other (hy-
droxyl � amine � basic; S, T, Y,
H, C, N, G, Q). Symbols under
the alignment indicate level of
conservation: an asterisk means
that the residues or nucleotides
in that column are identical in
all sequences in the alignment;
a colon means that conserved
substitutions have been ob-
served; a period indicates semi-
conserved substitutions. The GYP
fingerprint sequences are high-
lighted by a yellow background
and the absolutely conserved res-
idues are shown in boldface type.
The strings of H labeled “Gyl1
jpred” and “Gyp5 jpred” repre-
sent �-helices predicted by the

secondary structure prediction program Jpred for the GYP region of Gyl1p and Gyp5p. Dashed lines indicate regions with no
predicted secondary structure. The strings of H that are labeled “Gyp1 observed” represent �-helices seen in the crystal structure
of Gyp1p (Rak et al. 2000).

late the GTPase activity of one or more Ypt-type GTPases originally used to identify Gyp5p as a putative member
of the class (De Antoni et al. 2002). The conserved(Albert and Gallwitz 1999, 2000; Albert et al. 1999).

The catalytic domain, known as the GYP domain, for arginine in the RXXXW motif is thought to be impor-
tant for maintaining the structure of the GYP domainGAP for Ypt protein, has been delimited in vitro for

some of these Ypt GAPs (Albert and Gallwitz 1999). since substitutions of this arginine to alanine in Gyp1p
and Gyp7p rendered the protein unstable during puri-Within this GYP domain there are three absolutely con-

served “GYP fingerprint” sequences, RXXXW, IXXD fication (Albert and Gallwitz 1999). The conserved
arginine within the IXXDXXR sequence motif has beenXXR, and YXQ (Figure 2B; Neuwald 1997), which were
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shown to be critical for GAP catalytic function in all SH3. [We used the GPA-SH3 region of Rvs167p even
though the SH3 domain alone could bind to Gyp5pRab GTPases tested, including Gyp5p (Albert et al.

1999; De Antoni et al. 2002). This arginine is thought and Gyl1p (Figure 1B) because the 6-kDa SH3 peptide
does not bind efficiently to nitrocellulose in a Westernto act in catalysis like the “finger arginine” of Ras-GAP

(Albert et al. 1999; De Antoni et al. 2002). The crystal blot.] We hybridized the Western blots with 35S-labeled
in vitro -translated Gyl1p and Gyp5p (Figure 3B, 35S-labeledstructure of the GYP domain of Gyp1p, a GAP with high

levels of in vitro GAP activity toward the GTPases Ypt51p Gyl1p and Gyp5p). In this experiment, 35S-labeled Gyl1p
bound to Gyp5p and to Rvs167p GPA-SH3 but not toand Sec4p, has been solved (Rak et al. 2000). The GYP

domain of Gyp1p contains 16 �-helices and the IXX itself (Figure 3B, 35S-labeled Gyl1p). Gyl1p also bound
to lower molecular weight bands, which we believeDXXR sequence, containing the finger arginine, ex-

tends from within helix 5 into the following loop (Rak are Gyp5p degradation products (Figure 3B, 35S-labeled
Gyl1p). Likewise, 35S-labeled Gyp5p bound to Gyl1p andet al. 2000). Surprisingly, although Gyl1p is 35% identi-

cal and 54% similar to Gyp5p throughout the GYP do- to Rvs167p GPA-SH3 but not to itself (Figure 3B, 35S-
labeled Gyp5). We conclude that the Rvs167p SH3 do-main of Gyp5p, Gyl1p is missing two of the three GYP

fingerprint sequences, IXXDXXR and YXQ (Figure 2B). main interacts directly with both Gyp5p and Gyl1p and
that Gyp5p and Gyl1p interact directly with each otherBecause of the high degree of conservation between

Gyp5p and Gyl1p (Figure 2A) and because Gyp5p has in this assay and do not homodimerize.
To identify the portion of Gyp5p that interacts withGAP activity in vitro (De Antoni et al. 2002), we were

interested in whether they would have the same pre- Gyl1p we constructed genes that encoded truncations
of GYP5, in vitro translated these in the presence ofdicted secondary structure as Gyp1p. We used the sec-

ondary structure prediction server Jpred (Cuff and [35S]methionine, and used the labeled proteins to probe
Western blots (Figure 3B, 35S-labeled Gyp5p�C andBarton 2000) to predict the secondary structure ele-

ments of the GYP domain of Gyp5p and the analogous Gyp5p�N). A version of Gyp5p lacking the C-terminal
204 amino acids (and so lacking the predicted coiled-region of Gyl1p. All of the �-helices observed in the

crystal structure of Gyp1p had corresponding �-helices coil domain) was still able to bind to Rvs167p but could
not bind to Gyl1p (Figure 3B, 35S-labeled Gyp5p�C).predicted for Gyp5p (Figure 2B), consistent with the in

vitro activity of Gyp5p as a GAP for Ypt1p. In contrast, Conversely, a version of Gyp5p lacking the N-terminal
402 amino acids (and so lacking the several PXXP mo-the predicted secondary structure of Gyl1p had 15/16

�-helices but was missing helix 5, which overlaps the tifs) could bind to Gyl1p but could not bind to Rvs167
GPA-SH3 (Figure 3B, 35S-labeled Gyp5p�N). This find-finger arginine (Figure 2B). No secondary structure

element was predicted in this region for Gyl1p. Thus, ing, that Gyp5p requires its C-terminal 204 residues to
bind to Gyl1p, suggests that the two proteins may inter-although Gyl1p contains a region that is similar in pri-

mary sequence to the GYP domain of other Rab GAPs, act through their coiled-coil regions.
Biochemical activity of Gyp5p and Gyl1p: Gyp5p hasit lacks a catalytic arginine and probably an important

helix required for activity and/or GTPase binding. It is been identified biochemically as a Ypt GAP. Purified
Gyp5p accelerated the intrinsic GTP hydrolysis rate ofnot clear from this analysis whether Gyl1p would have

GAP activity. Ypt1p significantly and had a smaller effect on Sec4p
(De Antoni et al. 2002). For ease of purification DeGyp5p and Gyl1p interact directly with each other:

Recently Chesneau et al. (2004) have shown that Gyp5p Antoni et al. (2002) used an N-terminally truncated
version of Gyp5p, extending from residue 400 to 892,and Gyl1p can be co-immunoprecipitated from a subcel-

lular fraction containing plasma membrane and cyto- in their assays. Because we wanted to test for interac-
tion with Rvs167p, which we have shown requires theskeleton and organelle membranes (P13) as well as the

fraction containing late Golgi and vesicle membranes N-terminal portion of Gyp5p (Figure 3B), we have as-
sayed partially purified full-length Gyp5p and Gyl1p,(P100). We confirmed this interaction using a co-immu-

noprecipitation assay from whole-cell extract. We found which had been expressed in E. coli. Consistent with
previous reports (Albert and Gallwitz 1999), wethat in a strain in which Gyp5p was tagged with HA

and Gyl1p was tagged with myc we could efficiently co- found that both protein preparations contained a sub-
stantial fraction of truncated peptides (data not shown).immunoprecipitate the two proteins by immunoprecipi-

tating with either �-HA or �-myc (Figure 3A). We assayed for GAP activity on Sec4p and Ypt1p that
had been prebound to [�-32P]GTP, using single-roundInteractions between proteins that are detected by

co-immunoprecipitation could be bridged by a third turnover conditions (Du et al. 1998). In this assay the
putative GAP is added to the [32P]GTP-bound GTPaseprotein. To test whether the interaction that we saw

between Gyp5p and Gyl1p was direct, we did a Far West- in the presence of a large excess of unlabeled GTP such
that only a single round of GTP hydrolysis is measured.ern assay. We partially purified His-Gyl1p and His-Gyp5p

from E. coli, separated the proteins on an SDS gel, and Release of 32P was determined by the charcoal-binding
method (Du et al. 1998). As a positive control we testedtransferred the proteins to nitrocellulose. As a positive

control for binding, we also included Rvs167p GPA- Gyp1p, a previously characterized GAP that has been
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Figure 3.—Gyp5p and Gyl1p interact di-
rectly. (A) Co-immunoprecipitation of Gyl1p-
myc with Gyp5p-HA. Lysates from BY1177
(GYL1-myc), BY1185 (GYP5-HA), and BY-
1313 (GYL1-myc GYP5-HA) were incubated
with �-HA or �-myc antibodies as indicated
and the resulting immunoprecipitates were
analyzed by Western blot, hybridizing with
�-myc or �-HA as shown at the top. The
positions of Gyl1p-myc and Gyp5p-HA are
shown on the sides. (B) Far Western analysis
of Gyl1p, Gyp5p, and truncated versions of
Gyp5p binding to Gyl1p, Gyp5p, and
Rvs167p. Partially purified His-Gyl1p, His-
Gyp5p, and Rvs167 GPA-SH3-His were run
on SDS gels and transferred to nitrocellu-
lose. The membranes were hybridized with
in vitro translated Gyl1p, Gyp5p, Gyp5p�C,
and Gyp5p�N; washed; and analyzed by au-
toradiography.

shown to have GAP activity on both Sec4p and Ypt1p insect cells. Addition of Rvs167p-Rvs161p had little or
no effect on Gyp5p GAP activity (Figure 4E).(Du et al. 1998). In these experiments we observed only

a low level of GAP activity by Gyp5p on Sec4p (Figure Phenotype of gyp5� gyl1� cells: Rvs167p is implicated
in control of the actin cytoskeleton; cells lacking RVS1674A). This was consistent with published results; even

with the truncated version of Gyp5p, De Antoni et al. display defects associated with actin loss of function,
namely delocalized actin patches, random budding in(2002) detected only marginal GAP activity on Sec4p.

Full-length Gyp5p had concentration-dependent GAP diploids, defects in endocytosis and sporulation, and
defective growth on medium containing salt. Becauseactivity on Ypt1 (Figure 4B). Under single-turnover con-

ditions, concentrations of Gyp5p as low as 5 nm were we had seen that Gyp5p and Gyl1p interact with Rvs-
167p, we asked whether gyp5� and gyl1� strains had anysufficient to enhance the GTPase activity of 100 nm GTP-

Ypt1p (Figure 4B), and the initial slopes of the curves defects associated with the actin cytoskeleton. The fact
that Gyp5p and Gyl1p were 29% identical to each otherare directly proportional to the Gyp5p concentration,

clearly indicating the catalytic nature of the interaction in primary structure suggested that they might have a
redundant function so we also examined a strain deleted(Figure 4, B and C).

Next we tested for GAP activity by Gyl1p on Ypt1p. for both GYP5 and GYL1. We tested for defects in actin
polarization, salt sensitivity, bud site selection, fluid-Full-length Gyl1p had no GAP activity on Ypt1p (Figure

4D). Since Gyp5p and Gyl1p interact with each other, phase endocytosis, and sporulation. In every test, includ-
ing assays in which rvs167� cells were defective, gyp5�we tested whether Gyp5p-dependent activation of Ypt1p

GTPase activity was affected by the addition of Gyl1p. cells, gyl1� cells, and the gyp5� gyl1� double mutant
appeared similar to wild type (data not shown). ThisWe chose to assay a low level of Gyp5p so that the GAP

reaction would not be saturated. Addition of 10 nm or suggested either that Rvs167p was not playing its role
in the actin cytoskeleton through its interaction with25 nm Gyl1p to 10 nm Gyp5p in an assay on Ypt1p-GTP

led to stimulation of the GAP activity of Gyp5p (Figure Gyp5p or Gyl1p or that the genes encoding these two
proteins were redundant with other genes.4D). Although in repeated assays we have seen that

Gyl1p can stimulate the GAP activity of Gyp5p on Ypt1p, A number of synthetic lethal interactions with RVS167
have been identified, using a candidate approach (Lilathe effects were variably dose dependent (data not

shown). We attribute this to variable degradation of the and Drubin 1997) and using the synthetic genetic array
approach (Tong et al. 2001, 2004). We tested whetherGST-Gyl1p protein.

Since Gyp5p binds to the SH3 domain of Rvs167p we GYP5, GYL1, or both genes had genetic interactions
with four actin cytoskeleton genes that had a previouslywere interested in whether Rvs167p would affect GAP

activity of Gyp5p. Because Rvs167p forms a heterodimer identified synthetic interaction with RVS167 : SLA1,
SLA2, SAC6, and SRV2 (Lila and Drubin 1997). Thewith Rvs161p in log-phase cells (Navarro et al. 1997;

Colwill et al. 1999), we tested the effect of adding gyp5� and gyl1� single mutants and the double mutant
showed no growth defect in combination with deletionRvs167p-Rvs161p dimer, which had been expressed in
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of any of these actin cytoskeleton genes (data not
shown). We conclude that GYP5 and GYL1 likely do not
have a primary role in the actin cytoskeleton.

Does Gyl1p have a redundant function with App1p?
Gyl1p/Ymr192p had been tentatively named App2p in
the Saccharomyces Genome Database (http://www.yeast
genome.org) on the basis of a computational analysis of
protein-protein interactions in large-scale studies, which
suggests a possible role in actin filament organization
(Samanta and Liang 2003). Samanta and Liang
(2003) predicted that if two proteins have a significantly
larger than random number of common interaction
partners, they are likely to have a close functional associ-
ation. Close functional association could mean that the
two proteins are part of a complex (e.g., Rvs167p and
Rvs161p) or that they have a parallel function (e.g.,
Cln1p and Cln2p; Samanta and Liang 2003). When a
network-based statistical algorithm was used to compare
protein-protein interaction data from large-scale stud-
ies, Gyl1p/Ymr192p was found to be clustered with
Ynl094p [named App1p for actin patch protein 1 be-
cause it was localized to cortical actin patches (Drees et
al. 2001)] and with Las17p, another actin patch protein,
and therefore was tentatively named App2p (Samanta
and Liang 2003). Gyl1 and App1 have no apparent se-
quence similarity, except that both proteins have PXXP
motifs that could bind to SH3 domains; they were clus-
tered together solely because of their common interacting
partners in large-scale screens. To test whether GYL1/
YMR192w and APP1 had a redundant function, we con-
structed a double-mutant strain and assayed it for
growth defects using spot dilution assays. The double-
mutant strain was able to grow as efficiently as either
of the single mutants (or as wild type) on rich medium
containing either glucose or galactose as carbon source
(data not shown). A very subtle growth defect in the
double mutant was detectable when the strains were
assayed on synthetic growth medium (data not shown).
This was no worse in the triple-mutant app1� gyl1� gyp5�

Figure 4.—Single-round turnover assays of GAP activity on
Sec4p and Ypt1p. One micromolar Ypt GTPases His-Sec4p
and His-Ypt1p were prebound with [�-32P]GTP for 30–60 min
and then diluted 10-fold into reactions containing a 200-fold
excess of cold GTP and His-Gyp1p, His-Gyp5p, GST, GST-
Gyl1p, GST-His-Rvs167p-His-Rvs161p, or combinations of
these that had been allowed to incubate together on ice for
20 min. Samples were taken in duplicate at 0, 1, 2, 5, 10, 30,
and 60 min and GTP hydrolysis was assayed using the charcoal-
binding method. Values shown represent average Pi released
in a 100-�l reaction after zero time values have been sub-
tracted. (A) Assay of GAP activity of various concentrations
of Gyp5p on the GTPase Sec4. (B) Assay of GAP activity of
various concentrations of Gyp5p on the GTPase Ypt1. (C) The
initial rates of Pi release are plotted against concentration of
Gyp5p for B. (D) Effect of adding Gyl1p and Gyp5p to Ypt1p.
(E) Effect of adding Rvs167p-Rvs161p dimer on Gyp5p GAP
activity toward Ypt1p.
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strain and was not exacerbated by high temperature
(data not shown). In addition, the app1� gyl1� double
mutant had no defects in polarizing its actin cytoskele-
ton (data not shown). We were not able to test for a
synthetic interaction between GYL1 and LAS17, the
gene encoding the other protein clustered with Gyl1p,
because las17� mutant cells are extremely slow growing
on their own.

Genetic interactions with GYP5 and GYL1 : Because
we had identified Gyp5p and Gyl1p as proteins that
interact with Rvs167p, we thought they were likely to
have some cellular role in common with Rvs167p. Since
we had seen that Gyp5p and Gyl1p had GAP activity on
the small GTPase Ypt1p (Figure 4), which is involved
in ER to Golgi trafficking (Bacon et al. 1989; Segev
1991; for review see Lazar et al. 1997), it seemed likely
that they might have genetic interactions with genes
involved in vesicle trafficking from ER to Golgi. We have
recently screened for genes that have synergistic growth
defects in combination with RVS167 and identified two
genes involved in ER to Golgi vesicle trafficking: SEC22
and RUD3 (Tong et al. 2004). SEC22 encodes a v-SNARE
found on the surface of vesicles and is required for
fusion of ER-derived vesicles with the Golgi (Lian and
Ferro-Novick 1993; Parlati et al. 2000). RUD3 en-

Figure 5.—Toxicity of co-overexpression of GYL1 and GYP5codes a matrix protein that is involved in the structural
in strains compromised for ER to Golgi trafficking. (A) Ten-

organization of the cis-Golgi (Kim et al. 1999). SEC22 fold serial dilutions of log-phase cultures of BY4741a (wild
and RUD3 have genetic interactions with each other: a type), rud3�, sec22�, and rvs167� strains from the deletion

consortium containing p426-GAL-GYL1-Flag, p415-GAL-GYP5-rud3 sec22 double mutant is slow growing and overpro-
Flag, or vectors were spotted on synthetic glucose mediumduction of RUD3 from a multicopy plasmid suppresses
lacking uracil and leucine and on synthetic galactose mediumthe temperature sensitivity of a sec22-3 strain (Kim et al.
lacking uracil and leucine. Plates were incubated at 30� for 3

1999). These genetic interactions suggest that SEC22 days. Because rvs167� cells have a growth defect on galactose,
and RUD3 function in the same or parallel pathways, 10-fold more of these cells were spotted in the first dilution

than were spotted for the other strains. (B) Western blotpresumably to regulate vesicle fusion at the Golgi. Since
showing Gyl1p-Flag and Gyp5p-Flag in strains shown in A.SEC22 and RUD3 are important in the absence of
Strains (indicated below blot) containing plasmids (indicatedRVS167, Rvs167p function may be needed when ER to
above blot) were grown to log phase in synthetic medium

Golgi trafficking is compromised. Because Gyp5p and lacking uracil and leucine and containing raffinose. Galactose
Gyl1p have a physical interaction with Rvs167p, we was added to 2% and cells were grown for 3 hr. Extracts were

made and analyzed by Western blot with �-Flag antibodies.looked for genetic interactions with SEC22 and RUD3.
Neither SEC22 nor RUD3 had a synthetic lethal interac-
tion with GYP5 or GYL1 (data not shown), indicating
that Sec22p and Rud3p likely do not function in a redun- also tried co-overexpressing GYL1 and GYP5, which had

a small inhibitory effect on growth of wild-type cellsdant pathway with these Rvs167p-interacting proteins.
A second possibility was that Rvs167p was acting in (Figure 5A). We next looked at the effects of co-overex-

pression of GYL1 and GYP5 in the absence of SEC22 oropposition to Gyp5p and Gyl1p. In this case we might
expect to see synthetic dosage lethality between GYP5 RUD3. In both a sec22� strain and a rud3� strain, co-

overexpression of GYL1 and GYP5 was highly toxic (Fig-or GYL1 and SEC22 or RUD3. To test this we transformed
cells with plasmids containing GYP5 and GYL1 with car- ure 5A, middle). Overexpression of GYL1 alone inhib-

ited growth somewhat, as seen in wild-type cells, but inboxy-terminal FLAG epitopes, under the control of the
GAL promoter, and assayed for a phenotype upon over- a rud3� and a sec22� strain, maximal toxicity of GYL1

overexpression required GYP5 to be overexpressed asexpression of these genes in the various genetic back-
grounds. In wild-type cells, overexpression of GYP5 had well (Figure 5A). These findings suggest that Gyl1p,

together with its binding partner Gyp5p, acts in a man-no effect on growth and overexpression of GYL1 was
slightly toxic (Figure 5A, top). Because Gyp5p and Gyl1p ner antagonistic to that of Sec22p and Rud3p. Since

RUD3 and SEC22 both have synthetic lethal interactionsinteracted with each other, it was possible that any effect
of overexpression of one would be limited by the con- with RVS167, they are likely involved in a pathway paral-

lel to RVS167 in vesicle trafficking from ER to Golgi.centration of the other. To address this possibility, we
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The finding that GYL1 and GYP5 co-overexpression is al. 2005; cytoplasmic localization also reported by De
Antoni et al. 2002). The localization of Gyp5p andtoxic in the absence of SEC22 and RUD3 suggests that

RVS167 is also working antagonistically to GYL1 and Gyl1p is consistent with sites enriched for Golgi com-
partments, near the bud site in G1 cells and at the siteGYP5. Rvs167p interacts directly with Gyl1p and Gyp5p,

indicating that these proteins are in the same pathway. of septum formation around the time of cytokinesis
(Preuss et al. 1992; Rossanese et al. 2001). BalguerieOur model predicts that even though Gyl1p and Gyp5p

are acting in the opposite direction to Rvs167p in ER et al. (1999) found that Rvs167p-GFP localizes to sites
of bud emergence and to the bud neck as well as toto Golgi trafficking, overexpression of GYL1 and GYP5

would not be toxic in an rvs167� strain because these cortical actin patches. Thus, the reported localization
of the three proteins overlaps. It is clear, however, thatgenes are all in the same pathway. As predicted, overex-

pression of GYL1 and GYP5 was no more toxic in rvs167� Rvs167p localizes to cortical actin patches whereas Gyp5p
and Gyl1p do not (Chesneau et al. 2004); thus a signifi-cells than in wild type (Figure 5A, bottom), suggesting

that the overexpression phenotype may require RVS167. cant fraction of the Rvs167p in the cell would not be
able to bind to Gyp5p and Gyl1p.We confirmed by Western blot that Gyl1p-Flag and

Gyp5p-Flag were being produced in all the strains tested Gyl1p is not an actin patch protein: Deletion of GYL1
is of little phenotypic consequence. A similar pattern(Figure 5B). Overexpression of GYL1 and GYP5 had no

effect on polarization of the actin cytoskeleton or on of protein-protein interactions from large-scale screens
suggested that GYL1 might have a role similar to thatendocytosis in any of the strains assayed (data not

shown). of the actin patch protein APP1 (Samanta and Liang
2003). We found that deletion of GYL1 had little or no
synergistic growth defect in combination with deletion

DISCUSSION
of APP1. Furthermore Gyl1p-GFP was localized to bud
and bud neck, as well as having a more general cyto-In this study we have identified two proteins that bind

to the SH3 domain of Rvs167p: Gyp5p, a protein pre- plasmic localization, but was not found in cortical actin
patches (Huh et al. 2003; Chesneau et al. 2004). Inviously identified as a GAP for the Golgi GTPase Ypt1p,

and Gyl1p, a protein that resembles Gyp5p. We show addition we have detected no defects in actin metabo-
lism, endocytosis, or growth on salt in cells deleted forthat Rvs167p can be co-immunoprecipitated with either

Gyl1p or Gyp5p (Figure 1). Furthermore, Gyl1p and GYL1, GYP5, or both genes, suggesting that these genes
are not required for a functional actin cytoskeleton.Gyp5p interact directly with each other, likely through

their carboxy-terminal coiled-coil regions (Figure 3). In We have shown that Gyp5p and Gyl1p interact directly
with each other and that this interaction requires theassays of GAP activity, Gyp5p had GAP activity toward

Ypt1p, the Rab-type GTPase involved in ER to Golgi C-terminal portion of Gyp5p, which contains a pre-
dicted coiled-coil region. Given that Gyp5p and Gyl1ptrafficking (as reported by De Antoni et al. 2002), and

this activity was stimulated by the addition of Gyl1p. interact with each other, the question arises as to why
both proteins interact with Rvs167p. One possibility isGyl1p had no GAP activity toward Ypt1p (Figure 4).

Genetic experiments suggest a role for Gyl1p and Gyp5p that Gyp5p and Gyl1p form a dimer that can be re-
cruited by Rvs167p binding to either Gyp5p or Gyl1p.in ER to Golgi trafficking, consistent with their biochem-

ical role. In this case Rvs167p binding sites on both Gyp5p and
Gyl1p would serve to increase the affinity of the Gyp5p-Two-hybrid screens (Bon et al. 2000; Uetz et al. 2000;

Tong et al. 2002; Talarek et al. 2005) and a large-scale Gyl1p complex for Rvs167p and ensure that the rela-
tively weak interaction with the Rvs167p SH3 domain isco-immunoprecipitation study (Ho et al. 2002) have

identified Gyp5p and Gyl1p/Ymr192p as proteins that maintained. SH3 domains typically bind their ligands
with Kd’s in the micromolar range (for review see Mayerinteract with overproduced Rvs167p. The data from

these high-throughput screens have not been con- 2001). Another possibility is that Gyp5p and Gyl1p have
distinct biological roles and only one ligand is boundfirmed, however, and likely contain a significant fraction

of false positive interactions. We present here the first by Rvs167p in a given cellular context. In a previous
study we found that phosphorylation of Rvs167p by theevidence that Rvs167p and Gyp5p as well as Rvs167p

and Gyl1p interact under conditions where neither pro- cyclin-dependent kinase Pcl2p-Pho85p inhibits the in-
teraction between Rvs167p and Gyl1p/Ymr192p in a Fartein is overproduced.

The reported localization of these proteins is consis- Western assay (Friesen et al. 2003). Thus the interaction
of the SH3 domain of Rvs167p with its ligands may betent with the interactions we describe here. Using immu-

nofluorescence, Chesneau et al. (2004) found that regulated, perhaps in a cell-cycle-dependent manner.
Primary structure of Gyl1p: Gyl1p and Gyp5p haveGyp5p and Gyl1p partially colocalize at the site of bud

emergence, the bud tip, and the bud neck. Both Gyp5p- 29% identity and 51% similarity over the entire length
of Gyl1p. Although the GAP domain of Gyp5p is 35%GFP and Gyl1p/Ymr192p-GFP localize to buds and bud

necks as well as having a general cytoplasmic localization identical (and 54% similar) to the analogous region
in Gyl1p, two of the three absolutely conserved “GYP(Huh et al. 2003; Chesneau et al. 2004; Talarek et
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fingerprint” motifs found in Gyp5p and other Ypt GAPs possibility is that the interaction may reveal a link be-
tween cortical actin patches and the Golgi. Mulhol-are not found in Gyl1p. From a sequence comparison

of Ymr192p/Gyl1p with several known yeast Ypt GAPs, land et al. (1997) proposed that the actin cytoskeleton
and, indeed, actin patches are required for some specificTalarek et al. (2005) suggested that R354 could be the

catalytic arginine of Gyl1p. After a careful examination step in the latter part of the secretory pathway, in traf-
ficking from late Golgi to the plasma membrane. Howof its predicted primary and secondary structure (Figure

2B), we conclude that this conserved motif is not present this requirement for the actin cytoskeleton might work
is not clear.in Gyl1p. Although Gyl1p is likely to have the same

overall structure as Gyp5p and other Gyp’s, differences An alternative explanation for why the cortical actin
patch protein Rvs167p physically interacts with proteinsin active site residues suggest that Gyl1p is likely to have

different activity. Under standard assay conditions we involved in ER to Golgi vesicle trafficking is that the Rvs
proteins have a general role in vesicle biogenesis orsaw no GAP activity by Gyl1p toward Ypt1p, although

Gyl1p was able to stimulate the GAP activity of Gyp5p fusion. The structure of Drosophila amphiphysin, a cres-
cent-shaped dimer that binds preferentially to highly(Figure 4D).

Genetics of GYL1 and GYP5 : Deletion of both GYP5 curved negatively charged membranes, suggests a role
for BAR domain proteins in generating the membrane-and GYL1 results in no obvious phenotype. Genes en-

coding eight Ypt GAPs have been identified in yeast and bending events during vesicle formation or fusion.
Rvs167p and Rvs161p, which form a heterodimer, arein most cases deletion of one or more of them has no

effect on growth (Bi et al. 2000; Rak et al. 2000; De the only BAR domain-containing proteins found in S.
cerevisiae according to the Simple Modular ArchitectureAntoni et al. 2002). Genetic evidence supports the bio-

chemical finding that Gyp5p has a role in ER to Golgi Research Tool SMART (Letunic et al. 2004). Several
pieces of evidence point to a role for the Rvs proteinsvesicle trafficking: deletion of GYP5 in a protease-defi-

cient strain expressing a GTPase-deficient version of in different types of vesicle trafficking. First, Rvs167p
and Rvs161p have a well-defined role in endocytosisYPT1 (Ypt1Q67L) leads to a cold-sensitive phenotype (De

Antoni et al. 2002). However, a fraction of Gyp5p is and have been shown to localize to cortical actin
patches, which are thought to be sites of endocytosis.able to co-immunoprecipitate with Sec4p and a fraction

of Gyp5p is present in post-Golgi vesicles at the plasma Second, in this article we provide physical and genetic
evidence that Rvs167p has a role in vesicle traffick-membrane (Chesneau et al. 2004). These results suggest

that Gyp5p may have roles both in ER to Golgi traffick- ing from ER to Golgi. In addition to this work, two
large-scale screens have suggested physical interactioning, acting on Ypt1p, and in exocytosis, acting on Sec4p.

De Antoni et al. (2002) found that a truncated version between Rvs167p-Rvs161p and the COPI vesicle coat
involved in retrograde trafficking from Golgi to ER: aof Gyp5p stimulated GTP hydrolysis of Ypt1p 150-fold

but stimulated Sec4p only 24-fold. We have found that two-hybrid interaction with SEC21 (Bon et al. 2000) and
an affinity precipitation interaction with Sec27p (Ho etfull-length Gyp5p has only very weak GAP activity on

Sec4p compared to Ypt1p in vitro (Figure 4, A and B). al. 2002). Third, RVS167 and RVS161 have synthetic
lethal interactions with VPS21 (Singer-Kruger andFurthermore, we have found that co-overexpression of

GYL1 and GYP5 is severely toxic in two genetic back- Ferro-Novick 1997), a gene encoding the Rab-type
GTPase involved in vesicle trafficking between the earlygrounds compromised for ER to Golgi trafficking: sec22�

and rud3� (Figure 5A). This genetic result provides and late endosome and to the vacuole (Prescianotto-
Baschong and Riezman 2002). Fourth, Bon et al.evidence that the Gyp5p-Gyl1p interaction with Ypt1p

that we detect biochemically is biologically relevant. We (2000) observed two-hybrid interactions between RVS-
167 and both SEC8 and EXO70, two genes encodingsee no significant effect of Rvs167p-161p on GAP activity

of Gyp5p (Figure 4). Gyp5p-GFP has been localized components of the exocyst complex, which is required
for exocytosis. In addition, rvs167 and rvs161 mutantsto the bud tip and bud neck and this localization is

dependent on the presence of the SH3 domain of accumulate secretory vesicles (Breton et al. 2001).
Thus, besides the well-known role for Rvs167p-Rvs161pRvs167p (Talarek et al. 2005). This suggests that the

interaction with Rvs167p may be responsible for localiza- in endocytosis, we have provided evidence for a role in
trafficking from ER to Golgi; other large-scale screenstion or stability of Gyp5p. Since we could detect Gyp5p-

Flag in our rvs167� strain (Figure 5B), it seems likely have found a role in trafficking from early to late endo-
some and in secretion, suggesting a role for Rvs167p-that Gyp5p stability is not affected. However, if Gyp5p

requires Rvs167p for proper localization, this could ex- Rvs161p in vesicle trafficking in many different cellular
compartments. Since Rvs167p has been reported toplain why overproduction of Gyl1p and Gyp5p was not

toxic in an rvs167� strain. bind to actin in a two-hybrid assay (Amberg et al. 1995;
Lombardi and Riezman 2001), this proposed generalA connection between vesicle trafficking and a corti-

cal actin patch protein: Because Gyp5p and Gyl1p inter- role in vesicle trafficking might require actin. We sug-
gest that proteins binding to the SH3 domain ofact with the SH3 domain of Rvs167p, there must be

a biological connection between these proteins. One Rvs167p, such as Gyp5p and Gyl1p, may help to direct



567Rvs167p Interacts With Golgi Protein Gyp5p and Gyl1p

alignment profiles to improve protein secondary structure predic-the vesicle trafficking machinery to sites of vesicle fu-
tion. Proteins 40: 502–511.
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