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ABSTRACT:G protein-coupled receptors mediate cellular responses to a wide variety of stimuli, including taste,
light, and neurotransmitters. In the yeast Saccharomyces cerevisiae, activation of the pheromone pathway
triggers events leading to mating. The view had long been held that the G protein-mediated signal occurs
principally at the plasma membrane. Recently, it has been shown that the G protein R subunit Gpa1 can
promote signaling at endosomes and requires two components of the sole phosphatidylinositol-3-kinase in
yeast, Vps15 and Vps34. Vps15 contains multiple WD repeats and also binds to Gpa1 preferentially in the
GDP-bound state; these observations led us to hypothesize that Vps15 may function as a G protein β subunit
at the endosome. Here we show an X-ray crystal structure of the Vps15 WD domain that reveals a seven-
bladed propeller resembling that of typical Gβ subunits. We show further that theWD domain is sufficient to
bind Gpa1 as well as to Atg14, a potential Gγ protein that exists in a complex with Vps15. The Vps15 kinase
domain together with the intermediate domain (linking the kinase andWDdomains) also contributes toGpa1
binding and is necessary for Vps15 to sustainG protein signaling. These findings reveal that the Vps15Gβ-like
domain serves as a scaffold to assemble Gpa1 and Atg14, whereas the kinase and intermediate domains are
required for proper signaling at the endosome.

Gprotein-coupled receptors are highly conserved in organisms
from yeast to humans. Upon stimulation, the receptor activates a
G protein heterotrimer, causing the GR subunit to release GDP,1

bind GTP, and dissociate from the Gβγ heterodimer. Following
dissociation, the GR and Gβγ subunits are able to activate
downstream effector proteins (1-3). Examples include adenylyl
cyclase, MAP kinases, phosphatidylinositol (PtdIns) 3-kinase,
and phospholipase C-β (4).

In simple eukaryotes such as yeast, G protein-coupled recep-
tors mediate processes essential for proper cell functioning

including mating. MATa and MATR cell types secrete small
peptide pheromones, called a-factor and R-factor, respectively,
that promote cell fusion and the formation of an a/R diploid.
Activation of the pathway by pheromone leads to phosphoryla-
tion of various proteins that mediate new gene transcription,
altered cell morphology, cell division arrest, and eventually cell
fusion. Gβγ (Ste4/Ste18) initiates the pathway that originates
from the plasma membrane and results in activation of theMAP
kinases Fus3 and Kss1 (2). GR (Gpa1) initiates a parallel path-
way that operates at the endosomal membrane and results in
activation of Fus3 in preference to Kss1 (5). The pathway
originating from the endosome requires Vps15 and Vps34, the
regulatory and catalytic subunits of the only PtdIns 3-kinase
known in yeast (5-12). Further, Vps15 directly binds the
unactivated (GDP-bound) form of Gpa1, while Vps34 directly
engages the activated (GTP-bound form) of Gpa1. Additionally,
both Vps15 and Vps34 are necessary for recruitment of Gpa1 to
endosomes (5). G protein activation of Vps34 results in elevated
productionof PtdIns 3-P, and leads to the endosomal recruitment
of phospholipid binding proteins (5).

Vps15 is an extremely large protein (166 kDa) and contains
several distinct domains. These include an N-terminal serine/
threonine kinase domain (6, 8, 11, 12), a C-terminal WD-repeat
containing domain (5, 13), and an internal domain that bridges
the kinase- andWD-domains. It has been shown previously that
the kinase activity of Vps15 is necessary for full activation of the
G protein signal (5). However, the precise role of the kinase
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domain including any substrates is unknown. The internal
domain contains several HEAT repeats that have been shown
to be important for protein-protein interactions (hereafter
referred to as the intermediate domain or ID) (13-15). The
WD domain was of particular interest to us because of the
recognized importance of the WD-containing Gβ protein, Ste4,
in the pheromone-mediated pathway that originates from the cell
plasma membrane.

Here, we examine the roles of the different domains of Vps15
in binding toGpa1, as well as in transmitting theGprotein signal.
We demonstrate that the WD-domain of Vps15 has a seven-
bladed propeller structure like that of known Gβ proteins. We
show further that the Gβ-like domain acts in the manner of a
scaffold to bring together proteins that propagate the pheromone
response at the endosome. Finally, we show that it is the kinase
domain with the intermediate domain that is necessary for Vps15
to transmit the G protein signal leading to activation of Fus3 as
well as for other Vps15 signaling functions in the cell.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The coding sequence
of Vps15WDrepeat domain (residues 1027-1454) was amplified
by PCR from S. cerevisiae BY4741 genomic DNA and inserted
into a modified pFastBac vector through ligation independent
cloning (16). Baculovirus coding for production of recombinant
His6-Vps15 WD repeat domain was prepared according to the
Bac-to-Bac method (Invitrogen). Two liters of High-Five insect
cells cultured in Express Five SFM (Gibco) to a density of 2� 106

cells/mL were infected with the baculovirus for 48 h at 27 �C.
Cells were harvested by centrifugation at 4400g and resus-

pended in buffer A [20 mM Tris pH 8.0, 300 mM NaCl, 10 mM
imidazole, 10% (v/v) glycerol, 0.02% NaN3] with Complete
EDTA-free protease inhibitor cocktail (Roche) and PMSF.
The cells were lysed with three passes through an Emulsiflex
C5 homogenizer (Avestin) operating at 15000 psi, and the lysate
was clarified by centrifugation at 105000g. The resulting super-
natant was filtered through a 0.45 μm low protein binding filter
and applied to a 1mLHisTrapHP column (GEHealthcare). The
column was washed with 30 column volumes (CV) of buffer A
followed by 30 CV of 5% buffer B (buffer A containing 1 M
imidazole).His6-Vps15WDrepeat domainwas eluted with a step
gradient of 30% buffer B. To prevent aggregation during the
elution, fractions of 1 mL were collected into tubes containing
2mL buffer C [20mMTris pH 8.0, 300mMNaCl, 2mMEDTA,
10% glycerol (v/v), 2 mM DTT, 0.02% (w/v) NaN3]. The
fractions containing the protein were pooled immediately and
applied to a Sephacryl S-300 26/60 column (GE Healthcare)
equilibrated with buffer D (buffer C without EDTA). Vps15WD
repeat domain was eluted with buffer D and concentrated to
11 mg/mL in a Centriprep YM10 centrifugal concentrator
(Millipore). Aliquots of the protein were quick frozen in liquid
nitrogen and stored at -80 �C.
Crystallization and Data Collection. Crystals of the Vps15

WD repeat domain were grown at 18 �C by macroseeding small
crystals intomicrobatch setups. The batch solution was prepared
by quicklymixing the protein (6mg/mL)with an equal volume of
precipitant solution composed of 1.4Mammoniummalonate pH
6.5, 100 mM sodium acetate pH 4.6, 4% (v/v) isopropanol.
Crystals suitable forX-ray diffractionwere obtainedwithin 7-10
days. Prior to data collection, crystals were cryoprotected by
stepwise transfer into 20% (v/v) ethylene glycol in synthetic
mother liquor (1.2 M ammonium malonate pH 6.5, 100 mM

sodium acetate pH 4.6, 2% isopropanol), after which they were
suspended in loops (Hampton Research) and quick frozen by
immersion into liquid nitrogen. The crystals belong to the space
group P3121, with unit cell dimensions of a = b = 86.5 Å, c =
132.8 Å, and one molecule in the asymmetric unit.

Crystals used in derivative screening were stabilized for several
hours in synthetic mother liquor prior to soaking in heavy atom
solutions. The gold derivative ultimately used to determine the
phases was prepared with a 10 min soak in 5.8 mM KAu(CN)2.
A single wavelength anomalous dispersion data set (λ =
11.917 keV) was collected from a single crystal at the SER-CAT
22-BM beamline at the Advanced Photon Source (Argonne Na-
tionalLaboratory,Argonne, IL).Anative data setwas subsequently
collected from a single crystal at the SER-CAT 22-ID beamline.
All data were processed and scaled with HKL2000 (17). Relevant
data collection and processing statistics are listed in Table 1.
Phasing, Model Building and Refinement. The positions

of the gold atoms in the derivative crystal were found using the
program SHELXD(18), and the correct hand for the coordinates
was determined with SHELXE. Refinement of the gold atom
coordinates and computation of the phases was performed with
the CCP4 program MLPHARE, and the phases were subse-
quently improved with solvent flattening and histogram match-
ing using the method of ref (19). The initial electron density map
was easily interpretable, and 319 of the 437 residues in the protein
were automatically fitted with the program ARP/wARP (20).
Additional residueswere built into themapusingCOOT (21). The
structure of the His6-Vps15 WD repeat domain was completed
using native protein data and iterative cycles of model building
and refinement with COOT and the CCP4 program RE-
FMAC (22). The final model has a crystallographic R-value of
20.9% (R-free 24.6%) for all data from 50 to 1.8 Å and includes
residues 1031-1040, 1042-1386, 1389-1410, and 1424-1454.
No electron density was present for the N-terminal histidine tag
or Vps15 residues 1027-1030, 1041, 1387, 1388, and 1411-1423.
In the Ramachandran plot, 96.2% of the residues are in the most
favored region, 3.0% are in the generously allowed region, and
0.8% are in the disallowed region. Relevant phasing and refine-
ment statistics are listed in Table 2, and representative electron
density is shown in Supporting Figure 1, Supporting Information.
Strains and Plasmids. Standard methods for the growth,

maintenance, and transformation of yeast and bacteria and
for the manipulation of DNA were used throughout. Yeast
Saccharomyces cerevisiae strains used in this study are BY4741
(MATa leu2Δ met15Δ his3Δ ura3Δ) and BY4741-derived gene
deletion mutants (Invitrogen). The vps15Δ strain used is de-
scribed in ref (5).

Previously described yeast shuttle vectors and expression
plasmids are pRS315-ADH-Flag (CEN, ampR, LEU2, ADH1

Table 1: Data Collection Parameters and Processing Statisticsa

native KAu(CN)2

unit cell (Å) a, b = 85.5, c = 132.8 a, b = 86.0, c = 132.8

resolution (Å) 50.0-1.80 50.0-2.20

observed reflections 518207 637020

unique reflections 50964 29652

I/σ(I) 36.0 (1.6) 39.2 (12.3)

completeness (%) 96.5 (71.2) 100 (100)

redundancy 10.2 (6.8) 21.5 (22.0)

Rsym (%) 8.1 (52.7) 9.7 (24.9)

aValues in parentheses refer to the highest resolution shell.
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promoter/terminator and either a Flag epitope that can be added
50 with a SacI site or 30 with an XmaI site), pRS316-ADH-Myc
(CEN, ampR, URA3, ADH1 promoter/terminator and either a
Myc epitope that can be added 50 with a SacI site or 30 with
an XmaI site) (23), pAD4M-GST, pAD4M-Gpa1-GST,
pRS316-ADH-Gpa1-2myc (24), pAD4M-Gpa2-GST (25),
pRS423-FUS1-LacZ (26). Truncations of Vps15 were designed
based upon the crystal structure of the WD domain of Vps15
(Figure 1) as well as domain predictions from SMART and
three different secondary structure predictions (27-32). For
naming purposes, Vps15 is considered to possess three do-
mains: the kinase domain (KD) from residues 1-294, the WD
domain (WD) from residues 1027-1454 and the intermediate
domain (ID) spanning the region between the kinase domain

and the WD domain. Plasmids pRS315-ADH-Flag-Vps15KD

(using primers Vps15fn and Vps15ksrn), pRS315-ADH-Flag-
Vps15KD,ID (using primers Vps15fn and Vps15klrn), pRS315-
ADH-Flag-Vps15ID,WD (using primers Vps15wdlfn and
Vps15rn), pRS315-ADH-Flag-Vps15WD (using primers
Vps15wdsfn and Vps15rn), pRS316-ADH-Myc-Vps15ID,WD

(using primers Vps15wdlfn and Vps15rn), and pRS316-ADH-
Myc-Vps15WD (using primers Vps15wdsfn and Vps15rn) were
constructedbyPCRamplificationofVPS15 fromBY4741genomic
DNA, incorporation of the product into a TOPO vector (Invitro-
gen), digestion by SacI, and ligation into pRS315-ADH-Flag
or pRS316-ADH-Myc. Plasmids pRS315-ADH-Vps15KD,ID,WD-
Flag (using primers Vps15fc and Vps15rc), pRS315-ADH-
Vps15ID,WD-Flag (using primers Vps15wdlfc and Vps15rc),
pRS315-ADH-Vps15WD-Flag (Vps15wdsfc and Vps15rc),
pRS316-ADH-Vps15WD-Myc (using primers Vps15wdsfc and
Vps15rc) were constructed by PCR amplification of VPS15 from
BY4741 genomic DNA, incorporation into a TOPO vector
(Invitrogen), digestion by XmaI and ligation into pRS315-
ADH-Flag or pRS316-ADH-Myc. Plasmids pRS315-ADH-
Flag-Atg14 (using primers Atg14fn and Atg14rn) and pRS316-
ADH-Myc-Atg14 (using primers Atg14fn and Atg14rn) were
generated through PCR amplification of ATG14 from BY4741
genomic DNA, incorporation of the product into TOPO vector,
digestion by SacI, and ligation into pRS315-ADH-Flag or
pRS316-ADH-Myc. pRS316-ADH-3Myc-Atg14 was constructed
by the annealing of two homologous oligonucleotides incorporat-
ing the sequence of 2 Myc epitopes as well as overhangs homo-
logous to BamHI and SalI restriction sites (using the primer 2myc
and its complement). pRS316-ADH-Myc-Atg14 was then di-
gested with BamHI and SalI and ligated with the annealed
oligonucleotides. Myc-Vps15WD R1261A (using primer
Vps15R1261A and its complement), Myc-Vps15WD R1261K

(Vps15R1261K and its complement), Myc-Vps15ID,WD R1261A

(Vps15R1261A and its complement), Myc-Vps15ID,WD R1261K

(Vps15R1261K and its complement), Vps15KD,ID,WD R1261A Flag
(Vps15R1261A and its complement), and Vps15KD,ID,WD R1261K

Flag (Vps15R1261K and its complement) in pRS316-ADH-Myc
and pRS315-ADH-Flag respectively were created using Quik-
Change (Stratagene). Plasmid pRS306 Vps15KD,ID,WD R1261A-
Flag was created by digestion of the pRS315 construct with
BamHI and ligation into the corresponding BamHI site of
pRS315 construct. Genomic integration was performed using
HpaI. All plasmids described were confirmed by sequencing.
Purification of Flag Epitope Tagged Proteins. Plasmids

pRS315-ADH-Flag-Vps15KD, pRS315-ADH-Flag-Vps15KD,ID,
pRS315-ADH-Vps15KD,ID,WD-Flag, pRS315-ADH-Flag-
Vps15ID,WD, pRS315-ADH-Vps15ID,WD-Flag, pRS315-ADH-
Flag-Vps15WD, pRS315-ADH-Vps15WD-Flag, and pRS315-
ADH-Flag were transformed into either wildtype or atg14Δ cells
expressing pRS316-ADH-Myc, pRS316-ADH-Vps15WD-Myc,
pRS316-ADH-Gpa1-2Myc, or pRS316-ADH-3Myc-Atg14. A
50 mL culture of cells containing each plasmid was grown in
SCD-Ura-Leu until A600 nm ∼ 0.8. Cells were disrupted in buffer
E (10 mM Tris-Cl pH 8.0, 200 mM NaCl, 0.1% Triton X-100,
25 mM beta-glycerophosphate, 1 mM EDTA, 2 protease in-
hibitor cocktail pellets per 50 mL (Roche)) for 15 min at 4 �C
using a vortex fitted with a 60-microtube headpiece. Lysates were
then combined at 4 �C with gentle rotation for 25 min (this step
omitted in several experiments) to ensure solubilization of mem-
brane bound proteins. The lysateswere then centrifuged at 16000g
for 1 min, and then again for 25 min. Protein determination was

Table 2: Phase Calculation and Refinement Statisticsa

Phasing

resolution (Å) 50-2.5

no. of sites (SHELX) 4

FOM after MLPHARE 0.284

anomalous Rcullis
b 0.76 (0.82)

FOM after DM 0.819

Refinement

resolution (Å) 50-1.80

Rwork/Rfree (%) 20.9/24.6

no. of atoms

protein 3163

water 200

average B-factor (Å2)

protein 35.4

water 41.0

rms deviations

bond lengths (Å) 0.014

bond angles (�) 1.524

aValues in parentheses refer to the highest resolution shell. b Rcullis =
lack of closure/anomalous difference

Table 3: Primer Sequences

primer name sequence (50-30)

Vps15fn GAG CTC ATG GGG GCA CAA TTA TCA C

Vps15ksrn GAG CTC TTA AAT GCC ACG ATA TTT

ATT CAG

Vps15klrn GAG CTC TTA ATA GCT GTT GCT GAC

GAC TAC C

Vps15wdlfn GAG CTC TAT CGT GGC ATT TTC TTC CC

Vps15rn GAG CTC TTA TTG GAA GAT TCC AAT AAG

Vps15wdsfn GAG CTC GAA GGC GAC GTT GAA AGC

Vps15fc CCC GGG ATG GGG GCA CAA TTA TCA C

Vps15rc CCC GGG TTG GAA GAT TCC AAT AAG

Vps15wdlfc CCC GGG ATG TAT CGT GGC ATT TTC TTC C

Vps15wdsfc CCC GGG ATG GAA GGC GAC GTT GAA AG

Atg14fn GAG CTC CAT TGC CCA ATT TGC CAC

CAT AG

Atg14rn GAG CTC CTA GCC TAC CAC GTA CCA TCG

2myc TC GAC ATG GAA CAA AAA TTA ATT

TCT GAA GAA GAT

TTA GCT GAA CAA AAG TTA ATT TCT

GAA GAA GAC TTA G

Vps15R1261A GAT ATA TGG GAT ATC GCT TTC AAC GTG

CTG ATA AGG

Vps15R1261K GAT ATA TGG GAT ATC AAA TTC AAC GTG

CTG ATA AGG
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performed for all samples, and each lane contains an equal total
concentration and volume of protein. The supernatant was mixed
with 40 μL of Flag affinity resin (Sigma-Aldrich) that had been
equilibrated with buffer E. The lysates and beads weremixed with
gentle rotation for 2 h at 4 �C. The beads were washed five times
with 500 μLof buffer E. Bound proteins were then eluted from the
beads with two 20 μL washes of 0.25 mg/mL 3� Flag Peptide
(Sigma-Aldrich) and collected by centrifugation at 4900g for
1 min. 6� SDS buffer was added to the eluted proteins to a final
concentration of 1� and samples were heated at 95 �C for 5 min.
Samples were resolved by 10% SDS-PAGE or 7.5% SDS-
PAGE and immunoblotting with anti-Myc 9E10 cell culture

supernatant at a dilution of 1:100 (33), anti-Flag mouse mono-
clonal M2 antibodies at a dilution of 1:1000 (Sigma-Aldrich),
anti-G6PDH antibodies at a dilution of 1:50000 (Sigma-Aldrich),
and the secondary antibodies goat antimouse or goat antirabbit at
a dilution of 1:10000 (Biorad). Detection was performed with
chemiluminescent ECL substrate (PerkinElmer).
Purification of Glutathione S-transferase (GST) Fusion

Proteins. pRS316-ADH-Myc-Vps15WD R1261A, pRS316-ADH-
Myc-Vps15WD R1261K, pRS316-ADH-Myc-Vps15ID,WD R1261A,
pRS316-ADH-Myc-Vps15ID,WD R1261K, pRS316-ADH-Myc-
Vps15ID,WD, pRS316-ADH-Myc-Vps15WD, and pRS316-ADH-
Myc were cotransformed into wildtype strains with either

FIGURE 1: Structure of the Vps15WD repeat domain and comparison to the beta subunit of transducin (Gβ1). (A) Left: ribbon diagram ofGβ1.
Blades of the propeller are numbered consecutively, as are the strands of one blade. Center: ribbon diagram of Vps15WD repeat domain, in the
sameorientation asGβ1. Breakswithin the structure are indicated bydotted lines. The first breakoccurs at residue 1041; the short stretch of amino
acids visible before this breakare shown in this part of the figurebut deleted inothers.Colored regions highlightmajor differences in the propeller’s
structure: blue, N-terminus; magenta, insertion betweenWD repeats 1 and 2; gold, insertion betweenWD repeats 2 and 3; green, insertion within
WD repeat 6; yellow, insertion within WD repeat 7. The N-terminus and corresponding loop regions of Gβ1 are colored similarly. Right: space
filling model of Vps15 WD repeat domain (same orientation) with residues highly conserved across genera colored salmon, and those which are
invariant colored red. Arg-1261 and Phe-1262 reside on the surface in the loop between WD repeats 4 and 5. (B) Left: ribbon diagram of Gβγ
oriented to highlight the interaction between the beta and gamma (red) subunits. Center: surface representation of Gβγ in the same orientation.
Right: surface representation of Gβ1 alone, with hydrophobic residues colored light gray to show the binding cavity for Gγ1. (C) Left: ribbon
diagram of Vps15 WD repeat domain oriented as Gβ1 in panel B. The N-terminal loop is colored gold. Center: surface rendering to illustrate
partial occlusion of the potential gamma subunit binding surface. Right: surface representation following removal of the N-terminal loop, with
hydrophobic residues colored light gray to reveal the absence of a binding cavity for a gamma-like subunit.
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pRS315-ADH-Flag, pAD4M-Gpa1-GST, or pAD4M-Gpa2-
GST. Cells were disrupted in buffer F (200 mM Tris pH 7.6,
150 mMNaCl, 1 mMEDTA, 0.1% Triton X-100 and 2 protease
inhibitor cocktail pellets per 50 mL) and prepared in a manner
similar to that described for purification of Flag epitope tagged
proteins, except that the lysis time was decreased to 10 min. For
determination of nucleotide specificity of binding, either 5 mM
MgCl2 and 10 μM GDP or 10 mM NaF, 5 mM MgCl2, 10 μM
GDP, and 30 μM AlCl3 (GDP-AlF4

-) was added to buffer F.
Supernatants were mixed with 40 μL of glutathione-Sepharose
resin (GE Healthcare) equilibrated with buffer F. The glu-
tathione-Sepharose resin was incubated with the lysate and
washed in a manner similar to that described above for the
immunoprecipitation of Flag-tagged proteins. Bound proteins
were then eluted from the beads with two 20 μLwashes of 10mM
reduced glutathione, 50 mM Tris pH 8.0 and were collected by
centrifugation at 4900g for 1 min. 6� SDS buffer was added to
the eluted proteins to a final concentration of 1� and samples
were heated at 95 �C for 5 min. Samples were resolved by 10%
SDS-PAGE and immunoblotting with anti-GST polyclonal
antibody at a dilution of 1:1500 (a gift of Joan Steitz), anti-
Myc 9E10 monoclonal antibodies at a dilution of 1:100, anti-
G6PDH antibodies at a dilution of 1:50000 (Sigma-Aldrich),
anti-Ste4 antibodies at a dilution of 1:2000 (a gift of Duane
Jenness), and the secondary antibodies goat antimouse or goat
antirabbit at a dilution of 1:10000 (Biorad). Detection was
performed with chemiluminescent ECL substrate (PerkinElmer).
Cell Extract Preparation and Analysis for MAP kinase

Phosphorylation andCarboxypeptidaseYSorting. Plasmids
pRS315-ADH-Flag-Vps15KD, pRS315-ADH-Flag-Vps15KD,ID,
pRS315-ADH-Vps15KD,ID,WD-Flag, pRS315-ADH-Flag-Vps15ID,WD,
pRS315-ADH-Vps15ID,WD-Flag, pRS315-ADH-Flag-Vps15WD,
pRS315-ADH-Vps15WD-Flag, and pRS315-ADH-Flag were
transformed into either wildtype or vps15Δ cells. Wildtype,
vps15Δ, and vps15R1261A strains were also analyzed for MAP
kinase phosphorylation and carboxypeptidase Y sorting without
any additional plasmid transformation. Cells were grown to
A600 nm ∼ 0.8 in 20 mL SCD-Leu and then split and either treated
with 3 μM R-MF pheromone or left untreated at 30 �C for 30 min.
The reaction was stopped by addition of 5% trichloroacetic
acid, and the cells were harvested by centrifugation and frozen at
-80 �C. Cell extracts were prepared as previously described (34),
and resolved by 10% SDS-PAGE and immunoblotted using p44/
p42MAP kinase antibody at 1:500 (Cell Signaling Technology) or
anti-CPY antibody at 1:2000 (a gift of Pat Brennwald), anti-
G6PDH antibodies at a dilution of 1:50000 (Sigma-Aldrich), and
the secondary antibody goat antirabbit at a dilution of 1:10000
(Biorad). Detection was performed with chemiluminescent ECL
substrate (PerkinElmer).
Pheromone Response Assays. Reporter-transcription

(β-galactosidase assay utilizing the pRS423-FUS1-lacZ plasmid)
and growth arrest (halo) assays were performed as described
previously (26, 35).

RESULTS

The structure of the Vps15 WD domain is presented in
Figure 1. The protein folds as a seven-bladed propeller as
predicted in a prior homologymodeling analysis (5). As described
previously, the WD repeat units are not equivalent to the blades
of the propeller, but are comprised rather of the fourth strand of
one blade and the first three strands of the blade that follows (36).
The overall architecture of the Vps15 WD domain is similar to

that of the transducin G protein β subunit (Gβ1) (36), and
superposition of the structures with the CCP4 topological
comparison program TOP yields a rms deviation of 2.7 Å2 for
the CR carbons (37, 38). There are several key differences in the
overall structures of the two proteins. The N-terminus of Gβ
folds as an R-helix that extends away from the propeller. In the
case of Vps15, the corresponding region is largely unstructured,
and it packs against the bottom surface of the propeller. There are
four insertions in the Vps15 propeller (Figure 1A): an extended
loop containing a 310 helix betweenWD repeats 1 and 2 (residues
1110-1121); an extension of strands 3 and 4 of blade 3 (residues
1156-1172); a large loop with 310 helical twists within the sixth
WD repeat (residues 1318-1351), and two additional β-strands
within the seventh WD repeat (residues 1385-1426).

Heterotrimeric G protein β subunits form obligate heterodi-
mers with Gγ subunits. The interaction between Gβ and Gγ is
largely hydrophobic; the first R-helix of the γ subunit forms a
coiled-coil interaction with the Gβ N-terminal R-helix, whereas
the second R-helix wraps into a cleft on the bottom surface of the
Gβ propeller (36) (Figure 1B). As noted above, theN-terminus of
the Vps15WD repeat domain is folded against the bottom of the
propeller (Figure 1C), and the stretch of N-terminal residues
immediately before the propeller partially occlude a potential Gγ
binding surface. However, inspection of the hydrophobic regions
on the bottom surface of the propeller (upon removal of the
N-terminus) of Vps15 indicates there is no equivalent binding
cleft for interaction with a Gγ subunit. This finding provides an
explanation for our ability to express, purify, and crystallize the
Vps15 WD domain in the absence of an associated Gγ.

The G protein R subunit typically interacts with Gβγ through
two interfaces, termed the “switch interface” and the “N-terminal
interface” (39). The interaction at the switch interface involves
residues in and around switch I and switch II of GR as well as
conserved hydrophobic residues on the top surface of the Gβ
propeller (Tyr-59, Trp-99,Met-101, and Leu-117 inGβ1). TheN-
terminal interface is formed by interaction of the GRN-terminal
R-helix with four conserved residues in blade 1 of the Gβ
propeller (Leu-55, Lys-78, Ile-80, and Lys-89 in Gβ1). The
Vps15 propeller provides neither of these binding surfaces for
interactionwith aGR subunit. The region that corresponds to the
switch interface is comprised of polar amino acids (Thr-67, Thr-
113, Thr-116, and Lys-131). Further, superposition of the Vps15
structure on the GRβγ heterotrimer suggests the Vps15 residues
corresponding to the N-terminal interface (Glu-62, Val-87, Lys-
89 and Ser-104) would not form a tight interaction with the GR
N-terminal R-helix (not shown). The inability of the Vps15 WD
domain to form these interactions, or the absence of a
corresponding Gγ subunit, may explain our failure to isolate a
stable heterodimeric complex of Gpa1 with the WD domain-
containing fragment of Vps15 (by size exclusion chromatogra-
phy, not shown).

The data presented above reveal the absence of a canonical
GR-binding interface within the Vps15 WD domain. Thus, we
considered whether other domains of Vps15 might contribute to
Gpa1 interactions. In order to determine the possible binding role
for these other domains, we coexpressed Gpa1 with several
truncations of Vps15 including (a) the kinase domain alone, (b)
the kinase domain with the intermediate domain, (c) full-length
Vps15, (d, e) the intermediate domain with the WD domain, and
(f, g) theWDdomain alone (Figure 2).WhereasGpa1was tagged
with the Myc epitope (located internally to preserve function),
variants of Vps15 were tagged at the N- and C-terminus with the
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Flag epitope. We eliminated from consideration any Flag-tag
fusions that did not express. We then immunoprecipitated Vps15
and monitored the presence of coprecipitating Gpa1 by immu-
noblotting. Differences in the apparent abundance of Vps15
truncations could reflect differences in actual abundance ormore
likely differences in the position of the epitope tag (compare lanes
f and g, containing Vps15WD-Flag and Flag-Vps15WD respec-
tively) as well as the size of the tagged protein (which could affect
the protein transfer and immunoblot detection). As shown in
Figure 2, the WD domain of Vps15 is sufficient to bind Gpa1,
while the kinase domain alone failed to interact. However, the
kinase domain with the intermediate domain was capable of
binding to Gpa1. These data indicate that the intermediate
domain, in addition to the Gβ-like WD domain, of Vps15
contributes to the stable interaction with Gpa1.

Vps15 is known to exist in a stable multiprotein complex that
includes Atg14 or Vps38 (UVRAG in animals), as well as Vps34
and Vps30 (Beclin-1 in animals) (40-45). Atg14 has sequence
similarity to canonical Gγ proteins (5). Thus, we investigated if
theVps15Gβ-like domain binds to theGγ-like proteinAtg14. To
this end we immunoprecipitated each of the Vps15 truncation
mutants andmonitored copurification of Atg14 by immunoblot-
ting, as described above for Gpa1. As shown in Figure 3, theWD
domain of Vps15 is indeed sufficient to bind toAtg14. The kinase
domain alone is also capable of binding to Atg14 (Figure 3).
Typical G protein R subunits bind to the Gγ subunit indirectly,
through the common binding partnerGβ. Likewise, Gpa1 bound
to theVps15WDdomain even in the absence ofAtg14 expression
(Figure 4). Taken together, these data indicate that the Vps15

Gβ-like domain exists in amultisubunit complexwith theGR and
Gγ-like proteins.

Although the crystal structure of the WD-like domain of
Vps15 shows that it is comprised of a seven-bladed propeller
structure, similar to that of canonical Gβ proteins, this analysis
also revealed a lack of conservation in the predicted GR-binding
interface. The lack of a canonical GR-binding site within Vps15
indicates that interaction must occur in a distinct manner.
Accordingly, we undertook a molecular evolution analysis
to identify potential binding residues within Vps15. We first
generated a multiple-sequence alignment of Vps15 orthologs
from several fungi, arthropods, mammals, and amphibians
(Supporting Information). Invariant and highly conserved
residues within this alignment were placed in a spatial context
by mapping them onto the crystal structure of Vps15 (far right
panel of Figure 1A). This analysis revealed two residues, Arg-
1261 and Phe-1262, that are invariant across all orthologs,
implying a strong evolutionary pressure to preserve function.
In addition, the side chains protrude into the solvent, making
them available for protein-protein interactions. Two additional
invariant residues were found on the opposite side of the Vps15
propeller, Glu-60 and Ser-104. However, these two residues form
multiple hydrogen bonds to each other and may therefore be
important for structural constraints. We observed no other
invariant residues on the surface of Vps15.

To determine the importance of the conserved Arg-1261, we
examined the functional consequences of replacing this residue
within Vps15. For these experiments, we purified Gpa1 fused to
glutathione S-transferase (GST) andmonitored copurification of
Vps15 or various Vps15 truncations. Gpa1-GST was used in this

FIGURE 2: The WD domain of Vps15 is sufficient but not necessary
to bind Gpa1. Detergent-solubilized extracts (total) from cells
expressing the indicated Flag fusion proteins and Gpa1 fused to
Myc were incubated with Flag resin, eluted with 3� Flag peptide
(Flag IP), resolved by 7.5% or 10% SDS-PAGE, and analyzed by
immunoblotting with antibodies against Flag, Myc, and G6PDH
(Load control). C-terminally tagged forms of (a) and (b) did not
express. IP, immunoprecipitation. WD, WD domain. KD, kinase
domain. ID, intermediate domain. *, indicates protein of interest.

FIGURE 3: The WD domain of Vps15 is sufficient but not necessary
to bind Atg14. Detergent-solubilized extracts (total) from cells
expressing the indicated Flag fusion proteins and Atg14 fused to a
triple Myc epitope were incubated with Flag resin, eluted with
3� Flag peptide (Flag IP), resolved by 10% SDS-PAGE, and
analyzed by immunoblotting with antibodies against Flag, Myc,
and G6PDH (Load control). IP, immunoprecipitation. WD, WD
domain. KD, kinase domain. ID, intermediate domain. *, indicates
protein of interest.



6396 Biochemistry, Vol. 48, No. 27, 2009 Heenan et al.

case to corroborate the results of the Vps15-immunopreciptation
experiments shown above. Additionally, the GST purification
method is in our experience better suited for analysis of nucleo-
tide-dependent interactions of G protein R and βγ subunits.
Accordingly, the WD domain of Vps15 was coexpressed with
Gpa1-GST or with a second G protein R subunit Gpa2-GST,
used here as a negative control (Figure 5). Cell lysates weremixed
with glutathione-Sepharose resin, washed extensively, elutedwith
reduced glutathione, and analyzed by immunoblotting using
antibodies against GST (to detect purified Gpa1 or Gpa2) and
Myc (to detect any copurifying Vps15). Although Ste4 was
tagged with Myc, it did not bind well with an anti-Myc anti-
body, and was instead detected using an anti-Ste4 antibody
(data not shown, see Figure 7). As shown in Figure 5, the
Vps15 WD domain copurified with Gpa1 but did not copurify
with Gpa2.

We then investigated the functional role of the conserved Arg
(Figure 1). This residue was of particular interest because of a
similarly conserved arginine “finger” present in most G pro-
teins (46-52). In G protein R subunits the arginine finger acts in
cis to stabilize the transition state, promote GTP hydrolysis, and
turn off the transmitted signal (46, 53). Thus, we substituted Arg-
1261 in both a conservative (to Lys) and nonconservative (toAla)
manner, and determined the ability of each mutant to bind to
Gpa1 as described above. As shown in Figure 5, substitution of
Arg-1261 to either Lys or Ala resulted in diminished copurifica-
tion with Gpa1-GST. This result indicates that Arg-1261 is
necessary for Vps15 to bind efficiently to Gpa1. These mutants

are likely to be properly folded given that other functions are
preserved (see below).

We have shown previously that Vps15 is needed for proper
pheromone responses, including pheromone-dependent MAP
kinase activation, gene transcription, and cell-division arrest.
Thus, we investigated the role of Arg-1261 in pheromone
signaling. To monitor MAP kinase activity, cell extracts were
analyzed by immunoblotting using antibodies against the dually
phosphorylated, fully active forms of Fus3 and Kss1 (54). As
shown previously, cells lacking VPS15 exhibit diminished Fus3
phosphorylation after pheromone stimulation; in contrast, cells
expressing Vps15R1261A exhibit wildtype levels of MAP kinase
phosphorylation (Figure 6A). To monitor transcriptional activa-
tion, we employed a reporter comprised of a pheromone-indu-
cible promoter and β-galactosidase (FUS1-lacZ). As shown
previously, cells lacking VPS15 exhibit dampened induction
and a >3-fold rightward shift in the EC50 for pheromone
stimulation, whereas cells expressing Vps15R1261A exhibited wild-
type transcription activity (Figure 6C). Finally, using the growth
arrest plate assay (halo assay), we monitored the ability of the
cells to undergo cell division arrest in response to pheromone.
Once again, Vps15R1261A-expressing cells produced wildtype
zones of growth inhibition (Figure 6D). Therefore, while it
contributes to Gpa1 binding, Arg-1261 does not contribute to
Vps15-mediated signaling.

In addition to its role in pheromone signaling, Vps15 has well-
established functions in promoting autophagy and at least two
types of protein trafficking (6-8, 10, 12, 42, 45, 55, 56). Vps15
is needed for newly synthesized vacuolar proteins, such as car-
boxypeptidase Y (CPY), to move from the endoplasmic reti-
culum, through the Golgi, to the endosome, and finally to the
vacuole compartment. During transport, the newly synthesized
CPY becomes modified in the ER to the pro-CPY1 form
(67 kDa), then processed in the Golgi to the pro-CPY2 form
(69 kDa), and finally it is modified in the vacuole to yield the
mature protein product (61 kDa) (10, 12, 42, 55). To determine if
Arg-1261 has any role in CPY sorting, we prepared extracts
from vps15R1261A cells, treated with or without pheromone, and

FIGURE 5: Arg-1261 is necessary for the WD domain of Vps15 to
bind efficiently to Gpa1. Detergent-solubilized extracts (Total) from
cells expressing the indicatedMyc fusion proteins andGpa1 orGpa2
fused to GST were incubated with glutathione-Sepharose resin,
eluted with glutathione (GST PD, pulldown), resolved by 10%
SDS-PAGE, and analyzed by immunoblotting with antibodies
against GST, Myc, and G6PDH (Load control). PD, pulldown.
GST, glutathione S-transferase. WD, WD domain. RA, Arg-1261
to Ala. RK, Arg-1261 to Lys.

FIGURE 4: Atg14 is not necessary tomediate the interaction ofVps15
and Gpa1. Detergent-solubilized extracts from wildtype (WT) and
atg14Δmutant cells expressing the indicatedFlag fusionproteins and
Gpa1 fused to a Myc epitope were incubated with Flag resin, eluted
with 3� Flag peptide, resolved by 10% SDS-PAGE, and analyzed
by immunoblotting with antibodies against Flag, Myc, and G6PDH
(load control). IP, immunoprecipitation. WD, WD domain. KD,
kinase domain. ID, intermediate domain. *, indicates protein
of interest.
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monitored the maturation of CPY by immunoblotting. As sh-
own in Figure 6B, vacuolar sorting of carboxypeptidase Y is
unaffected by substitution of Arg-1261 in Vps15.

We have shown above that the WD domain of Vps15 is
sufficient to bind Gpa1 in vitro, and does so in a manner that
depends on Arg-1261. Nevertheless, Vps15 is capable of promot-
ing the G protein signal in vivo even when Arg-1261 is mutated.
On the basis of these findings, we postulated that the kinase and/
or intermediate domains of Vps15 might contribute more sub-
stantially to the signaling or trafficking functions of the protein.
For instance, we showed above that the Vps15 intermediate
domain as well as the WD domain contributes to Gpa1 binding.
Thus, we investigated the functionality of Arg mutant forms of

Vps15 containing the intermediate domain as well as the WD
domain. The wildtype and arginine-substituted forms of Vps15
were coexpressed with either Gpa1-GST or Gpa2-GST, purified,
and analyzed by immunoblotting using antibodies against GST
and Myc (to detect any copurifying Vps15). In this case, Gpa1
bound equally well to wildtype and mutant forms of Vps15
(Figure 7A). These findings indicate that the intermediate
domain can compensate for the absence of the conserved arginine
present in theWDdomain, at least with respect toGpa1 binding.
Our hypothesis was that Arg-1261 functions in the manner of an
arginine finger, to promote G protein binding and GTP hydro-
lysis. However, we have shown that this residue is a relatively
minor contributor to binding. It remains to be determined if the
adjacent conserved Phe-1262 likewise contributes to binding.

Previously, we showed that Vps15 binds preferentially to the
unactivated, GDP-bound, form of Gpa1 (5). Thus, we sought to

FIGURE 7: Arg-1261 is not necessary for larger truncations of Vps15
to bind toGpa1. (A)Detergent-solubilized extracts (Total) from cells
expressing the indicated Myc fusion proteins and Gpa1 or Gpa2
fused to GST were incubated with glutathione-Sepharose resin,
eluted with glutathione (GST PD), resolved by 10% SDS-PAGE,
and analyzed by immunoblotting with antibodies againstMyc, GST,
Ste4, and G6PDH (load control). (B) Detergent-solubilized extracts
from cells expressing the indicated Myc fusion proteins and
Gpa1 fused to GST were lysed in the presence of either GDP or
GDP-AlF4

-, incubated with glutathione-Sepharose resin, eluted
with glutathione, and analyzed by immunoblotting with anti-
bodies against Myc, GST, Ste4, and G6PDH. PD, pulldown.
GST, glutathione S-transferase. RA, Arg-1261 to Ala. RK,
Arg-1261 to Lys.

FIGURE 6: The conserved Arg-1261 is not necessary for G protein
signaling at the endosome. (A) Wildtype (WT), vps15Δ, and
VPS15R1261A (Vps15RA) strains were treated with 3 μM R-mating
factor (MF) for 30 min and analyzed by immunoblotting using
antibodies against p44/p42 and G6PDH (Load control). (B) The
same samples as in panel (A) analyzed using antibodies against
carboxypeptidase Y (CPY) and G6PDH. (C) The same strains were
transformed with a plasmid containing a pheromone-inducible
FUS1-lacZ reporter; transcriptional activation was measured by
monitoring β-galactosidase activity in response to pheromone. (D)
The same strains were plated and treated with 45 μg of R factor to
induce cell division arrest. R-MF, alphamating factor. RA,Arg-1261
to Ala.
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determine if Arg-1261 contributes to the nucleotide-dependent
interaction of Vps15 with Gpa1. Wildtype and mutant Vps15
were coexpressed with Gpa1-GST, then lysed in the presence of
either GDP or GDP plus AlF4

-, a transition state mimic that
induces the activated conformation of GR. As observed pre-
viously for full-length Vps15, the WD domain with the inter-
mediate domain of Vps15 bound preferentially to GDP-bound
(unactivated) Gpa1. The arginine mutants likewise bound pre-
ferentially to unactivated Gpa1 (Figure 7B). These results
indicate that neither the kinase domain nor the conserved Arg-
1261 is necessary to maintain the nucleotide-specificity of Vps15
binding to Gpa1.

The data presented above reveal that the intermediate andWD
domains of Vps15 both contribute to Gpa1 binding, and are
sufficient to confer nucleotide-specificity of interaction. We have
shown previously that Vps15 is required for G protein signaling
at the endosome (5). However, we have already ruled out a role
for the conserved arginine in sustaining the G protein signaling
function of Vps15. These findings suggest that domains necessary
for binding and for signaling functions may not fully overlap.
Thus, we investigated which domains of Vps15 contribute to
pheromone signaling, using the same signaling assays described
above in Figure 6. First we determined which domains of Vps15
are necessary to confer MAP kinase activation. As shown in

FIGURE 8: The kinase domain with the intermediate domain of Vps15 is necessary to promote G protein signaling at the endosome. (A)WT and
vps15Δ cells expressing the indicated Flag fusion proteins or empty vector were treated with 3 μM R-mating factor (MF) for 30min and analyzed
by immunoblotting with antibodies against p44/p42 and G6PDH (load control). (B) The same samples were analyzed using antibodies against
carboxypeptidase Y (CPY) and G6PDH. (C) The same strains were transformed with a plasmid containing a pheromone-inducible FUS1-lacZ
reporter; transcriptional activation was measured by monitoring β-galactosidase activity in response to pheromone. (D) The same strains were
plated and treated with 45 μg of R factor to induce cell division arrest. R-MF, alpha mating factor.
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Figure 8A, the kinase domain with the intermediate domain is
sufficient to sustain MAP kinase activation in response to
pheromone. Likewise, by the transcription-reporter assay the
kinase domain with the intermediate domain is sufficient to
confer wildtype transcriptional activation (Figure 8C) and
growth-inhibition responses (Figure 8D). Finally, the kinase
domain with the intermediate domain of Vps15 is sufficient to
sustain at least some degree of carboxypeptidase Y maturation
(Figure 8B). Neither the WD domain alone nor the WD domain
with the intermediate domain is sufficient to sustain the signaling
functions of Vps15 (Figure 8A-D).

Taken together, the findings presented above indicate that the
WD domain of Vps15 has a Gβ-like structure and is sufficient to
bind Gpa1, but cannot by itself sustain signaling. Whereas the
conserved arginine contributes toGpa1 binding, it is not required
forGpa1 signaling. By comparison, the intermediate domain also
contributes to Gpa1 binding, and together with the kinase
domain is both necessary and sufficient for pheromone signaling
and vacuolar sorting activities.

DISCUSSION

The yeast pheromone response pathway represents one of the
best-characterized models for the study of G protein signaling
and regulation. Upon pheromone activation, GR as well as Gβγ
subunits activate downstream effectors. Release of Gβγ at the
plasma membrane leads to activation of the MAP kinases Fus3
and Kss1 (2). At the endosomal membrane, activated GR
transmits a signal that requires the PtdIns 3-kinase and results
in activation of Fus3 (5, 6). The endosomal PtdIns 3-kinase
Vps34 is a direct binding partner for the GTP-activated form of
Gpa1, and this interaction leads to elevated production of PtdIns
3-P. Thus, G protein signaling can occur at the endosomal
membrane as well as at the plasma membrane.

Given that cell surface receptors and the Gβγ subunits Ste4
and Ste18 are concentrated at the plasma membrane, we con-
sidered whether there is an alternativeGβγ pair at the endosomal
membrane. Here we have examined the extent to which Vps15
resembles more typical Gβ proteins such as Ste4. We have shown
that Vps15 indeed possesses many structural and functional
characteristics of canonical Gβ proteins. Both Vps15 and Ste4
are direct binding partners of Gpa1, and both bind preferentially
to the unactivated (GDP-bound) form of the protein. Here we
have demonstrated that Vps15 contains a seven-bladed propeller
structure resembling that of known Gβ proteins. We showed
further that the Gβ-like domain is sufficient to bind to Gpa1, as
well as to the putative Gγ protein Atg14. As documented
previously for typical Gγ subunits, Atg14 is not necessary to
bridge the interaction of the GR (Gpa1) and Gβ-like (Vps15)
proteins.

While these findings highlight similarities between Vps15 and
canonicalGβproteins, there are alsomany important differences.
Ste4 is predominantly expressed at the plasma membrane. Vps15
was previously shown by cell fractionation and fluorescence
microscopy methods to be located at the endosome, Golgi, and
vacuolar membranes (11, 57). Typical Gβγ pairs are anchored to
the plasma membrane through prenylation (and in some cases
palmitoylation) of Gγ (58), while the Vps15/Atg14 complex is
anchored to the endosomal membrane throughmyristoylation of
Vps15 (12).

We have documented additional important differences be-
tween Ste4 and Vps15. The Gβ protein Ste4 is necessary to

transmit the signal to downstream effectors at the plasma
membrane (2). In contrast, the Gβ-like WD domain of Vps15
is neither necessary nor sufficient to transmit the G protein signal
at the endosome. Our efforts to dock Gpa1 onto the β propeller
domain of Vps15 (using a similar orientation to that of known
GR-Gβ pairs) revealed no conserved interactions, indicating that
theGpa1-Vps15 interfacemust differ from that ofmore typicalG
protein subunits. Indeed, we have shown here that binding also
entails the intermediate domain. Moreover, the intermediate
domain and kinase domain are necessary and sufficient to
restore full pheromone responsiveness to a vps15 mutant strain.
While binding and signaling activities of Vps15 require the
intermediate domain, the sequence of this region provides no
clues as to its function. Thus, we limited our analysis to the
intermediate domain in conjunction with the well-defined kinase
and/or WD domains only. These observations lead us to
conclude that the Gβ-like WD domain of Vps15 serves primarily
as a scaffold that promotes assembly of key signaling pathway
components, including Gpa1 and Atg14, whereas the kinase
domain and the intermediate domain transmit the signal. The
same domains that mediate Vps34 interaction (14) also mediate
G protein signaling and vacuolar sorting.

Taken together, our observations highlight the close interplay
of Vps15 in G protein signaling and vacuolar sorting, and are
consistent with our earlier suggestion that PtdIns 3-P production
is required for both processes (5). Thus just as Gpa1 promotes
PtdIns 3-P production, this second messenger could in turn be
required for proper trafficking of Gpa1 or some other critical
signaling protein, whether or not that protein actually binds to
PtdIns 3-P. The signaling phenotypes exhibited by vps15 and
vps34 are not the result of some global defect in membrane
trafficking, however; deletion ofVPS30 orVPS38 also result in a
strong vacuolar sorting defect similar to vps15 and vps34 (59), but
neither component is required for Gpa1 signaling (5). Indeed of
the dozens of vacuolar trafficking mutants that have been
described, only vps15 and vps34 attenuate Gpa1 signaling (59).

In summary, we have defined the signaling and binding
functions of specific domains within Vps15. Our findings high-
light important similarities and differences between canonical
Gβ-proteins at the plasma membrane and Gβ-like proteins
located within the cell.
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structure of transducin R-GDP-AIF-4. Nature 372, 276–279.

(47) Bourne, H. R. (1997) G proteins. The arginine finger strikes again.
Nature 389, 673–674.

(48) Kotting, C., Kallenbach, A., Suveyzdis, Y., Wittinghofer, A., and
Gerwert, K. (2008) The GAP arginine finger movement into the
catalytic site of Ras increases the activation entropy. Proc. Natl.
Acad. Sci. U. S. A. 105, 6260–6265.

(49) Ahmadian, M. R., Hoffmann, U., Goody, R. S., and Wittinghofer,
A. (1997) Individual rate constants for the interaction of Ras
proteins with GTPase-activating proteins determined by fluores-
cence spectroscopy. Biochemistry 36, 4535–4541.

(50) Ahmadian, M. R., Stege, P., Scheffzek, K., and Wittinghofer, A.
(1997) Confirmation of the arginine-finger hypothesis for the GAP-
stimulatedGTP-hydrolysis reaction of Ras.Nat. Struct. Biol. 4, 686–
689.

(51) Mittal, R., Ahmadian, M. R., Goody, R. S., and Wittinghofer, A.
(1996) Formation of a transition-state analog of the Ras GTPase
reaction byRas-GDP, tetrafluoroaluminate, andGTPase-activating
proteins. Science 273, 115–117.

(52) Rensland, H., Lautwein, A., Wittinghofer, A., and Goody, R. S.
(1991) Is there a rate-limiting step before GTP cleavage by H-ras
p21?. Biochemistry 30, 11181–11185.



Article Biochemistry, Vol. 48, No. 27, 2009 6401

(53) Bourne, H. R. (1997) How receptors talk to trimeric G proteins.
Curr. Opin. Cell. Biol. 9, 134–142.

(54) Sabbagh, W. Jr., Flatauer, L. J., Bardwell, A. J., and Bardwell, L.
(2001) Specificity of MAP kinase signaling in yeast differentiation
involves transient versus sustained MAPK activation. Mol. Cell 8,
683–691.

(55) Jung, G., Ueno, H., and Hayashi, R. (1999) Carboxypeptidase Y:
structural basis for protein sorting and catalytic triad. J. Biochem.
126, 1–6.

(56) Obara, K., Noda, T., Niimi, K., and Ohsumi, Y. (2008) Trans-
port of phosphatidylinositol 3-phosphate into the vacuole via

autophagic membranes in Saccharomyces cerevisiae. Genes Cells 13,
537–547.

(57) Huh, W. K., Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R.
W., Weissman, J. S., and O’Shea, E. K. (2003) Global analysis of
protein localization in budding yeast. Nature 425, 686–691.

(58) Hirschman, J. E., and Jenness, D. D. (1999) Dual lipid modification
of the yeast G gamma subunit Ste18p determines membrane loca-
lization of G beta gamma. Mol. Cell. Biol. 19, 7705–7711.

(59) Bonangelino, C. J., Chavez, E. M., and Bonifacino, J. S. (2002)
Genomic screen for vacuolar protein sorting genes in Saccharomyces
cerevisiae. Mol. Biol. Cell 13, 2486–2501.


