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GPR1 encodes a putative G protein-coupled receptor
that associates with the Gpa2p G, subunit and
functions in a Ras-independent pathway
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The yeastRAS1and RAS2genes appear to be involved
in control of cell growth in response to nutrients. Here
we show that this growth control also involves a signal
mediated by the heterotrimeric G protein o subunit
homolog encoded byGPA2 A GPA2 null allele con-
ferred a severe growth defect on cells containing a null
allele of RAS2 although either mutation alone had
little effect on growth rate. A constitutive allele of
GPAZ2 could stimulate growth of a strain lacking both
RAS genes. Constitutive GPA2 conferred heat shock
sensitivity on both wild-type cells and cells lacking
RAS function, but had no effect in a strain containing
a null allele of SCH9, which encodes a kinase related
to protein kinase A. The GPR1gene was isolated and
was found to encode a protein with the characteristics
of a G protein-coupled receptor. DoubleAgprl Aras2
mutants displayed a severe growth defect that was
suppressed by expression of the constitutive allele of
GPA2, confirming that GPR1 acts upstream of GPA2
Gprlp is expressed on the cell surface and requires
seguences in the membrane-proximal region of its third
cytoplasmic loop for function, as expected for a G
protein-coupled receptor. GPR1 RNA was induced
when cells were starved for nitrogen and amino acids.
These results are consistent with a model in which the
GPR1/GPA2 pathway activates the Sch9p kinase to
generate a response that acts in parallel with that
generated by the Ras/cAMP pathway, resulting in the
integration of nutrient signals.
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Introduction

CcAMP (Kataokaet al, 1985; Todaet al, 1985). cAMP
binds the regulatory subunit of protein kinase A (PKA),
which results in the release of active catalytic kinase
subunits that then phosphorylate targets involved in energy
metabolism and cell growth (Matsumot al, 1982;
Todaet al, 1987a,b). This pathway is essential, because
deletion of both of the genes that encode the Ras proteins,
RAS1 and RAS2 or of the single gene that encodes
adenylyl cyclase,CYR] results in inviable cells. The
inviability of cells containing deletions of thRASgenes

or of CYRLis suppressed by overexpression of 8&H9
gene, which encodes a protein kinase related to PKA
(Todaet al, 1988). However, it is not clear whether the
SCH9gene product functions directly in tHRAScAMP
pathway or whether it functions in a parallel pathway.

Yeast cells express many different classes of signaling
molecules in addition to guanine nucleotide-binding pro-
teins of the Ras family. One such class is composed of
heterotrimeric G proteins made up @f f andy subunits.
The identification of G proteirn subunits in yeast was
accomplished originally by screening a yeast genomic
library with a probe made from cDNA clones encoding
mammalian G, and G, (Nakafukuet al, 1987, 1988).
Genes encoding two Gsubunits,GPA1and GPA2 were
isolated by this procedure. Sequencing of the entire
Saccharomyces cerevisiagenome has now established
that GPA1 and GPA2 are the only two G subunit genes
encoded in this genome, indicating that there are two
pathways in yeast that signal through &ubunits.GPA1
subsequently was shown to be involved in mediating the
pheromone response signal transduction pathway (Dietzel
and Kurjan, 1987; Miyajimat al., 1987). Whereas Gpalp
is capable of productively coupling to thefactor receptor,
Gpa2p is not (Blumer and Thorner, 1990).

GPA2 was proposed to function in the regulation of
CcAMP levels, based on the finding that its overexpression
causes a 2-fold increase in the level of cAMP induced by
glucose (Nakafuket al, 1988). Overexpression GPA2
also restores the cAMP response to a strain containing a
temperature-sensitive mutation in tHRAS2 gene and
suppresses the growth defect of this strain. These results
support the idea that the Gpa2p protein is involved in
regulating the production of cAMP by adenylyl cyclase,

Signal transduction pathways that regulate growth in in the same way that mammalian Gtimulates adenylyl
response to nutrients are essential for cell viability; these cyclase activity (Simoret al, 1991). However, it was
pathways, however, are not well understood at the molecu-shown that deletion of th&PA2 gene had no effect on
lar level. In yeast, one aspect of nutrient-induced growth CAMP levels (Nakafukuet al, 1988), which made it
control is thought to be mediated by tHRASCAMP difficult to establish whetheGPA2 is involved in this
pathway, which responds to the addition of a fermentable process. The phenotype of tdA2deletion is inconclus-
sugar by a transient increase in cAMP concentration ive because deletion of genes that are known to be involved
(Broach, 1991; Thevelein, 1994). The presence of the in CAMP regulation, such as the phosphodiesterase genes,
sugar generates a signal that has not been defined buhas little effect on cAMP levels. This phenomenon is due
appears to impinge on the Ras proteins. Once activated,to feedback control on cAMP levels by the Ras proteins
the Ras proteins stimulate adenylyl cyclase to produce over many orders of magnitude (Nikaved al, 1987).
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Therefore, changes in cAMP levels are difficult to docu- A B
ment in cells with intacRASgenes. 507 100 7
In the study described here, we show that GRA2
andRASpathways have partially redundant functions that 401
act in parallel, and that cells with defects in both pathways s _ 10+
are impaired for growth. We have also isolated a gene %= 30 s
encoding a putative G protein-coupled receptor that 2 g
appears to provide the upstream signal that activates %zo- °
Gpa2p, which will ultimately allow one of the ligands ® R
that initiates the nutrient signaling pathway to be identified. 104
Results 0 S 0 o o1 S0
>
Activated Gpa2p confers phenotypes similar to & @‘?Y‘Q\VQ’ & CXVQ\V%

those produced by high cAMP levels ) o o ]
Overexpression of the G proteim subunit encoded by ~ F9: 1. Physiological effects of constitutively acti@PA2 (A) A
. : wild-type diploid strain (W303) transformed with either plasmid
GPAZincreases the level of cCAMP in cells and suppresses pGocT.112.2, which contains a constituti@AR27*Aallele GPAZ),
the phenotype of aas2® mutant (Nakafuket al., 1988). plasmid YCp50-RASZ218vall8 which contains an activate@AS2
One interpretation of these observations is that the normalallele RAS2), or vector YEplac112 (vector) was incubated in
function of Gpa2p is to regulate the concentration of Zpor“'a.“og rk‘:ed'.“m |f9r3da¥s a”dhthe e niage sporulation was
CAMP. Activated alleles oRAS2 which are known to _ Selerined oy viush nspection, Tre vale fo pG2CT 3221
increase cAMP levels, confer characteristic phenotypes the shaded bam(= 3) and that for YEplac112 by the open bar
such as decreases in sporulation efficiency and accumula<{n = 4). Values shown are the mean and standard deviation from
tion of storage carbohydrates (Todhal., 1985). To test  independent experimentBY A wild-type haploid strain (W3031A)
whether activation of Gpa2p has similar effects on cell gg”psggfgggggggg'}';g Elsazs)ng?v%%éftllzﬁa%ﬁg )(’V g'ci(s):')"svas
physiology, a constitutive allele @PA2was constructed  grown to saturation for 2 days, incubated at 50°C for 20 min, and
by replacing the arginine at position 273 with an alanine. diluted and plated to determine the percentage survival. The value for
The same change in the corresponding residue of mammapG2CT-112.2 is represented by the filled bar< 4), that for YCp50-
lian Gy, Which is also the site modified by cholera toxin, F;AS?a :)a by the Sh?ded bha“(: 3) aﬂd that for YdEP'aC%jlz dby
results in a pr(_)tein that constitutively activates adenylyl Eeevig’fiﬁ?] fr";rrg ;]dégbg/r?dﬁ? :Xg:’r?magﬁt;e mean and standar
cyclase and displays a 100-fold decreased rate of GTP
hydrolysis (Freissmuth and Gilman, 1989). Diploid cells
transformed with the constitutiv@PAZ2"*Aallele or with not distinguish between cAMP-dependent and cAMP-
an activated allele olRAS2were incubated in liquid independent mechanisms because the cellular functions
sporulation medium for 3 days, and the degree of sporul- that were measured can be regulated by both mechanisms
ation was determined. Whereas the percentage sporulatior(Cameronet al., 1988).
of control cells was 42.1+ 4.0, that of cells containing
the constitutive GPAR273A allele was 11.1 = 0.9 GPAZ2 and RAS2 are functionally related
(Figure 1A). The percentage sporulation of cells containing Previous results have shown that overexpressicGRA2
the activatedRAS?2allele was 18.8+ 0.4, slightly higher suppresses the growth phenotype ofras2® mutant
than the value obtained for cells containing constitutive (Nakafukuet al., 1988), suggesting that there is a func-
GPA2 These results indicate that activation of Gpa2p tional relationship betwee@PA2and theRASgenes. The
causes a significant sporulation defect that is comparablepotential relationship between these genes was explored
with the defect conferred by activated Ras2p. further by investigating whether null alleles 6fPA2and
Another aspect of cell physiology that is affected by RASgenes display genetic interactions. To determine the
elevated cAMP levels is the ability to survive heat shock phenotype ofAgpa2 Aras2 double mutants, a diploid
(Toda et al, 1987a). To test the effect of constitutive strain heterozygous foGPA2 and RAS2deletion alleles
GPA2 on thermotolerance, stationary phase cultures of was sporulated and tetrads were dissected. Although
haploid cells transformed with the constitutiGPAZR273A strains containing singlAgpa2 or Aras2 mutations grew
allele or with the activated allele ®RAS2were exposed  normally, strains containing both\gpa2 and Aras2
to a heat shock, and the percentage of surviving cells wasmutations displayed a severe growth defect (Figure 2A).
determined. Cells containing constitutiGA2were ~60- Colonies of cells containing doubfgpa2Aras2mutations
fold more sensitive to heat shock than wild-type cells were barely visible after 2 days of growth, and were still
(Figure 1B). An even larger effect was seen with activated quite small after 3 days of growth. Therefore, the pheno-
RAS2 which caused a 10-fold increase in heat shock type of the double mutant uncovers a requirement for a
sensitivity compared with constitutiv&PA2 Thus, in growth function that can be supplied by eith8PA2 or
contrast to the sporulation results, the degree of heat shockRAS2 This function is specific tcRAS2 because strains
sensitivity is substantially greater in cells containing containing doubléAgpa2Aras1 mutations displayed little
activated Ras2p than in cells containing activated Gpa2p.or no growth defect (data not shown). The synthetic
In summary, the constitutiv@PA2allele caused changes growth defect ofAgpa2 Aras2 strains has also been seen
in cell physiology that are consistent with a role for Gpa2p by investigators studying the involvement GfPA2 in
either in cAMP regulation or in a pathway that is redundant pseudohyphal development (Kler et al, 1997; Lorenz
with the cAMP/PKA pathway. These experiments do and Heitman, 1997).
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Gpa2p would have no effect in the absence of Ras.

A
agpa2 RAS2 Alternatively, if the Gpa2p and Ras pathways act independ-
GPA2 RAS2 ently, activation of Gpa2p alone could fail to maintain
GPA2 aras2 viability.
sgpaZ sras? \ To determine the effect of constitutive Gpa2p iRAS

2 days null strain, GPAZ?73A was overexpressed in a strain
sgpa2 FAS? e I containing deletions of thRAS1 RAS2andPDE2 genes.
: In this strain, the lethal phenotype associated Rigsnull
GPA2 RAS2 2 . ) .
alleles is suppressed by a deletion of the phosphodiesterase
' i‘w‘z S gene (Wilson and Tatchell, 1988). Overexpression of
dgpa2  aras2 GPAXR273Aconferred a growth advantage if\eas1Aras?
3 days Apde?2 background when compared with vector alone
Fig. 2. Phenotype ofjpa2andras2 mutants. A) A diploid (Figure 3A). Measurement of growth rates indicated that
heterozygous fogpa2::TRPlandras2::LEU2 mutations (H91) was the strain containing the vector had a doubling time of

sporulated and tetrads were dissected. Left: representative sample of  ~225 min, whereas the strain containiBPAZR23Ahad a

tetrads after growth for 2 or 3 days, as indicated. Right: tetrad labeled doubling time of ~102 min. a difference of ~2-fold. This
with genotype of spore colonieB) Strains with the following ! ’

genotypes were streaked out for single colonies: wild-tfpaS2 _“?SUlt is consistent with the idea th@PA2 and RASact
GPA2 PDE2(W3031A); RAS2 GPA2 pde2::HISErX4); ras2:LEU2 in independent pathways. However, becaus&RaX273A
?SggrisTDF;F’l PDEZYX8); andras2:LEU2 gpa2:TRP1 pde2:HIS3 allele did not have a very dramatic effect on the growth

rate of aBRAShull strain, another experiment was performed
to confirm this result.

In wild-type cells, theGPAR273A allele conferred a
significant decrease in heat shock resistance (Figure 1B),
demonstrating that this parameter is a sensitive measure
of GPA2function. The effect 0o6PAZ273A0n thermotoler-
ance was therefore tested inRASNHull strain. Whereas

determine whether the redundant function @PA2 and Aras_lArasZApdeZceIls containing vector displayed 85%
RAS2 involves cAMP regulation, a triple mutant was survival aftgr heat shock, the same ce]ls OVerexpressing
constructed that contained deletion allelesG##A2 RAS2 GPAZ‘Z?AQIspIayed only 3% .SUI’\.llval (F|gur§: 3B). These
andPDE2, which encodes a high affinity phosphodiester- resulps mdwate thalRASfuncthn is not required for the
ase (Wilson and Tatchell, 1988). DeletiorRiDE2restored ~ Physiological effects of constitutiv&PAZ and strongly
normal growth to aAgpa2 Aras2 strain (Figure 2B),  Sudgest that th&PA2andRASgenes act in independent
indicating that elevation of the vivocAMP concentration ~ Pathways.

compensated for the lack GPA2andRAS2 It is therefore

possible that the redundant function of these genes involvesgpaz function requires SCH9

positive control of cAMP levels or that the function of The results presented above demonstrate that, although
GPA2controls a pathway that is redundant with the Ras/ .qnstitutive GPA2 confers phenotypes similar to those
CAMP pathway. produced by high cAMP levels, it does not act through
the RASgenes. These characteristics are similar to those
of the SCH9 gene, which also acts in parallel RAS

Aras2 strain is consistent with two models of signaling (Toda et al, 1988). SCHI encodes a kinase related to
by Ras proteins and Gpa2p. One possible model is thatcAMP-dependent kinase, and its overexpression compens-

Gpazp acts upstream of Raslp and Raszp in the samégce b 0% 50 BCC TPt 0o JUod BIoet
signaling pathway. Upstream activation of this pathway y 4 P 9

would stimulate Gpa2p to transmit the signal to the Ras cellls to th_e re-addition of nitrogen (C_rauwelsal., 1997).
proteins by increasing their activity. If this were the case, To investigate Whe”;?;At“éF’AZf””C“O“ requ!re§CH9
the Agpa22ras2 phenotype would be due to the low basal the effect of GPAZ=A on heat shock resistance was
activity of Raslp, which would be insufficient for full detérmined in aAsch9strain. In contrast to the result
stimulation of adenylyl cyclase. An alternative model is ©Ptained ;’;’éT_a strain lackinRASfunction, expression
that Gpa2p acts through a pathway that is independent ofof GPAZ?7*Ain a Asch9 strain had no effect on heat
the Ras proteins. In this case, thgpa2Aras2phenotype ~ Shock resistance (Figure 3B). This finding suggests that
would be due to the lack of stimulatory inputs from both SCH9 is required for the function ofGPAZ and is
of the parallel pathways. These two models can be consistent with a mode! in Whlch 'Fhe Sch9p kinase acts
distinguished by testing whether the effects of constitutive downstream of Gpa2p in a signaling pathway that does
GPA2occur in a strain that lacks all Ras proteins. not include Ras. To test whethd?AS2 function also
The constitutive GPA2 allele did not suppress the requiresSCH9 the effect of an activated allele &AS2
inviability of a Aras1 Aras2 strain (data not shown). The on heat shock resistance was determinedAseh9strain.
finding that activated Gpa2p cannot compensate for the Expression of activate®RAS2in either a wild-type or
lack of Ras function can be interpreted in a manner Asch9 strain conferred the same degree of heat shock
consistent with either of the models described above. If sensitivity (Figure 3C), suggesting thBRAS2function is
Gpa2p acts upstream of the Ras proteins, then activatedndependent o5CH9

In S.cerevisiag RAS2 plays a role in at least two
different processes, nutrient signaling and completion of
mitosis. Both of these processes are involved in regulating
cell growth, but the mitotic function ocRASdoes not act
through cAMP generation (Morishitat al, 1995). To

GPA2 acts in parallel to the RAS function
The synthetic slow growth phenotype observed Xgpa2
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MITEGFPPNL NALKGSSLLE KRVDSLRQLN TTTVNQLLGL PGMTSTFTAP 50
QLLQLRIIAI TASAVSLIAG CLGMFFLSKM DKRRKVFRHD LIAFLIICDF 100

1
LKAFILMIYP MITLINNSVY ATPAFFNTLG WFTAFAIEGA DMAIMIFAIH

aras1 aras2 spde2

multicopy
GPA2R273A

50

2 3
FAILIFKPNW KWRNKRSGNM EGGLYKKRSY IWPITALVPA ILASLAFINY 200

4
NKLNDDSDTT IILDNNNYNF PDSPRQGGYK PWSAWCYLPP KPYWYKIVLS 250
WGPRYFIIIF IFAVYLSIYI FITSEQKRIK AOIQDFNHNV LEEEKEKKKL 300

5
FGLGHWGKAK WYFRSYFKLP LLHLLRNLKN FFTISFIDPN EETDDSGSSN 350
B GTFNFGESSN EIPTLFRKTN TGSDENVSAS GGVRLLDYNS AKPLDMSKYA 400
MSEQPDLERN NPFDCENDIT LNPSELVSKQ KEHKVTFSVE NEGLDTRKSS 450
MLGHQTFSCQ NSLESPLAMY DNKNDNSDIT SNIKEKGGII NNNSNNDDDD 500
NNNNNDNDND NNNSNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNSNNIKN 550
NVDNNNTNPA DNIPTLSNEA FTPSQQFSQE RVNNNADRCE NSSFTNVQQH 600

FAQTYKaMK KRRAQGIGQKNL RAIFIYPLSY IGIWLFPIIA DALQYNHEIK 650

6
HGPTMWVTYI DTCVRPLSCL VDVIVYLFKE KPWNYSWAKT ESKYLIEKYI 700

7
LKGELGEKEI LKFCHSNWGK RGWYYRGKWK KRKCWKYSTN PLKRILWFVE 750
RFFKQLFELK LHFSFYDNCD DFEYWENYYS AKDSNDNKRT ESDETKTNSS 800
DRSLPSNSLE LQAMLNNITA EEVEVPLFWR IIHHIPMLGG IDLDELNRLL 850
KIRYNNDHFS LPGLKFALNQ NKSHDKHQDV STNSMVKSSF FSSNIVTNDD 900
ENSIEEDKNL RYSDASASEN YLVKPTIPGT TPDPIIEAQN DNDSSDSSG! 950
DLIAFLRNGP L
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§ Fig. 4. GPR1encodes a protein that associates with Gpa2p and has
e seven transmembrane domaing) The sequence of Gprlp with
01 potential transmembrane domains underlined. Residues shown in bold
are conserved in almost all G protein-coupled receptors. Boxed regions
show sequence motifs in the third cytoplasmic loop that are related to
001 s - sequences found in the third cytoplasmic loops of the pheromone
& fg'b Iy %‘7, receptors. B) Predicted topology of Gprlp in the membrane.
QGF" 93* 45’\ Q?‘ Arrowheads indicate junction sites in plasmids obtained from the two-
hybrid screen. Boxed regions show sequence motifs related to
Strain: WT Asch9 sequences in the third cytoplasmic loops of the pheromone receptors

and an asparagine-rich region in the third cytoplasmic loop.
Fig. 3. Effect of constitutively activea5PA2in strains lackingRASor
SCH9genes. A) A strain with the genotypeas1::URA3 rasz:z:i_zlégl‘.i\z
pde2::HIS3(H97-36D) was transformed with a multicolPA . - . .
plasmid (pG2CT-112.2) or vector (YEplac112) and streaked out for Screening of a yeast genomic _“brary WItI’G?AZ fUSIOF_1 )
single colonies on selective mediun®)(Heat shock sensitivity of the construct resulted in the isolation of plasmids containing

following strains was assayed as described in the legend to Figure 1: a short segments of an uncharacterized gene that was given

wild-type strain (B2-3C) transformed with YEplac112 (vector), awild-  the nam PR1 The full-lenath GPR1 n n
type strain (B2-1B) transformed with plasmid pG2CT-1125PA2), e nameG e full-length G gene € codes

a strain with the genotypeas1::URA3 ras2::.LEU2 pde2::HIS8H97- a prOte_m of 961 amino ac@s (DDBJ/EMBL/Ge_nBank
36D) transformed with either YEplac112 or pG2CT-112.2, a strain accession No. Z74083) that is predicted to contain seven
with the genotypesch9::URA3(B2-3A) transformed with YEplac112 membrane-spanning domains, a feature characteristic of
and a strain with the genotymeh9::URA3(B2-1A) transformed with G protein-coupled receptors (Figure 4A). The putative

pG2CT-112.2. Values for pG2CT-112.2 are represented by the filled

bars 1 — 3) and those for YEplacl12 by the open bars<( 3). structure of th|s protein mdpates that it Would_conta!n a
(C) Heat shock sensitivity of the following strains was assayed as very large third Cyt0pla_smIC_ loop of '*346_ amino acids,
described in the legend to Figure 1: a wild-type strain (B2-3C) and a large cytoplasmic tail of ~281 amino acids. The
transformed with YEplac112 (vector), a wild-type strain (B2-2D) third cytoplasmic loop contains two copies of a short,
transformed with plasmid YCp50-RA&218va19RAS?), a strain with basic sequence: one copy is present at the N-terminal end
the genotypesch9::URA3(B2-3A) transformed with YEplacl12 and a of the loop and t,he other copv is present at the C-terminal
strain with the genotypsech9::TRP1(B2-1A.T) transformed with . p Py s p S, o !
plasmid YCp50-RAS3a18vall9RAS?). Values for YCp50- end (Flgure_4A and B, boxed). T_he third cytoplasmic loop
RAS2a18vall9gre represented by the shaded bars=(3) and those also contains a polyasparagine stretch of unknown
for YEplac112 by the open bars & 3). function.

In contrast to the pheromone receptors, which have no
Isolation of GPR1, a putative receptor gene homology to other receptors of this class, Gprlp can be
To isolate other components of ti&PA2 signaling path- aligned with the G protein-coupled receptor superfamily

way, a two-hybrid protein interaction screen (Fields and (Baldwin, 1993). In particular, Gprlp contains several
Song, 1989) was performed usif@PA2 as the bait. amino acids in its transmembrane domains that are con-
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served within this superfamily. Of these, the most highly
conserved residues are the alanine at position 193 in
transmembrane domain 4, the phenylalanine at position
262 in transmembrane domain 5, the tryptophan at position
634 in transmembrane domain 6, and the tyrosine at
position 676 in transmembrane domain 7 (Figure 4A).
When these residues are positioned with respect to the
predicted arrangement of the receptor transmembeoane
helices (Baldwin, 1993), they all face away from the
surrounding membrane lipid and toward the center of the
molecule or the other helices. Intramolecular interactions
between these transmembraaehelices are thought to
maintain the structure of the receptor in the membrane
and allow it to bind the G protein.

Two GPRZcontaining plasmids were isolated in the
two-hybrid screen; one contained the coding region for
the C-terminal 122 amino acids and the other contained
the coding region for the C-terminal 99 amino acids
(Figure 4B). The cytoplasmic tail regions of several
mammalian G protein-coupled receptors have also been
shown to interact with @ subunits, although in these
cases the membrane-proximal region of the cytoplasmic
tail contains the @-binding activity (O’'Dowdet al., 1988;
Kdnig et al, 1989; Minch et al, 1991; Ohyamaet al,
1992; Hawet al, 1994). The finding that the C-terminal
end of the Gprlp cytoplasmic tail interacts with Gpa2p c
suggests that othergGubunits may also interact with this
region of their associated receptors. If the assays used
previously to measure-subunit—receptor binding are less
sensitive than the two-hybrid assay, this area of contact
could have been overlooked.

RAS2
RASZ2
Aras2

aras2

RASZ2
RASZ2
aras2

aras2

single cop
GPA2R273A

I

GPR1: + - + - + -
vector mcGPAZ scGPAZ*

% survival
=1
1

GPR1 acts upstream of GPA2
To determine ifGPR1acts in the same signaling pathway
as GPA2 a diploid strain heterozygous fdePR1 and
RAS2deletion alleles was sporulated and tetrads were
dissected. Strains containing singlgprl or Aras2
mutations grew normally, but strains containing both
Agprl and Aras2 mutations displayed a severe growth Fig. 5. Phenotype ofjprl andras2 mutants. 4) A diploid
defect (Figure 5A). The slow growth rate Agprl Aras?2 heterozygous fogprl::HIS3 anc_jraSZ::LEUZ mutat|ons (H9_6) was

. . ) . sporulated and tetrads were dissected. Left: representative sample of
strains was essentially identical to that Ajpa2 Aras2 tetrads after growth for 2 or 3 days, as indicated. Right: tetrad labeled
strains (Figure 2A), suggesting th&PR1 and GPA2 with the genotype of spore colonie®)(A strain with the genotype
function in the same process. An experiment was therefore gprl:gillaig rftszr_bEUZG(g;(ZlZS)?’viaS transll‘prmedp szithl eithec; a single
performed to determine the effect of differaBPA2alleles £y EPAZRIAST) Si(r?gle A2 @F;AQQ;?[T};I;‘;?T]% a2 or a
on the growth rate of agprl Aras2strain. A single COPY — mjiicopy GPAZ273Aplasmid (pG2CT-112.2) and streaked ot for
plasmid containingsPA2had no effect on the growth rate  single colonies on selective mediunC)(A wild-type strain (W3031B)
of the Agprl Aras2 strain; however, multicopyGPA2 and a strain with the genotymprl::HIS3 (YX6B) transformed with
partially suppressed the growth defect of this strain gg‘i%gggiclggym?(?égg?ngg g%;ﬁi—zlk)lﬁ-rlvgng??ésigglﬁ gODV
(Flg_ure 5B). Moreover, the constitutivePAZ2"A allele (vector) Wepre growr? to saturation for 2 days, incubatgd at 50°C for
in single copy completely suppressed the growth pheno- 2o min, and diluted and plated to determine the percentage survival.
type of theAgprl Aras2 strain. The most straightforward  Values forGPR1strains are represented by the open bars: (3) and
interpretation of these results is that Gpa2p acts down- those forgprl:HIS3strains by the filled bars(= 3).
stream of Gprlp in the same signaling pathway, as would
be expected for a Gsubunit and its associated receptor. GPR1 is not required for GPA2 expression or basal
In addition, the finding thaf\gpa2 and Agprl mutations activity
produce the same degree of growth inhibition ihAras2 The genetic experiment that places the functiot56fR1
strain suggests that Gprlp is the only receptor that is upstream of GPA2 is consistent with more than one
coupled to Gpa2p. The idea that Gprlp and Gpa2p act inpossible relationship of their gene products. As mentioned
the same signaling pathway is also supported by the above, a likely possibility is thatGPR1 encodes the

finding that the growth defect of Agpa2 Agprl Aras2
strain is no more severe than that cAgpa2Aras2 strain
(data not shown).
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receptor that couples to Gpa2p. However, alternative
possibilities are that th6&PR1gene product is required
for the expression of th&PA2gene or that it is required
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to maintain the stability or activity of the Gpa2p protein. Gprip-GFP DIC
To test these possibilities, the effect@PA2on heat shock =
sensitivity was determined in cells lacki@PR1function.

Wild-type cells carrying a single copy plasmid with the
constitutive GPAZ?73A allele under its own promoter
(saGPAZ, Figure 5C) were 13-fold more sensitive to heat
shock than cells carrying vector alone. Expression of
GPAZ?73A conferred a similar increase in heat shock
sensitivity onAgprl cells. If the function of theGPR1
gene product was to promote efficient expression of the
GPA2gene, then a null allele @dPR1would be expected  Fig. 6. Gprip is localized to the cell surface. A wild-type strain
to decrease the expression@PAR?73Aand thus decrease  (W3031A) was transformed with a multicopy plasmid containing a
its ability to confer heat shock sensitivity. These results GPR1-GFPfusion construct (\GPR1-GFP.1) and viewed by
therefore demonstrate th&PR1 is not required for  fluorescence microscopy with an FITC filter (Gprlp-GFP) or with

- ] differential interference contrast (DIC) optics.
efficient expression oGPA2

Overexpression of the wild-typeGPA2 gene by
expressing it from the GAPDH promoter on a multicopy short third cytoplasmic loops. Mutation of some these
plasmid conferred a modest 2-fold increase in heat shockresidues in thea-factor receptor affects its ability to
sensitivity on wild-type cells (m8PA2 Figure 5C). Over- couple to the Gpalp &subunit without affecting its
expression of5PA2also conferred an ~2-fold increase in  ability to bind ligand (Clarket al, 1994). Likewise, the
heat shock sensitivity aAAgprl cells when compared with  pheromone receptors fror8chizosaccharomyces pombe
vector alone in the same cells. Therefore, the basal activity have a related sequence in their third cytoplasmic loops
of Gpa2p is maintained in the absence of a functional (Kitamura and Shimoda, 1991; Tanaktal, 1993). An
GPR1gene, suggesting th&PR1is not required for the  alignment of these sequences is shown in Figure 7A.
stability or activity of the Gpa2p protein. To test whether the membrane-proximal regions of the

Strains containing thégprl mutation and wild-type  third cytoplasmic loop of Gprlp are required for its
GPA2were slightly more sensitive to heat shock than the function, each of these regions was deleted individually
correspondingGPR1 strains, suggesting that th@PA2 from the GPR1 coding sequenceGPR1 mutations in
pathway is activated to a low level iAgprl strains. which the coding region contained a deletion of eight
This phenotype can be compared with deletion of the amino acids at the N- (residues 277-284) or C-terminal
pheromone receptor gels¥E3 which confers an ~2-fold  region (residues 610-617) of the third cytoplasmic loop
increase in the basal activity of the pheromone responsewere unable to complement the growth defect dggorl
pathway (Booneet al., 1993). Therefore, these results are Aras2 strain (Figure 7B). The third cytoplasmic loop of
entirely consistent with the assignment of Gprlp as the Gprlp also contains a long stretch of polyasparagine

receptor that couples to Gpa2p. residues (Figure 4B, boxed). To determine whether this
asparagine-rich sequence is required for Gprlp function,
Gprip is localized to the cell surface a GPR1 mutation containing a deletion of this region

If Gprlp is a member of the G protein-coupled receptor (residues 490-586) was also constructed.GR& F490-5%
family, then it should be located at the cell surface. To gene was able to complement the growth defect of a
determine the subcellular location of Gprlp, t6€R1 Agprl Aras2 strain (Figure 7B).

gene was fused with the coding sequence of green fluores- The abundance and localization of the mutant Gprlp
cent protein (GFP; Chalfiet al, 1994) and transformed proteins was investigated by tagging each construct with
into wild-type cells. TheGPR1-GFPconstruct comple-  GFP. To determine the relative abundance of the mutated
mented the growth defect offsgprl Aras2strain, demon-  versions of Gprlp, an immunoblot containing cell extracts
strating that the fusion gene is fully active (data not from strains expressing each of t#R1deletions was
shown). Cells expressingPR1-GFPshowed a cell sur-  probed with anti-GFP antiserum. Th&PRH277-284
face staining pattern, demonstrating that Gprip is localized GPRE490-59 gnd GPRF610-617 constructs all expressed
at the plasma membrane (Figure 6). In addition to cell proteins at a level equal to or higher than the wild-type
surface staining, a portion of the signal appeared in discreteexpression level (Figure 7C, lanes 2-5). Localization of
foci within cells, suggesting that Gprlp may also be the mutated versions of Gprlp was determined by observ-

located on intracellular vesicles. ing cells expressing the GFP-tagged versions of the
proteins by fluorescence microscopy. TGPRE277-284

Membrane-proximal regions of the Gprip third GPRP490-5% gnd GPRF10-617 constructs all expressed

cytoplasmic loop are required for function proteins that were localized to the cell surface (Figure 7D).

A number of studies have demonstrated that G protein- These results demonstrate that deletion of an internal
coupled receptors contain sequences in the membraneregion of the Gprlp third cytoplasmic loop that encom-

proximal regions of their third cytoplasmic loops that are passes 97 amino acids has no effect on the function of
required for coupling to the G protein (Baldwin, 1994). Gprlp, butthat deletion of the membrane-proximal regions
The Gprlp third cytoplasmic loop contains the sequences of this loop abolishes the function of Gprlp. This evidence

KRIKAQIG near its N-terminal end and KKRRAQIQ supports the idea that Gprlp is a member of the G protein-
near its C-terminal end (Figure 4A and B, boxed). A coupled receptor family.

related sequence is present in the third cytoplasmic loop It was also of interest to determine whether the region
of the S.cerevisiagpheromone receptors, which have very of GPR1that encodes the cytoplasmic tail of the protein
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Fig. 7. Effect of deleting sequences in the third loop and cytoplasmic tail of GpA)pAlignment of sequences in the third cytoplasmic Ioops of
Gprlp, thea-factor receptor Ste3p, theefactor receptor Ste2p, th®.pombeP-factor receptor mam2 and tiiepombeM-factor receptor maéo

strain with the genotypgprl::HIS3 ras2:LEU2(YX12) carrying either pGPR1-22.2, pGP#90-58622 2 pGPRY277-28422.2, pGPRY10-61722 2

or YCplac 22 (vector) was streaked out for single coloni€y.Cell extracts were prepared from a wild-type strain (W3031A) containing vector
YEplac 112 (lane 1), pGPR1-GFP.1 (lane 2), pGPR1284GFP.1 (lane 3), pGPR1%0-58¢GFP.1 (lane 4), pGPR§0-S1IGFP.1 (lane 5),
pGPRH694-954GFEP.1 (lane 6) and pGPRE*1-95¢GFP.1 (lane 7). A Western blot containing these samples was probed with anti-GFP polyclonal
antiserum. The blot was reprobed with anti-PGK polyclonal antiserdnA(wild-type strain (W3031A) transformed with pGP#17-284GFP.1,
pGPRH490-586GFP.1 or pGPRIFIO-61IGFP.1 was viewed by fluorescence microscopy with an FITC filter.

is required for its function because this portion®@PR1 pared with its abundance in cells growing in log phase
was isolated in the two-hybrid screen based on its inter- (Figure 8, lanes 1 and 2). Addition of essential amino
action with Gpa2p. However, constructs that deleted most acids and asparagine, an efficient nitrogen source, to
of the Gprlp cytoplasmic tail (residues 694-954) or the starved cells caused a decrease in the abundarG@ .
smallest region that was isolated in the two-hybrid screen RNA (Figure 8, lane 3). Cells starved for a carbon source
(residues 841-954) did not produce a protein product thatdid not display induction o6PR1RNA (data not shown),
was detectable by immunoblot (Figure 7C, lanes 6 and suggesting that this induction is not a general response to
7), so this region appears to be important for some step growth arrest. In addition, there was no difference in the

in the production or stabilization of Gprlp. abundance o6PR1RNA in cells growing on a ferment-
able carbon source compared with cells growing on a

GPR1 RNA is induced in response to starvation for non-fermentable carbon source (data not shown). To

nitrogen and amino acids determine whether induction o6GPR1 RNA requires

To test whether theGPR1 gene is regulated by the amino acid starvation, a strain that is prototrophic for all
availability of nutrients, the effect of nitrogen starvation amino acids was starved solely for nitrogen. Likewise, an
on the abundance d6PR1RNA was determined. RNA  auxotrophic strain was starved for nitrogen in the presence
samples were isolated from cells in log phase, from cells of essential amino acids. In both of these cases,
that had been starved for nitrogen and essential aminoGPR1 RNA was not induced (Figure 8, lanes 4-9),
acids for 24 h, and from starved cells to which asparagine indicating that amino acid starvation is necessary for this
and essential amino acids had been added back for 2 hresponse. The induction @PR1RNA therefore appears
The abundance oc6PR1RNA increased to a very high to be a specific response to nitrogen and amino acid
level in cells starved for nitrogen and amino acids com- deprivation.
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1-6) and prototrophic (W3031B.TLH, lanes 7-9) strains under the
following conditions: growing in log phase in the presence (lanes 1
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Fig. 9. Model for the Ras and Gprlp/Gpa2p signaling pathways. For
clarity, some of the known interactions between the Ras and Gpa2p
pathways have not been shown.

(Figure 9). In both cases, binding of ligand to the Gprlp

and 4) or absence (lane 7) of amino acids, incubated in the absence of féceptor is expected to stimulate guanine nucleotide

nitrogen and amino acids for 24 h (lanes 2 and 8), incubated in the
absence of nitrogen for 24 h with essential amino acids present (lane
5), 2 h after the addition of 10 mM asparagine and essential amino
acids to starved cells (lanes 3 and 8)2oh after the addition of

10 mM asparagine to starved cells (lane 9). A Northern blot prepared
from the RNA was hybridized with &PR1probe and then

rehybridized with aPGK1 probe as a loading control.

Discussion

exchange on Gpa2p, resulting in its activation. Both
models require that Gpa2p does not act through Ras
because the effects of a constitutive alleleGIPA2 are

not affected by deletion of botRASgenes. Therefore, it

is likely that Gpa2p and the Ras proteins act independently
and in parallel to elicit common responses. The two
models propose different pathways for transmission of
the signal from Gpa2p to downstream components. One
possibility is that Gpa2p acts in a cAMP-independent

The Ras/cAMP pathway has long been thought to play a pathway that leads to activation of the Sch9p kinase
role in detecting and responding to nutrients, although (Figure 9, labeled A). The other possibility is that Gpa2p
the connection between pathway activation and nutrient directly stimulates adenylyl cyclase, as is seen fgg G
availability has remained obscure. This work shows that activation of mammalian adenylyl cyclase (Figure 9,
the G proteina subunit Gpa2p functions in a signaling labeled B). In the latter case, it is necessary to propose
pathway that acts parallel to Ras and upstream of thethat the function of Sch9p is at least partially required
Sch9p kinase. It also describes the isolation of @RR1 downstream of adenylyl cyclase activation (Figure 9B,
gene, which encodes a putative G protein-coupled receptordotted arrow) to explain the observation that deletion of
that is proposed to initiate the Gpa2p signaling pathway. SCH9blocks the effect of activated Gpa2p on heat shock
The following observations support the idea that Gprlp sensitivity. A regulatory link betwee8CH9and the PKA

is a G protein-coupled receptor and that it couples to pathway has been demonstrated by the finding that deletion
Gpazp: (i) Gprlp shares sequence homology with membersof SCH9 causes an increase in PKA activity (Crauwels
of the G protein-coupled receptor family and is predicted et al, 1997). Direct activation of adenylyl cyclase by
to contain seven transmembrane domains; (ii) Gprlp wasGpaz2p is also consistent with the previous finding that

shown to be located on the cell surface; (iii) Gprlp
physically associated with Gpa2p in the yeast two-hybrid
assay; (iv) theAgpa2and Agprl mutations caused essen-
tially identical severe growth defects in/ras2 strain;

(v) GPA2 acts downstream oGPR1by genetic criteria
because an activated allele GPA2 compensated for the
loss of GPRZ (vi) GPR1was not required for the efficient

overexpression ofGPA2 causes a small increase in the
level of cAMP induced by glucose (Nakafuket al.,
1988). In addition, activated Gpa2p causes changes in cell
physiology that are similar to the changes caused by
elevated PKA activity, such as increased heat shock
sensitivity and reduced sporulation efficiency. However,
we strongly favor the possibility that Gpa2p acts in a

expression of th&sPA2 gene or for the basal activity of cAMP-independent pathway that activates Sch9p
the Gpa2p protein; and (vii) Gprlp contains short stretches (Figure 9). This possibility is supported by the following
of amino acids in the membrane-proximal region of its observations. First, deletion @PA2has no effect on the
third cytoplasmic loop that are homologous to sequenceslevel of cAMP (Nakafukuet al, 1988). Second, the
in other yeast G protein-coupled receptors and that arephysiological parameters affected by constitutive Gpa2p
required for its function. These results make a strong casecan be regulated in a cAMP-independent manner (Cameron
for the assignment of Gprlp as the receptor that coupleset al,, 1988), in addition to their known regulation through
to Gpaz2p, and suggest that an extracellular ligand bindsthe cAMP/PKA pathway. Finally, all the genetic evidence
to Gprlp and causes the activation of Gpa2p. indicates thatGPA2 and RAS2function in different path-
The results described here are consistent with two ways. For example, deletion &CH9completely blocks
alternative models for the role of Gpa2p in growth control the heat shock sensitivity of strains expressing a constitu-
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tive allele of GPA2 but has no effect on the heat shock
sensitivity of strains expressing a constitutive allele of
RAS2 This result suggests th&CH?9 functions down-
stream of GPA2 but does not function downstream of
RAS2 Furthermore, constitutiv&PA2does not affect the
growth rate of aAsch9strain (data not shown), although
it does increase the growth rate ofAsasl Aras2 Apde2
strain. In contrast, a constitutive allele RAS2suppresses
the growth defect of a@\sch9strain (Todaet al, 1988),
suggesting thaBCH9is not downstream oRAS2 Sch9p

is most closely related to yeast and mammalian PKA, so
it would not be surprising if the substrate specificity of

which acts downstream o&PA2 Finally, it has been
shown recently thaGPA2 is required for pseudohyphal
growth, which occurs in response to nitrogen starvation
(Kubleretal, 1997; Lorenz and Heitman, 1997). However,
it should be noted that the response to nitrogen also
requires PKA (Durnezt al, 1994), although it is not
associated with an increase in cAMP levels (Hirimbure-
gamaet al, 1992). Therefore, this response appears to
involve both the PKA and the Sch9p kinases, and is
probably not the result of a simple, linear signaling
pathway, but rather involves cross-pathway interactions.
Interactions between the two pathways is one explanation

these two kinases overlaps. Common substrates of thesdor the observation that overexpressionGPA2 causes a

downstream kinases could account for the finding that
mutational activation ofGPA2 and RAS2 has similar
physiological effects. The severe growth defect of strains
that contain aAras2 mutation in combination with a
Agpa2 or Agprl mutation could be due to the fact that

small increase in the level of cAMP induced by glucose
(Nakafuku et al, 1988). Although the PKA and Sch9p

kinases are involved in the response to nitrogen, strains
containing null alleles of these genes are defective for
growth in the presence of all nutrients. Therefore, these

both the Ras and Gpa2p pathways are compromised inkinases must also play a role during normal growth in

their ability to activate downstream kinases in the double
mutant strains.

The model for theRASand GPA2 pathways proposes
that they are partially redundant. One question raised by
this model is why RAS1 and RAS2 can compensate
completely for the lack ofGPA2 function, but GPA2
cannot compensate for the lack of &ASfunction. A
rationale for this observation is that tHRAS pathway
detects one type of nutrient, such as carbon, anc:P&2

complete medium. SimilarlyAras2 strains containing null
alleles of GPR1or GPA2 are defective for growth in the
presence of all nutrients, suggesting that Gprlp and Gpa2p
also play a role in normal growth.

Previous work aimed at identifying specific molecules
that act as growth control signals has been complicated
by the metabolic requirement for nutrients. Thus the signal
that ultimately causes Ras to be activated could be initiated
by a molecule that functions both outside the cell as a

pathway detects another type of nutrient, such as nitrogen.ligand and inside the cell as a substrate for metabolic
If cells can maintain a slow growth rate in the presence processes. Similarly, the ligand that binds the Gprilp
of a carbon source by using internal stores of nitrogen, it receptor could function both extracellularly and intracellul-
might be advantageous to have both an essential carborarly. The isolation of a cell surface receptor that is likely
detection pathway and a non-essential nitrogen detectionto be involved in growth control by nutrients will allow

pathway. The nitrogen pathway would then contribute to a definitive approach for identifying an extracellular signal

growth control when the essential requirement for carbon
is met. This mechanism is consistent with the finding that

of this class.

the presence of glucose is required for the response of .
nitrogen-starved cells to the addition of nitrogen, as Materials and methods

measured by trehalase activation (Thevelein, 1994).
Nutrient-mediated growth control in yeast has been pro-
posed to involve the integration of signals from several
different sensing pathways (Broach, 1991; Thevelein,
1994). The uncovering of a signaling pathway that acts
parallel to the Ras pathway and is partially redundant with
it suggests a way in which the cell could sum up the input

Plasmid construction

The GPA2gene was cloned by amplifying a 1.6 kb fragment from yeast
genomic DNA by polymerase chain reaction (PCR) using
primers 0GPA2-1, 5CCGGATCCCAGCTGCGCCCAAATGATTC-3
and 0GPA2-4, 5CCGGATCCGCTGTGCATTCATTGTAACAC-3
(genomic sequences are underlined in all primers), each of which
contains a flankingBanH|I site. This fragment was cloned into the
BanH| site of YCplac33 (Gietz and Sugino, 1988) to create pGPA2-

from different sensors. If each signal activates kinases 33.1. To construct &RP1disruption of GPA2 a 0.9 kbNrul-Sma

that have some common substrates, cell cycle progressio
could occur when a critical level of substrate phosphoryla-
tion is reached.

Several observations suggest that@feR1/GPAZath-
way has a potential role in nutrient sensing, either in
nitrogen detection or in a broader function of detecting
nutrients other than carbon (Thevelein, 1994). First, the
abundance ofPR1RNA was found to increase under
conditions of nitrogen and amino acid starvation, sug-
gesting that theGPR1/GPA2pathway is involved in
regulating growth in response to the presence of these
nutrients. The response of nitrogen-starved cells to the
addition of nitrogen and amino acids is independent of
functional Ras proteins (Durnezt al,, 1994), consistent
with the involvement of the GPR1/GPA2 pathway.
Secondly, the nitrogen response is defective in strains
containing a null allele o8CH9(Crauwelset al, 1997),
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ragment from D759 was cloned into tiviul-BsdHIl sites of pGPA2-
3.1, which had been blunt-ended using Klenow fragment, to produce
pgpa2-1::TRP1. To construct a multicopy plasmid wBRA2 under the
control of the GAPDH promoter, a 1.4 kb fragment was amplified from
yeast genomic DNA by PCR using primers 0GPA2-3;C&CGGAT-
CCGCGAGCCTTATTGTTACAGC-3 and 0GPA2-4, each of which
contains a flankingBanHI site. This fragment was cloned into the
BarrHI site of YEplacl12 (Gietz and Sugino, 1988) under the control
of the GAPDH promoter to produce pGPA2-112.1. The GAPDH promoter
was subcloned into YEplac112 from vector pAB23BXN as a 0.4 kb
BanHI-Bglll fragment. Site-directed mutagenesis with primer oCTGPA-
2, 5-CTGACGTCATCTGTGCCGATCT-3 (changed nucleotides are in
bold) was used to change the arginine at position 27&RA2to an
alanine (Transformer kit, Clontech). The altered gene was subcloned as
a 1.4 kbBanHI fragment into vector YEplac112 under the control of
the GAPDH promoter to produce pG2CT-112.2. A single cGRAR273A
plasmid was constructed by replacing the 1Nlul-BsdHIl fragment in
pGPA2-33.1 with the corresponding fragment containing@GRaz2734
allele to produce pG2CT-33.2. TH8PA2 construct used in the two-
hybrid screen was made by amplifying a 1.4 kb fragment from yeast
genomic DNA by PCR using primers oGPHYB,-6CGGAT-
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Table I. Strains used in this study

Strain Genotype Source
HF7c MATa ura3-52 his3-200 ade2-101 lys2-801 trp1-901 leu2-3,112 Clontech
gal4-542 gal80-538 LYS2::GAL1-HIS3 URA3::(GA,YCl-lacZ
W3031A MATa leu2-3,112 trp1-1 canl-100 ura3-1 ade2-1 his3-11,15 R.Rothstein
W3031B MATa R.Rothstein
W303F MAT&/a R.Rothstein
YX1iB? MATa gpa2:TRP1 this study
Yx2a MATa ras2::LEU2 this study
YX42 MATa pde2::HIS3 this study
YX6B2 MATa gprl::HIS3 this study
YX82 MATa ras2::LEU2 gpa2::TRP1 this study
YX122 MATa ras2::LEU2 gprl::HIS3 this study
H95-3D* MATa ras2::LEU2 gpa2::TRP1 pde2::HIS3 this study
H97-360* MATa ras1::URA3 ras2::LEU2 pde2::HIS3 this study
H912 MATa/a ras2::LEU2/RAS2 GPA2/gpa2::TRP1 this study
H96? MATa/a ras2::LEU2/RAS2 GPR1/gprl::HIS3 this study
B2-1A2 MATa sch9::URA3[pG2CT-112.2] this study
B2-1A.T2 MATa sch9:: TRP1[YCp50-RAS2/al8vall§ this study
B2-1B? MATa [pG2CT-112.2] this study
B2-207 MATa [YCp50-RASZal8vallg this study
B2-3A2 MATa sch9::URA3[YEplac112] this study
B2-3C MATa [YEplac112] this study
W3031B.TLH MATa leu2-3,112::LEU2 trpl-1::TRP1 his3-11,15::HIS3 this study

3All these strains are isogenic to W3031A.

CCTGGGTCTCTGCGCATCTTCA-3 and oGPA2-4, each of which
contains a flankingBanmHI site. This fragment was cloned into the
BanH]I site of vector pGBT9 (Clontech) to produce pGBT9-GPA2.

To construct apde2::HIS3allele, a 1.6 kb fragment containing the
PDE2 gene was amplified from yeast genomic DNA by PCR using
primers 5-PDE2, 5CGTCTAGAGATCACTACTACTTAATTG-3 and
3-PDE2, 3-CGGTCGACACAATGAATGGTACAAGA-3, that contain
an Xbd site or aSal site. This fragment was cloned intéba—Sal-

GFP gene was cloned into theotl site at the end of th&PR1coding
region in pGPR1-112.2 to create pGPR1-GFP.1. The 3.&5&th-Pst
fragment from pGPR1-112.2 was cloned into t8ad—Pst sites of
pUC19 to create pGPR1-19.2.

GPR1 deletions were made with the QuikChange kit (Stratagene)
using either pGPR1-GFP.1 or pGPR1-22.2 as the template with the
following primers: for GPRE277-284 primer oGPR1DEL1, 5TT-
CATTACCAGTGAAAGTGACTTTAACCATAACGTA-3', and its

digested pUC19 to create pUC19-PDE2. The disruption construct was reverse complement; f@PR£490-586 primer 0GPR1DEL2, 5AAGG-

made by cloning a 1.8 kHlincll-Sma fragment from pUC18-HIS3 into
the Hpal-EcoRV sites of pUC19-PDE2, to produce ppde2-1::HIS3. To
construct asch9::URA3allele, a 1.4 kb fragment containing ti®CH9

AAAAAGGAGGCATCGACAGATGCGAAAATTCA-3’, and its
reverse complement; and f@PRT610-617 primer 0GPR1DEL3, 5
CAAACCTACAAACAAATGAAGAATCTAAGGGCAATA-3 ', and its

gene was amplified from yeast genomic DNA by PCR using primers reverse complemenGPRF5%4-954vas made using the Transformer kit

05SCH9, B CCGGATCCGAATAACATCAGAAAATGCC-3 and
03SCH9, 5-GGGGATCCAATCGCAAAGAGCGATGTTA-3, that con-
tain BanH| sites. This fragment was cloned inBanH|-digested pUC19

(Clontech) with primer oGPR1DEL4," 5§ GGGCAAAAACAGAAT-
CAAAATTCTTAAGAAATGGACCA-3' using pGPR1-19.2 as the tem-
plate. The resulting deletion construct was cloned into $ag—Pst

to create psch9.19. The disruption construct was made by cloning a sites of YCplac22 and YEplacl12 to create pGRR495422.2 and

1.2 kb Xba—-BanH|I fragment from pura3.BS into thhd—Bglll sites
of psch9.19, to produce psch9.19::URAS.

To construct gprl::HIS3 allele, a 1.4 kb fragment containing thé 5
end of theGPR1gene was amplified from yeast genomic DNA by PCR
using primers 5TH110,’SCGCTGCAGATGATAACTGAGGGATTT-3
and 3TH110, 5GTCGCTGTTATCGTTCTT-3. This fragment was
digested withPst, which cuts within the primer, and witXbd, which
cuts within theGPR1insert. ThePst—Xba fragment was cloned into

Pst—Xba-digested pUC19 to create pUC19-GPR1N. The pgprl-1::HIS3

disruption construct was made by cloning a 1.8bcll-Sma fragment
from pUC18-HIS3 into theHpal-BsBI sites of pUC19-GPR1N, which
had been blunt-ended using Klenow fragment. BR1-GFPfusion
gene was constructed usingGPR1genomic clone (pGPR1-50.1) that

was obtained by screening bacterial colonies containing DNA from the

YCp50 yeast library 3JDAF2 (Hirsch and Cross, 1993) with tfe-
labeled 1.4 kiXba—-Pst fragment from pUC19-GPR1N. A 2.5 Kbad—
Sal fragment containing th6&PR1promoter and an N-terminal portion
of the coding sequence was subcloned from pGPR1-50.1Sade-Sal-
digested YEplac112 to produce pGPR1N-112.1. Therél of theGPR1
gene from the uniqueSal site to the end of the coding region
was amplified by PCR using primer 5-GPR1C-ASTTGTCTC-
GTCGACGTCATT-3, which includes thisSal site, and primer 3-
GPR1C, 53CGCTGCAGGCGGCCGCATAATGGTCCATTTCTTAA-
GAAG-3', which containd’st and Notl sites. The product was digested
with Sal and Pst and subcloned into th&al-Pst sites of pGPR1N-
112.1 to produce pGPR1-112.2, which reconstructs the e@P&1
gene. The same fragments were used to constru€Ea plasmid
containing the 3.4 kiSad—Pst fragment that includesGPR1, which

pGPRA694-954112 2 respectively. A 0.7 kblotl fragment containing
the GFP gene was cloned into thBotl site of pGPR#094-954GFpP.1
112.2 to create pGPR1-GFPGPR841-95%yas made using the Trans-
former kit (Clontech) with primer 0oGPR1DEL5, 'B&TT-
CCAATGCTTGGCGGATTCTTAAGAAATGGACCATTA-3 using
pGPR1-19.2 as the template. pGPR##-95422 2, pGPRY841-954112 2
and pGPR841-954GFP.1 were made as described for the G¥R1954
constructs.

Strain construction and media

Strains used in this study are listed in Table |. TBRA2null allele was
made by transformation of cells with the 1.4 BanH! fragment from
pgpa2-1::TRP1. Th&®AS2null allele was made using thas2::LEU2
construct from p530 as described (Tatchell al, 1984). RAS1null
alleles were made either using thes1::URA3construct from p545 as
described (Tatchelt al, 1984) or by transformation of cells with the
4 kb Hindlll fragment from prasl-1::LEU2. ThEDE2 null allele was
made by transformation of cells with the 3 BpH-Sad fragment from
ppde2-1::HIS3. TheSCHI null allele was made by transformation of
cells with the 1.9 kbBanHI| fragment from psch9.19::URA3. The
sch9::TRPull allele was made by transformation of anh9::URA3
strain with a 3.8 kbSma fragment from marker swap plasmid pUT11
(Cross, 1997). Th&sPR1null allele was made by transformation of
cells with the 2.2 kbSpH-Sad fragment from pgprl-1::HIS3. Diploid
H91 was made by crossing strain YX1B to strain YX2. Diploid H96
was made by crossing strain YX6B to strain YX2. Prototrophic strain
W3031B.TLH was made by transforming strain W3031B with plasmids

was called pGPR1-22.2. To construct an in-frame fusion between the containing theTRP1, LEU2 andHIS3 genes.

GPR1and GFP coding regions, a 0.7 kblotl fragment containing the

Strains were grown on YEPD (2% glucose) or YEP-Gal (3% galactose),
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and strains under selection were grown on synthetic dropout media, as Acknowledgements

described (Guthrie and Fink, 1991).

Two-hybrid screen and yeast methods

pGBT9-GPA2 was transformed into reporter strain HF7c (Clontech) and
the resulting strain was transformed individually with each of three yeast
genomic DNA fusion libraries, Y2HL-C1, Y2HL-C2 and Y2HL-C3
(Jameset al, 1996). Transformation mixtures were plated on medium
lacking histidine, and positive transformants were reteste-fralactosi-
dase expression by incubation in the presence of 0.3 mg/ml X-gal.
GPRZXcontaining plasmids TH110 and TH112 were both isolated from
library Y2HL-C1. Controls for non-specific protein interactions included
co-expression of pGBT-GPA2 with a plasmid expressingGAL4
activation domain fusion with SV40 large T-antigen and co-expression
of TH1-10 with a plasmid expressing®AL4-binding domain fusion with
p53, both of which gave background levelsfalactosidase activity.
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