Copyright 0 2000 by the Genetics Society of America

Glucose Monitoring in Fission Yeast via the gpa2 Ga, the gith Gf3
and the git3 Putative Glucose Receptor

Robert M. Welton and Charles S. Hoffman

Department of Biology, Boston College, Chestnut Hill, Massachusetts 02467

Manuscript received January 31, 2000
Accepted for publication June 9, 2000

ABSTRACT

The fission yeast Schizosaccharomyces pombe responds to environmental glucose by activating adenylate
cyclase. The resulting cAMP signal activates protein kinase A (PKA). PKA inhibits glucose starvation-
induced processes, such as conjugation and meiosis, and the transcription of the fbpl gene that encodes
the gluconeogenic enzyme fructose-1,6-bisphosphatase. We previously identified a collection of git genes
required for glucose repression of fhpl transcription, including pkal/ git6, encoding the PKA catalytic
subunit, git2/cyrl, encoding adenylate cyclase, and six “upstream” genes required for adenylate cyclase
activation. The git§ gene, identical to gpa2, encodes the alpha subunit of a heterotrimeric guanine-
nucleotide binding protein (Ga) while git5 encodes a G subunit. Multicopy suppression studies with
gpa2" previously indicated that S. pombe adenylate cyclase activation may resemble that of the mammalian
type II enzyme with sequential activation by Ga followed by GBy. We show here that an activated allele
of gpa2 (gpa2®'™™, carrying a mutation in the coding region for the GTPase domain) fully suppresses
mutations in git3 and git5, leading to a refinement in our model. We describe the cloning of git3 and
show that it encodes a putative seven-transmembrane G protein-coupled receptor. A git3 deletion confers
the same phenotypes as deletions of other components of the PKA pathway, including a germination
delay, constitutive fbpl transcription, and starvation-independent conjugation. Since the git3 deletion is
fully suppressed by the gpa2®'™H allele with respect to fbp1 transcription, git3appears to encode a G protein-

coupled glucose receptor responsible for adenylate cyclase activation in S. pombe.

NVIRONMENTAL glucose is an important regula-
tor of gene expression and other biological pro-
cesses in both unicellular organisms and mammalian
cells. As such, considerable research has been devoted
to the study of glucose detection and the associated
signal transduction pathways in a variety of model organ-
isms. These studies have revealed surprising differences
with respect to how two key model systems, the bacte-
rium Escherichia coli and the budding yeast Saccharomyces
cerevisiae, detect and respond to glucose.

E. coli employs a phosphoenolpyruvate-dependent phos-
photransferase system (PTS) that is responsible for both
the sensing of glucose and its translocation and phos-
phorylation to glucose-6-phosphate (reviewed by Postma
et al. 1993). Therefore, glucose detection in E. coli is
intrinsically linked to its uptake. The glucose PTS system
regulates alternative carbon source utilization by inhib-
iting the transport of other carbon sources (inducer
exclusion) and by reducing adenylate cyclase activity,
thus lowering intracellular cAMP levels. The reduced
cAMP level causes a reduction in DNA binding by the
cAMP receptor protein, a positive regulator of transcrip-
tion of operons subject to glucose repression.
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Glucose detection in S. cerevisiae occurs through multi-
ple mechanisms that are still actively under examina-
tion. One type of glucose sensor, encoded by RGT2 and
SNF3, resembles a 12-transmembrane hexose trans-
porter (reviewed by OzcaAN and JoHNSTON 1999). A
second glucose detection system is responsible for ade-
nylate cyclase activation. The GPRI and GPAZ2 genes,
encoding a putative seven-transmembrane protein and
a heterotrimeric G protein alpha subunit (Ga), respec-
tively, are key components in this glucose-detection
pathway (CorLomso et al. 1998; XUE et al. 1998; YUN et
al. 1998; KRAAKMAN et al. 1999; LoOrRENZ et al. 2000).
While the Gpa2 Ga does not appear to interact with a
classical GBy dimer, it is unclear whether it functions
as a monomer or within some other protein complex.
Gprl and Gpa2 have also been implicated in the control
of pseudohyphal growth (LoRENZ and HErTMAN 1997;
ANSARI el al. 1999; PAN and HErTMAN 1999), with key
roles postulated for both the Mep2 permease as an am-
monium sensor and Gprl as a carbon source sensor
(LoreNz and HErTMAN 1998; LORENZ ef al. 2000).

The fission yeast Schizosaccharomyces pombe monitors
glucose to regulate a wide range of biological processes.
Our studies focus on the transcriptional regulation of
the glucose-repressed fbpI gene that encodes the gluco-
neogenic enzyme fructose-1,6-bisphosphatase (VASSAR-
otTI and FRIESEN 1985). Previously, we identified muta-
tions in genes that confer constitutive fbp1 transcription
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(HorrMAN and WiINsTON 1990). These git (glucose in-
sensitive transcription) genes act in a PKA pathway
(HorFMAN and WiINsTON 1991; BYRNE and HorrMAN
1993). The git2 gene, identical to cyrl (YAMAWAKI-
KATAOKA ef al. 1989; YOUNG et al. 1989; MAEDA et al.
1990), encodes adenylate cyclase (HorFmaN and WIN-
SsTON 1991); the git6 gene, identical to pkal (MAEDA et
al. 1994), encodes the catalytic subunit of PKA (JIN et
al. 1995). The remaining six genes, gitl, git3, git5, git7,
git8, and git10, are required for glucose-triggered ade-
nylate cyclase activation. Mutations in these “upstream”
git genes are suppressed by multicopy git2* or by exoge-
nous cAMP (HorrmaN and WinsTON 1991), and strains
carrying mutations in any of these genes fail to elevate
intracellular cAMP levels in response to glucose (BYRNE
and HorrMaN 1993). The git§ gene, identical to gpa2,
encodes a Ga subunit (ISSHIKI ¢f al. 1992; NOCERO et
al. 1994). Multicopy gpa2* partially suppresses muta-
tions in git3 and git5 but not in the other upstream git
genes (NOCERO et al. 1994; LANDRY et al. 2000). The
git5 gene encodes a G subunit that acts as a positive
regulator of the gpa2 Ga (LANDRY e al. 2000).

In this article, we further characterize the genetic in-
teractions between gpa2 and the other upstream git
genes through the use of an “activated” allele of gpa2
whose product is defective in its autoinhibitory GTPase
activity. Furthermore, we describe the cloning and char-

acterization of git3 and provide genetic evidence that it
encodes the G protein-coupled receptor responsible for
the activation of adenylate cyclase through gpa2.

MATERIALS AND METHODS

Yeast strains and growth media: S. pombe strains used in this
study are listed in Table 1. The fbpI::ura4" allele is a disruption
of the fbpl gene by the coding region of the ura4 gene, creating
a translational fusion that is under the transcriptional control
of the fbopl promoter. The ura4::fbpl-lacZ allele is a disruption
of the ura4 gene by an fbpI-lacZ translational fusion (HorFMAN
and WINsTON 1990).

Standard rich media YEA and YEL (GuTz et al. 1974) were
supplemented with 2% casamino acids. PM media (WATANABE
et al. 1988) were supplemented with required nutrients at 75
mg/liter, except for leucine which was at 150 mg/liter. Glu-
cose was present at a concentration of 3%, unless otherwise
specified. Sensitivity to 5-fluoro-orotic acid (5-FOA) was deter-
mined on SC solid medium containing 0.4 g/liter 5-FOA and
8% glucose as previously described (HorrMaN and WINSTON
1990). Strains were grown at 30°. Crosses were performed on
SPA (Gutz et al. 1974) following pregrowth on PM medium.

Epistasis testing: Epistasis tests were conducted by examin-
ing progeny from tetrad dissections of crosses of RWP4
(gpa2®™M) with strains carrying mutations in gitl, git2, git3,
git5, pkal/ gito, git7, and git10. Following germination and col-
ony formation, progeny were transferred to a fresh YEA plate,
grown 1 day, and then replica plated to 5-FOA-containing
medium. 5-FOA resistance was determined 2-3 days after rep-
lica plating.

TABLE 1

Strain list
Strain Genotype
FWP72 I lewl-32 fopl::urad4™ wrad::fopl-lacZ
FWP94 h™ leul-32 his7-366 ura4::fopIl-lacZ
FWP112 I leul-32 his7-366 ade6-M216 fopl::ura4™ wra4::fopI-lacZ
FWP113 I lewl-32 his7-366 ade6-M210 fbpl::ura4™ wra4::fbpI-lacZ gitl-1
FWP190 I lewl-32 his7-366 ade6-M210 fopl::ura4™ wra4::fopI-lacZ git2A::LEU2*
CHP7 I lewl-32 his7-366 ade6-M210 fbpl::ura4™ wra4::fbpI-lacZ git2-7
CHP14 I lewl-32 his7-366 ade6-M210 fopl::ura4™ wra4::fbpI-lacZ git3-14
CHP27 I lewl-32 his7-366 ade6-M210 fopl::ura4™ wra4::fopIl-lacZ git7-27
CHP61 I lewl-32 his7-366 ade6-M210 fbp1::ura4™ wra4::fbp1l-lacZ git2-61
CHP75 I lewl-32 his7-366 ade6-M210 fopl::ura4™ wra4::fopI-lacZ git5-75
CHP107 I lewl-32 his7-366 ade6-M210 fbpl::ura4* wra4::fbpIl-lacZ pkal-107
CHP459 I lewl-32 ade6-M216 ura4::fopl-lacZ gpa2A::ura4*
CHP478 B lewl-32 his7-366 fopl::ura4™ wrad::fopl-lacZ git5A::his7*
CHP482 I lewl-32 ade6-M216 gpa2A::ura4*
CHP483 1 lewl-32 ade6-M216 ura4::fopl-lacZ
CHP495 b~ lewl-32 his7-366 fopl::ura4” wrad::fopl-lacZ git2A::his7*
CHP567 I lewl-32 ade6-M210 fopl::ura4™ wra4::fopI-lacZ git10-201
CHP616 I lewl-32 his3-D1 ade6-M210 fop1::ura4™ wrad::fopIl-lacZ git3 ::his3*
RWP4 I~ lewl-32 ade6-M216 fbpl::ura4™ wra4::fbpIl-lacZ gha2®'™"
RWP9 I lewl-32 fopl::urad™ wrad::fopl-lacZ git3A:: kanMX6
RWP22 I lewl-32 wra4::fbop1-lacZ gpa2A::ura4” git3A:kanMX6
RWP28 1 lewl-32 wra4::fbpl-lacZ git3A::kanMX6
RWP30 B lewl-32 fopl:ura4™ wrad::fopl-lacZ git5A::his7* gpa2®™H
RWP32 I lewl-32 his7-366 fopl::ura4” wra4:fopl-lacZ git3A:kanMX6 gpa2®™!
RWP35 I lewl-32 his7-366 fopl::ura4” wrad::fopl-lacZ git3A:kanMX6 pkal:ura4*
RWP39 I lewl-32 ade6-M210 fop1::ura4™ wra4::fbp1l-lacZ git3-14 gha2®™
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B-Galactosidase assays: (3-Galactosidase activity, expressed
from the fbpl-lacZ reporter, was determined as previously de-
scribed (NOGERO et al. 1994). Strains were pregrown in PM
medium under repressing conditions (8% glucose) to expo-
nential phase, washed twice with sterile water, and then subcul-
tured in PM medium containing 8% glucose (repressing con-
ditions) or 0.1% glucose plus 3% glycerol (derepressing
conditions) for 24 hr. Soluble protein extracts were prepared
by glass bead lysis. Two volumes of each extract were assayed
to determine B-galactosidase activity. Total soluble protein was
measured by BCA assay (Pierce Chemical Co., Rockford, IL)
to calculate -galactosidase-specific activity in extracts.

Recombinant DNA methodology: Standard recombinant
DNA techniques, including DNA restriction digests, ligations,
and E. coli transformations, were performed according to
AUSUBEL et al. (1998). Restriction enzymes and T4 DNA ligase
were purchased from New England Biolabs (Beverly, MA).
Plasmid transformations of yeast were carried out as previously
described (DAL SANTO et al. 1996). DNA sequencing was per-
formed using ABI’s (Foster City, CA) big dye terminators on an
ABI 377XL automated sequencer by Bioserve Biotechnologies,
Ltd. (Laurel, MD) with custom oligonucleotides to sequence
both strands of the git3 gene at least once. The GenBank
accession no. of this sequence is AFO85162.

Cosmid and P1 filter hybridization: Plasmid pRWI carries
a 4.2-kb fragment of S. pombe chromosome 3 genomic DNA
from the 5" end of the git3 gene through to the 3’ end of the
rec7 (Figure 1A). Cosmid and P1 library clones carrying the
intact git3 gene were identified by probing high-density filters
from the Resource Center/Primary Database of the German
Human Genome Project (RZPD, Berlin, Germany; ZEHETNER
and LEHRACH 1994) containing cosmid and Pl-cloned S. pombe
genomic libraries. Filters (cosmid library no. 60 and P1 library
no. 705) were probed with a 2.9-kb Sad fragment from plasmid
PRWI (Figure 1A, “filter probe”) that had been gel purified
and labeled by random priming. Prehybridization and hybrid-
ization of filters were done according to the protocol provided
by the RZPD. Grid coordinates of positive clones were deter-
mined by probing filters with nick-translated pBluescript II
SK+. Positive cosmid and P1 clones were obtained from the
RZPD.

Cloning of the git3 gene: DNA from the candidate cosmid
(ICRFc60A231Q)) and from six P1 clones (ICRFP705: L127Q),
F024Q, E051Q, E161Q, 1221Q, and O132Q) was digested with
Sacl and examined by Southern hybridization analysis using
nick-translated plasmid pRWI1. A 0.4-kb fragment identified
clones carrying the git3 gene. On the basis of the restriction
map surrounding the git3 locus, a 4.5-kb Sad fragment from
cosmid ICRFc60A231Q was gel purified and inserted into Sacl-
digested pSP1 (COTTAREL et al. 1993) to create plasmid pRW2.
Complementation of the git3-14 mutation in strain CHP14 by
plasmid pRW2 indicated that this plasmid carried a functional
copy of the git3 gene. Plasmids pRW3 and pRW4 were con-
structed by digesting plasmid pRW2 with HindIIl or Spel, re-
spectively, and religating with T4 DNA ligase to drop out portions
of the pRW2 insert DNA as diagrammed in Figure 1B.

Construction of a git3 deletion: Deletion of the git3 gene
was accomplished by a PCR-based strategy according to the
protocol of BAHLER el al. (1998). Oligonucleotides git3-for-
delta, 5-CTCACCTCCTCTCCTCTCTTTTTTTTTCCTGTCTT
CTTGAAGAGAAGTTTAAACTTTGTAATAAGGAACAAGGTT
GCTCCGGATCCCCGGGTTAATTAA-3" and git3reverse, 5'-CC
ATCTTCCAATCCGAGCCTTTTGCCAAGTTAAGTAGTGCCA
AAATTTAATACTTCGAAATAAATTCTGGGAAGCGAGAATT
CGAGCTCGTTTAAA C3' (Integrated DNA Technologies,
Coralville, IA) were used to PCR amplify the kan-selectable
marker from plasmid pFA6a-GFP(S65T)-kanMX6 (WAcH et
al. 1997) such that the amplified marker was flanked with

sequences from either side of the git3 open reading frame.
The 2.6-kb PCR product was used to transform strain FWP72
to G418-resistance using the DMSO transformation protocol
to ensure a high efficiency of homologous recombination
(BAHLER et al. 1998). Stable G418-resistant transformants were
analyzed by Southern hybridization for the presence of a 5.1-
kb Sad fragment when probed with the 4.5-kb Sad fragment
from plasmid pRW2, indicating homologous insertion of the
PCR product and the deletion of the git3 gene.

RESULTS

Epistatic relationship between gpa2®'"™ and “up-
stream” git mutant alleles: The gpa2, gitl, git3, git5, git7,
and gitl10 genes are all required for both glucose repres-
sion of fbpl transcription and for the production of a
glucose-triggered cAMP response in S. pombe (HOrFrMAN
and WINSTON 1990, 1991; ISsHIKI ¢t al. 1992; BYRNE
and HorrMaN 1993; NoOCERO et al. 1994). It was pre-
viously shown that multicopy gpa2” suppresses muta-
tions in git3 and git5 but has no effect on mutations in
gitl, git7, and git10 (NOCERO et al. 1994). However, a
quantitative analysis of the multicopy gpa2* suppression
of a git5A deletion allele has shown that suppression is
only partial (LANDRY et al. 2000). Since Ga subunits are
post-translationally modified and their activity depends
upon the exchange of the bound guanine nucleotide
from GDP to GTP (Casky 1994), overexpression of a
Ga subunit would not necessarily bypass the need for
its proper modification and regulation. Therefore, the
failure of multicopy gpa2" to suppress mutations in gitl,
git7, or git]10does not eliminate the possibility that these
genes function to regulate gpa2 activity. Similarly, the
fact that multicopy gpa2" only partially suppresses muta-
tions in git3 or git5 does not prove additional roles for
these genes beyond the activation of gpa2. We reexam-
ined these genetic interactions using an activated allele
of gpa2 that carries a mutation predicted to inactivate
the GTPase domain responsible for converting the gpa2
Ga from its GTP-bound active state to its GDP-bound
inactive state (ISSHIKI e al. 1992). Strains carrying this
mutant allele display a partial mating defect and in-
creased cAMP levels (when combined with a mutation
in the pdel/ ¢gs2 cAMP phosphodiesterase gene; ISSHIKI
et al. 1992) along with a partial defect in derepressing
fbpl transcription (see below). These phenotypes are
consistent with an increase in adenylate cyclase activa-
tion.

To test the ability of the gpa2™ mutant allele
to suppress mutations in gitl, git3, git5, git7, or gitl0,
we performed pairwise crosses between strain RWP4
(gha2®'™) and strains carrying mutations in these genes.
The git mutant strains are 5-FOA=sensitive (5-FOA®) due
to a defect in glucose repression of an integrated fopl-
ura4 reporter (HorrmMan and WinsToON 1990), while
strains that glucose repress fbpl-ura4 transcription are
5-FOA resistant (5-FOAR). If gpa2®™" fails to suppress
the gitmutation in the mating partner, all tetrads should
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display a 2:2 5-FOAR:5-FOA® pattern based on segrega-
tion of the git mutant allele. If suppression occurs, only
git” gpa2t progeny will be 5-FOAS. Thus tetratype and
nonparental ditype tetrads will contain more than two
5-FOAR progeny. While a 2:2 pattern would also result
if only parental ditypes were examined, our sample size
of 9-15 tetrads makes this highly unlikely given the
frequency of tetratype tetrads present in similar crosses
involving gpa2 loss-offunction alleles (HorFrMAN and
WinsTON 1990). By this analysis, the gha2®" allele sup-
presses mutations in git3 and git5, but not in gitl, git7,
or gitl10. As expected, gha2®"™ fails to suppress either
a git2A deletion allele or a pkal-107 mutation. Similarly,
gpal2®™ fails to suppress git2-7 or git2-61. These git2
alleles display intragenic complementation, suggesting
that they affect two distinct functions of adenylate cy-
clase (HorrmMaN and WINSTON 1991).

Effect of gpa2®'"™ on fop1-lacZ expression: While the
gpa2X™ suppression of a git3 or git> mutation is qualita-
tively similar to the multicopy gpa2" suppression data
(NOCERO et al. 1994), we observe distinct quantitative
differences in the suppression. Multicopy gpa2t sup-
pression of a git5A allele is only fivefold (LANDRY et al.
2000). This partial suppression supports a model in
which S. pombe adenylate cyclase is activated by a mecha-
nism similar to that of the type II mammalian enzyme
(TaNG and GiLmaN 1991) with the gpa2 Ga carrying
out an initial activation step and the gitb GB carrying
out a subsequent activation step. Alternatively, partial
suppression may simply indicate that much of the over-
expressed wild-type gpa2 is in the inactive, GDP-bound
form. Unlike multicopy gpa2*, the gpa2X'™ allele com-
pletely suppresses a git3 mutation or a git5 deletion in
cells grown under repressing conditions (Table 2). In
addition, the gpa2®™ allele on its own inhibits fbpl-
lacZ expression in derepressed cells by approximately
fourfold. Since suppression by gpa2®'"™ is complete, git3
and gith may function solely to activate gpa2. Thus, the
activation of S. pombe adenylate cyclase is not like that
of the type II mammalian enzyme.

TABLE 2

2Rl76H

Suppression of git3 and git5 mutations by gpa

B-Galactosidase activity

Relevant

Strain genotype Repressed Derepressed
FWPI112  Wild type 20 = 4 1666 = 21

CHP14 git3-14 760 = 68 2815 * 256
CHP478  git5A 1050 = 78 2291 = 179
RWP4 gpa2tmH 5h+1 442 *+ 167
RWP39 git3-14 gpa2®7! 5+ 0 354 = 145
RWP30 git5A gpa 2R 8+ 2 510 % 249

B-Galactosidase activity was determined from two to six inde-
pendent cultures as described in MATERIALS AND METHODS.
The average *= SE represents specific activity per milligram
soluble protein.

Cloning of the git3 gene: In the course of a study
to create novel git mutant strains by nonhomologous
plasmid insertion, we identified strain CHP616 carrying
an insertion of plasmid pAF1 (Our et al. 1996) in the
previously uncloned git3 gene as judged by linkage and
complementation tests (HorrMaAN and WELTON 2000).
Plasmid p616E was obtained by EcoRI restriction diges-
tion and ligation of CHP616 genomic DNA, followed
by transformation of E. coli to ampicillin resistance
(HorrmaN and WELTON 2000). This plasmid carries 0.9
kb of genomic DNA adjacent to the site of pAF1 inser-
tion in strain CHP616. DNA sequence analysis of this
insert indicated that this region of the genome had not
been previously cloned or sequenced.

To clone an intact copy of the git3 gene, we first
rescued a larger region of the flanking genomic DNA
using Sadl to digest the genomic DNA prior to ligation.
This provided us with both additional sequence infor-
mation and a larger hybridization probe with which to
detect cosmid and P1 library clones carrying the git3
gene. Plasmid pRWI1 carries 4.2 kb of genomic DNA
(Figure 1A). Restriction mapping of pRWI identified
the positions of Sad sites within this region, while DNA

PAF1
—

s E SISt SIE §] SII sI
| 1
I I

< his3 Rori Amp
"git3

Sac |l digest and ligate
SIIRSI SIE 8l SII
1 il
pRW1 o Amp E‘E]n I fomy 8

git3'
filter probe

B git3 Function
Sl H Sp  SI
pRW2 I——-H:IEﬁ +
H S
pRW3 ;_|I +
Sp Sl
pRw4 — -

FIGURE 1.—Schematic of git3 disruption by plasmid pAF1
(OHI et al. 1996) and subcloning analyses. (A) Structure of
the pAF1 insertion into the git3 gene in strain CHP616. Sites
for restriction enzymes Sac (SI), Sadl (SII), and EcoRI (E)
are indicated. The git3 (open box), rec7 (solid box), and his3
(hatched box, the selectable marker on pAF1) are also shown.
Plasmid pRWI, rescued by Sadl digestion and ligation of
CHP616 genomic DNA (HorrmaN and WELTON 2000), carries
4.2 kb of flanking genomic DNA from the 5" end of git3 (git3')
to the 3’ end of rec7 ("rec7). The “filter probe” is a 2.9-kb
Sacl restriction fragment from pRWI. (B) Restriction maps of
inserts in plasmids pRW2, pRW3, and pRW4. Plasmids pRW2
and pRW3 carry functional git3 clones, while pRW4 is nonfunc-
tional. Restriction sites for Sad (SI), HindIIl (H), and Spel
(Sp) are shown.
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git3
Gprl

git3
Gprl

git3
Gprl

git3

Gprl YNFPDSPRQGGYKPWSAWE: 2

git3 YSHQQTNVFDTLNVIDSYPTAPDQVALPPFPDTNSTLTYTPSNSQSIYSSQSQPSPYSRPLLSS

git3 VHPNLPPGSQSTPANLNQSGIHFEQDFRDSPNRTNGLEDHTSFKLSSPLTSDEDGASSVLAAYG

- + +++ + Tmé

FIGURE 2.—The amino-acid
sequence alignment between
the predicted git3 protein and
a portion of the S. cerevisiae
Gprl putative G protein-cou-
pled receptor. The putative git3
protein (accession no. AAC-
69337) was aligned with resi-
dues 25-280 of the 961-amino-
acid Gprl sequence (accession
no. NP010249) using the Clus-
tal W (version 1.8) sequence
alignment program (THOMP-
SON et al. 1994) and displayed
using BOXSHADE. This re-
gion includes the first five of
the seven predicted transmem-
brane domains (Tm1-Tm?7) in

git3 NDMQDDPLLKQRKRILSQSKFLFAYPAIFIFMWILPQIQIIVILAQPLHCSGSCKRFAFVAVFA

Tm7

git3 DNFVAIFIALSDFIWICYRGYTYLKERDSSKSYWDQIKELTLEKWWRGKFGEEK

git3. Additional features of
G protein-coupled receptors
present in git3, a cysteine resi-
due in both the first and sec-
ond extracellular loops (indi-

cated by arrows between Tm2 and Tm3, and between Tm4 and Tm5), and two clusters of charged residues (+ and —) at the
N-terminal and C-terminal ends of the third intracellular loop (between Tmb and Tm6), are shown.

sequencing across the Sadl cloning junction indicated
that git3 is adjacent to rec7 (LIN et al. 1992). Using a
2.9-kb Sad fragment from pRWI as a hybridization
probe (one Sad site comes from the cloning polylinker
of plasmid pAF1 while the other lies between rec7 and
git3; Figure 1A, filter probe), we identified candidate
P1 and cosmid clones of git3 from high density library
filters (data not shown). Six P1 and one cosmid candi-
date indicated by filter hybridization were obtained
from the Resource Center/Primary Database of the
RZPD and analyzed by Southern hybridization. Three
of six P1 clones and the one cosmid clone contained
three Sacl insert fragments that hybridized with a pRW1
probe. The Sad fragments included the 0.4-kb fragment
predicted from the restriction map of pRW1 (Figure
1A), along with a 4.5- and a 6.1-kb fragment. On the
basis of restriction mapping of the original rec7 clone, we
inferred that the 6.1-kb fragment represents the region
extending beyond rec7, while the 4.5-kb fragment is
likely to encompass git3 (diagrammed in Figure 1A).
The 4.5-kb Sad fragment from cosmid ICRFc60A231Q
was cloned into pSP1 (COTTAREL et al. 1993) to create
PRW2. Plasmid pRW2 carries git3 as it confers 5-FOA
resistance upon strain CHP14 (git3-14). The git3 gene
was further localized within the 4.5-kb Sad fragment in
PRW2 to a 2.15-kb HindlIII-Sac fragment by subcloning
and testing for git3 function (Figure 1B) as determined
by suppression of the 5-FOA® phenotype of strain CHP14
(git3-14).

Subcloning and sequence analysis of git3: DNA se-
quencing of the insert in plasmid pRW3 (GenBank ac-
cession no. AF085162) reveals a single open reading
frame encoding a 466-amino-acid protein. BLASTP
analysis reveals that git3 is distantly related to the S.

cerevisiae Gpr1 putative G protein-coupled receptor (Fig-
ure 2A). The git3 protein is predicted to possess seven
transmembrane domains and displays additional fea-
tures of a seven-transmembrane G protein-coupled re-
ceptor. These include a series of charged residues at
either end of the third cytoplasmic loop (BALDWIN
1994) and cysteine residues in both the first and second
extracellular domains that are likely to form a disulfide
bond (NobpA et al. 1994).

A git3 deletion confers phenotypes associated with
defects in glucose detection: Deletion of git3 (git3A; see
MATERIALS AND METHODS) confers phenotypes associ-
ated with other mutations in the PKA glucose monitor-
ing pathway. Spores lacking git3 (Figure 3; progeny 2C
and 3D) display a germination delay similar to those
lacking pkal (Figure 3; progeny 2A). Loss of both git3
and pkal (Figure 3; progeny 1B, 1C, 2D, 3A, 4B, and
4D) does not create any additional delay in germination,
indicating that the two proteins act in the same pathway.

Phenotypic characterization of git3A strains shows
that they resemble adenylate cyclase deletion (git2A)
strains. These strains are derepressed for fbpl-ura4 ex-
pression, thereby allowing significant growth on glu-
cose-rich medium lacking uracil and conferring sensitiv-
ity to 5-FOA (Figure 4). In addition, these strains fail
to glucose repress gluconate uptake that is negatively
regulated by PKA (Caspart 1997), thus abolishing the
growth lag observed in wild-type cellsupon transfer from
a glucoserich medium to a gluconate-based medium
(Figure 4).

When crossed into a homothallic (A*) strain back-
ground, the git3 deletion confers the same starvation-
independent mating and sporulation phenotype seen
in a gpalA strain (Figure 5; ISSHIKI ef al. 1992) and in
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YEA

(germination)
Day 5

G418

git3A::kan

OO0 wm>

PM-ura

pkalA::urad

OO0 w>r

FiGUre 3.—Both git3A and pkalA spores display a germina-
tion delay. Tetrads from a cross of FWP94 (git3" pkal™) by
RWP35 (git3A::kan pkalA::ura4t) were dissected on YEA at
30° and photographed after 5 days. The colonies were grown
1 additional day before replica plating to YEA + G418 (to
identify git3A strains) and to PM-ura (to identify pkaIA strains).
These plates were incubated 2 days at 30° and photographed.

git5, git2, or pkal mutant strains (LANDRY et al. 2000;
MAEDA et al. 1990, 1994). The addition of cAMP to the
growth medium suppresses this defect, suggesting that
the unregulated mating of the git3A cells is due to a
defect in glucose-triggered adenylate cyclase activation
(Figure 5).

git3A strains display a more pronounced defect in

PM 5FOA

gluconate

FIGURE 4.—Growth characteristics of a git3A strain reflect
a defect in glucose monitoring. Strains FWP72 (wild type),
RWP9 (git3A), and CHP495 (git2A) were grown to exponential
phase in PM liquid medium (8% glucose), washed and ad-
justed to 107 cells/ml in water, and spotted to YEA, SC-ura,
PM (3% gluconate), and 5-FOA media. The growth was re-
corded after 2 days for the YEA and SC-ura plates and after
5 days for the PM (3% gluconate) and 5-FOA plates.

wild type

(A

+cAMP

FIGURE 5.—Starvation-independent sexual development in
a git3A homothallic strain. Cells of homothallic strains
CHP483 (wild type), RWP28 (git3A), and CHP482 (gpa2A)
were grown to log phase in PM liquid medium (at 37° to
inhibit conjugation) and then diluted to 10° cells/ml in PM
liquid medium with or without 5 mm cAMP. These cells were
incubated 24 hr at 30° without shaking and photographed.

Jfopl-lacZ regulation than do git3 spontaneous mutants:
Our initial studies indicated that the derepression of
JopI transcription caused by mutations in git3is half that
conferred by a mutation or deletion of the gpa2 (gitS)
gene (HorrmaN and WiNsToN 1990, 1991; NOCERO et
al. 1994). Since the git3A mutation confers the same
high-level fbpl-lacZ expression as does a gpa2A allele
(Table 3) and twice that conferred by the git3-14 muta-
tion (Table 2), we presume that the spontaneous git3
mutant alleles retain some function.

We previously observed that a git3 mutation causes a
further increase in fbpl expression in strains carrying a
gpa2 point mutation or deletion (HorrMAN and WIN-
sTON 1990; NocCERO et al. 1994). Consistent with these
results, a git3A gpa2A double deletion strain (RWP22)
expresses the fbpl-lacZ reporter to higher levels than
either git3A or gpa2A strains (Table 3). This may suggest
that git3 has a gpa2-independent function. However,

TABLE 3
Effect of mutations in git3 and gpa2 on
JopllacZ expression
B-Galactosidase activity
Relevant
Strain genotype Repressed Derepressed
RWP9 git3A 1501 * 241 3363 + 390
CHP459 gpa2A 1403 = 214 2800 = 100
RWP22 git3A gpalA 2350 *+ 298 3165 + 97
RWP32¢ git3A gpa2R7H 70 491 * 61

B-Galactosidase activity was determined from two to four
independent cultures as described in MATERIALS AND METH-
ops. The average * SE represents specific activity per milli-
gram soluble protein.

“Strain RWP32 is 5-FOA® due to suppression of the git3
deletion by gpa2®™H,
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since gpaX'™ fully suppresses git3A (RWP32, Table 3),
it appears that the primary function of git3 is to activate
the gpa2 Ga.

Multicopy git3* fails to suppress mutations in other
genes required for adenylate cyclase activation: Multi-
copy suppression analyses have been used to identify
functional relationships among genes of the glucose/
cAMP pathway. The git2 (adenylate cyclase) gene was
originally cloned as a multicopy suppressor of a gitl
mutation and was also shown to suppress mutations
in git3, git5, git7, gpa2 (git8), and git10 (HorFrMAN and
WinsTtoN 1991). This suppression led us to identify
these genes as encoding components of an adenylate
cyclase pathway in that they are required for the produc-
tion of a glucose-triggered cAMP signal (BYRNE and
Horrman 1993). Multicopy gpa2, encoding the Ga sub-
unit, suppresses mutations in git5 (GB) and git3, indicat-
ing that these two genes act to regulate the activation
of the gpa2 Ga (NOCERO ef al. 1994). We tested whether
multicopy git3 could suppress mutations in gitl, git3,
git>, git7, gpa2, or gitl0. While transformation by plasmid
PRW2 (see Figure 1B) restores git3 mutant strains to
5-FOA resistance due to glucose repression of the fopl-
ura4 reporter, it has no effect on gitl, git5, git7, gpa2,
or gitl0 mutant strains (data not shown).

DISCUSSION

Both the gpa2 Ga and gith G are required for S.
pombe adenylate cyclase activation; however, the precise
role of the GB subunit has been unclear (ISSHIKI et al.
1992; NoCERO ¢t al. 1994; LANDRY et al. 2000). Mamma-
lian adenylate cyclases are also regulated by G proteins,
with the various adenylate cyclase isoforms displaying
different sensitivities to the individual G protein sub-
units (reviewed by CHOI1 ef al. 1993; TAUSs1G and GILMAN
1995). While all are stimulated by Gya subunits, the type
I enzyme is inhibited by Gy dimers, the type II enzyme
is further activated by G+, and the type III enzyme is
insensitive to GBy (TANG and GILMAN 1991; TANG et al.
1992). Thus, there is no single model for the mode
of action of G protein subunits in adenylate cyclase
activation. The gitb G may simply be important for
the activation of the gpa2 Ga by facilitating efficient
coupling of the Ga to a receptor that promotes GDP
release to allow Ga to bind GTP and attain the active
conformation. Alternatively, or in addition, the G may
directly activate adenylate cyclase as in the case of the
type II mammalian enzyme. This possibility was sup-
ported by the fact that multicopy gpa2* only partially
suppressed the loss of the git5 G gene (NOCERO et al.
1994; LANDRY et al. 2000). However, we have shown
here that the gpa2®™" activated allele restores full re-
pression of fbpl transcription in the absence of the gith
GB subunit. This complete suppression suggests that
the GB subunit may have no role beyond delivery of
the Ga to the receptor.

The genetic interactions between gpa2 and git5 are
very different from those observed in the G protein-
mediated S. cerevisiae pheromone response pathway, in
which the GBvy dimer activates a mitogen-activated pro-
tein kinase (MAPK) pathway (HirscH and Cross 1992).
In this system, the Ga subunit negatively regulates sig-
naling by sequestering the GB<vy dimer in the inactive
heterotrimer. The pathway is activated when the phero-
mone receptor binds the appropriate pheromone and
causes the activation of the G protein. The Ga subunit
presumably undergoes a conformational change as it
releases GDP and binds GTP, causing it to dissociate
from the GBvy dimer that is then free to activate the
MAPK pathway. As such, a mutation in the GPA1/SCGI
Ga gene activates the pathway by alleviating the regula-
tion of GPvy, while mutations in either the STE4 Gf
gene or the STEI18 Gy gene prevent pathway activation
(WHITEWAY et al. 1989). The opposing phenotypes asso-
ciated with a defect in Ga vs. GBy are due to the fact
that the activation of GBvy simply requires its release
from Ga with no additional conformational change oc-
curring in GBv as indicated by crystal structure studies
(SONDEK et al. 1996). On the other hand, the conforma-
tion of Ga is not dependent upon the presence or ab-
sence of GBvy, but on the binding of GDP (inactive
conformation) vs. GTP (active conformation). There-
fore, the loss of G+ in a system in which Ga activates
the downstream effector would not only fail to activate
the pathway, but would likely reduce signaling by reduc-
ing the interaction between the Ga subunit and the
receptor. This model is consistent with our data regard-
ing gpa2, git5, and adenylate cyclase activation in S.
pombe.

Of the six upstream git genes required for glucose-
triggered adenylate cyclase activation, gpa2®™" only sup-
pressed mutations in git5 (GB) and git3 (Table 2). This
genetic interaction, along with the sequence analysis of
the git3 gene (Figure 2), suggests that git3 encodes a G
protein-coupled glucose receptor responsible for ade-
nylate cyclase activation. Cells lacking git3 display a pro-
found defect in glucose detection (Table 3; Figures 3-
5), consistent with our previous observation that a git3
mutant fails to produce a cAMP response to glucose
(BYrRNE and HorrMan 1993). The git3A phenotypes in-
clude a germination delay, derepression of fbpl tran-
scription, a defect in glucose repression of gluconate
uptake, and starvation-independent conjugation and
sporulation. These are very distinct processes, but are
all subject to inhibition by PKA. In addition, multicopy
git3 fails to suppress mutations in the other upstream
git genes, as expected for a gene acting at the top of a
signaling pathway. Also consistent with a role as a glu-
cose receptor, the germination delay due to the loss of
git3 is not additive with the delay due to the loss of PKA
(Figure 3). This result also argues against the possibility
that git3 activates other nutrient sensing pathways. We
previously showed that loss of both PKA and the sckl
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kinase results in a dramatic enhancement of both the
germination delay and the exit from stationary phase
seen in cells lacking PKA alone (JIN et al. 1995). We
would have expected a similar enhancement if git3 stim-
ulated other signaling pathways.

It remains possible that git3 carries out some addi-
tional function besides the activation of gpa2 in re-
sponse to glucose detection. Expression from the fopl-
lacZ reporter is higher in a git3A gha2A double deletion
strain (RWP22) than in a gpa2A single deletion strain
(CHP459; Table 3). If git3 only acted to regulate gpa2,
the deletion of git3in a gpa2A background would have
had no effect. However, the complete suppression of a
git3 deletion by the gpa2X'™ allele indicates that any G
protein-independent activity of git3 only plays a minor
role in glucose monitoring.

Since gpa2X™ git3A cells are still able to respond to
glucose starvation by derepressing fopI-lacZ expression
70-fold (Table 3), the glucose starvation response is
git3 independent. Glucose starvation is one of several
environmental stresses that activate the spcl/styl MAPK
pathway in S. pombe (DEGOLS et al. 1996; SH10ZAKI and
RusseLL 1996; STETTLER et al. 1996; SAMEJIMA el al.
1997). This MAPK activates the atf1-pcr] transcriptional
activator that is partially responsible for derepression
of fbpl transcription (TAKEDA ef al. 1995; KANOH et al.
1996; SH10ZzAKI and RUSSELL 1996; WILKINSON et al.
1996). Glucose repression of fbpl transcription in wild-
type cells is due to a combination of an inhibitory signal
from the PKA pathway and the lack of an activating
signal from the MAPK pathway. Glucose starvation trig-
gers derepression of fbp1 transcription by reducing PKA
repression and stimulating MAPK-dependent transcrip-
tional activation. Therefore, itis likely that the starvation
response observed in gha2®'"™ git3A cells is due to activa-
tion of the MAPK pathway.

While the glucose detection system described here
most resembles the S. cerevisiae Gprl-Gpa2 pathway that
is also responsible for adenylate cyclase activation, there
are some interesting differences. The git3 and Gprl
proteins are only somewhat related, with the homology
limited to transmembrane domains 1-5. Gprl, a 961-
residue protein, is predicted to have a 350-residue third
cytoplasmic loop and a 280-residue cytoplasmic tail,
while git3, a 466-residue protein, is predicted to have
a 159-residue third cytoplasmic loop and a 35-residue
cytoplasmic tail (Figure 2A). In addition, Gprl possesses
apoly-asparagine track, not present in git3. The S. cerevis-
iae Gpa2 Ga is also significantly larger than the S. pombe
gpa2 Ga, with an additional 90 amino acids at the N
terminus (NARAFURU el al. 1988; ISSHIKI et al. 1992).
These regions of the S. cerevisiae Gprl and Gpa2 proteins
not found in the S. pombe git3 and gpa2 proteins may
allow for efficient coupling in the absence of a GBy
dimer in S. cerevisiae, whereas the gitd G is required
for normal glucose detection in S. pombe (LANDRY et al.
2000). Further characterization of the structure, func-

tion, and regulation of the git3 protein, as well as the
gpa2-containing G protein, will provide us with a valu-
able model system for the study of G protein signaling
that is fundamentally different from the GB~y-driven S.
cerevisiae pheromone signaling pathway.

We thank Masayuki Yamamoto for the original gpa2®'™" strain and
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tions. We thank Junona Moroianu for the use of her microscope. This
work was funded by National Institutes of Health grant GM-46226 to
C.S.H.
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