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ABSTRACT 
In the  fission yeast Schizosaccharomyces pombe, genetic studies have identified genes that  are  required 

for glucose repression offbpl transcription. The git2 gene, also  known  as cyrl, encodes adenylate  cyclase. 
Adenylate  cyclase  converts ATP into the second messenger CAMP as  part of many  eukaryotic  signal  trans- 
duction pathways. The gitl,  git3,  git5,  git7,  git8 and gitlO genes act  upstream of  adenylate  cyclase, 
presumably encoding an  adenylate  cyclase  activation  pathway.  In  mammalian cells, adenylate  cyclase 
enzymatic  activity  is regulated by heterotrimeric guanine nucleotide-binding  proteins (G proteins). In  the 
budding yeast Saccharomyces cereuisiae, adenylate  cyclase  enzymatic  activity  is  regulated by monomeric, 
guanine nucleotide-binding Ras proteins. We show here that git8is identical  to  the gpa2 gene that encodes 
a  protein homologous to  the a subunit of  a G protein. Mutations in two additional genes, git3 and git5 
are  suppressed  by gpa2' in  high  copy  number.  Furthermore,  a  mutation  in  either git3 or git5 has an 
additive effect in  strains deleted for gpa2 ( g i t s ) ,  as it significantly  increases  expression of  an fbpl-lacZ 
reporter gene. Therefore, p' t3  and git5 appear  to  act  either  in  concert  with  or  independently  from gpa2 
( g i t 8 )  to  regulate  adenylate  cyclase  activity. 

E UKARYOTIC cells are capable of sensing their en- 
vironment and altering biological functions in re- 

sponse to  external signals. This response requires a sig- 
nal  transduction pathway in which the  external signal 
triggers the  production of an  internal signal. One such 
internal signal is the second messenger CAMP, produced 
from ATP  by adenylate cyclase. In mammals, adenylate 
cyclase  is activated in response to  the  detection of hor- 
mones,  odorants  and neurotransmitters (GILMAN 1984, 
1987; LEVITZKI 1988; O'Dom et al. 1989; SIMON et al. 
1991). The receptors  that  detect these ligands possess 
seven transmembrane  domains and  are coupled  to 
heterotrimeric  guanine-nucleotide  binding  proteins 
(G  proteins)  composed of a, p, and y subunits. The 
a subunit  binds  guanine  nucleotides, assuming an ac- 
tive conformation when bound  to GTP and an inactive 
conformation when bound to GDP. 

Saccharomyces  cereuisiae adenylate cyclase  is  activated 
by  Ras proteins (BROEK et al. 1985; TODA et al. 1985). 
When cells are exposed to glucose, CAMP levels  rise by 
a mechanism that is Ras-dependent (MBONM et al. 1988). 
Ras  activity  is regulated by guanine nucleotides, being 
active when Ras  is bound to GTP. S.  cereuisiae also pos- 
sesses a gene, GPA2, that  encodes a protein homologous 
to  the a subunit of a G protein (NAKAFUKU et al. 1988). 
While GPA2 in high copy number  can suppress a 
temperature-sensitive mutation in RAS2, a deletion of 
GPA2 does not alter  the glucose-induced stimulation of 
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adenylate cyclase, suggesting that GPA2 does not nor- 
mally function in this pathway. 

S .  pombe adenylate cyclase  is somewhat homologous 
to the S. cereuisiae enzyme, with  various portions of 
these proteins displaying 2560% identity (YMWAKI- 
KATAOKA et al. 1989; YOUNG et al. 1989),  and is largely 
unrelated  to adenylate cyclases from mammalian cells. 
Yet, the Schizosaccharomyces pombe enzyme is not regu- 
lated by rasl,  the only Ras protein identified so far in this 
yeast (FUKUI A al. 1986;  NADIN-DAVIS et al. 1986; HOFFMAN 
and WINSTON 1991).  It is  likely that S. pombe adenylate 
cyclase  is regulated by a G protein given the identifica- 
tion of the @a2 gene, that encodes a protein homologous 
to the a subunit of a G protein, that is required for regu- 
lation of d h @  levels  (ISSHIKI et al. 1992). However,  in vitro 
attempts to activate S. pombeadenylate  cyclase  with guanine 
nucleotides have been unsuccessful ( Y A " K A A o K A  
et al. 1989;  ENGELBERG et al. 1990). It is possible that the in 
vitro manipulation of the protein extracts may  have dis 
rupted the protein interactions required for activation. 

Genetic and molecular analyses  of fbpl transcrip 
tional regulation in S.  pombe have led to the identifica- 
tion of eight  genes  that  appear to encode  components 
of a CAMP signal transduction pathway. The fapl gene, 
that  encodes fructose-1 ,&bisphosphatase, is repressed 
by glucose (VASSAROTTI and FIUESEN  1985; HOFFMAN and 
WINSTON 1989,1990). Mutations in the git2 gene ( git  = 
glucose insensitive transcription) cause high levels  of 
fapl transcription in  cells  grown in the  presence of 
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TABLE 1 

strain list 

Strain Genotype 

972 h- 
52393 h- ade&-M216  leul  ura4-Dl8 gpa2A::ura4' 
MNP393 h- ade6-M216  leul  ura4-Dl8  @a2A::ura4- 
MNP3 h- ade6-M216  lysl-131  leul ura4::fbpl-lacZfbpl::ura4 gpa2A::ura4- 
MNP6 h- ade6-M216  leul-32 ura4::fbpl-lacZfbpl::ura4 git3-14  gpa2A::ura4- 
FWP164 hi lysl-131  leul-32  ura4-294 
FWP43 hi ura5-108  lysl-131 
FWPlOl hi ade6-M210  his7-366  leul-32  ura4::jbpl-lacz  jbpl::ura4 
FWP112 h- ade6-M216  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 
FWP106 hi ade6-M216  lysl-131  leul-32 ura4::fbpl-lacZfbpl::ura4 gatl-1 
FWPll3 hi ade6-M210  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 g i t l -1  
FWP187 h' ade6-M216  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 gitP-lint::LEU2 
CHP14 hi ade6-M210  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git3-14 
CHP27 hi ade6-M210  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git7-27 
CHP6O hi ade6-M210  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git8-60 
CHP75 hi ade6-M210  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git5-75 
CHP93 hi ade6-M210  his7-366 leul-32 ura4::fbpl-lacZfbpl::ura4 git7-93 
CHPPOO h- ade6-MP16  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git3-200 
CHP201 h- ade6-M216  his7-366 leul-32 ura4::fbpl-lacZfbpl::ura4 gitI0-201 
CHP261 h- ade6-M216  his7-366 leul-32 ura4::fbpl-lacZfbpl::ura4 git6-261 
CHP276 h- ade6-M216  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git8-276 
CHP311 h- ade6-M216  his7-366  leul-32  ura4::fbpl-lacZ  fbpl::ura4  git5-311 
CHP380 hi ade6-M210  leul-32 ura4::fbpl-lacZfbpl::ura4 g i t l0 -201  
CHP444 h- ade6-MP10  lysl-131  leul-32 ura4::fbpl-lacZfbpl::ura4 git5-75  gpa2A::ura4- 
CHP445 h- ade6-M216  lysl-131  leul-32 ura4::fbpl-lacZfbpl::ura4 git7-27  gpa2A::urad- 
CHP447 h- ade6-M216  lysl-131  leul-32 ura4::jbpl-lacZfbpl::ura4 gitP-lint:tLEU2  gpa2A::ura4- 
CHP448 hi ade6M216  lys l -131  leul-32 ura4::fbpl-lacZfbpl::ura4 gitl-1  gpa2A::ura4- 
CHP451 h-  ade6M216  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 git6-261  gpa2A::ura4- 
CHP457 hi ade6-M216  his7-366  leul-32 ura4::fbpl-lacZfbpl::ura4 gitlO-201  gpa2A::ura4- 

glucose (HOFFMAN and WINSTON 1990, 1991). The  git2 
gene, also  known  as cyrl  (YAMAWAKI-KATAOKA et al. 1989; 
YOUNG et al. 1989; MAEDA et al. 1990),  encodes adenylate 
cyclase. Constitutive fbpl transcription is also observed 
in strains carrying mutations  in any  of the gitl, git3,  git5, 
git6, gzt7, git8  and  gitlO genes. Exogenous CAMP re- 
pressesppl transcription in all but the p't6 mutants, as 
well  as in git'  cells  grown in the absence of glucose 
(HOFFMAN and WINSTON 1991). This indicates that gitl, 
git3, git5,git7,  gzt8andgztlO  (the  "upstream"gitgenes) 
encode  components of a CAMP signal pathway and  that 
git6 encodes  a  protein  that acts downstream from or 
independent of this pathway. 

Assays  of  CAMP levels in cells before and after expo- 
sure  to glucose show that  the "upstream" gzt genes  are 
required  to  generate  an almost sixfold increase in CAMP 
levels in response to glucose (BYRNE and HOFFMAN 1993). 
The S .  pombe cgs2 gene, also  known  as pdel, encodes  a 
CAMP phosphodiesterase that converts CAMP to AMP 
and is required for the  maintenance of normal CAMP 
levels (DEVOTI et al. 1991; MOCHIZUKI and YAMAMOTO 
1992).  The observed rise  in CAMP in cells exposed to 
glucose could  be  the result of either  the activation of 
adenylate cyclase or the  inhibition of  CAMP phospho- 
diesterase. Assays  of mutants with defects in either ad- 
enylate cyclase or CAMP phosphodiesterase indicate that 
adenylate cyclase  activity regulates the CAMP response to 
glucose (BYRNE and HOFFMAN 1993). 

The S.  pombe gpa2  gene,  cloned by  low stringency 
hybridization using the Dictyostelium  discoideum Gal  

gene as a  probe,  encodes  a  protein homologous to  the 
a subunit of a G protein (ISSHIKI et al. 1992). Disruption 
of gpa2 causes  cells of the homothallic mating type, h9', 
to mate and  enter meiosis  in the absence of a  nutritional 
starvation signal. The same phenotype is observed in 
strains in which the adenylate cyclase gene is disrupted 
( ~ D A  et al. 1990; KAWAMUKAI et al. 1991). Disruption 
of gpa2 also prevents a glucose-induced increase in 
CAMP levels (ISSHIKI et al. 1992), similar to that seen in 
the "upstream" git mutants  (BYRNE and HOFFMAN 1993). 
Therefore,  it  seemed likely that  the gpa2 protein acti- 
vates adenylate cyclase and that gpa2 is identical to one 
of the "upstream" gzt genes described above. 

We show here by linkage, complementation and se- 
quence analysis  of gzt8 mutant alleles that  the git8  gene 
is identical to gpa2. Furthermore,  high copy number 
gpa2' can suppress mutations in git3  and in git5, as  well 
as in git8. Finally, we demonstrate  that git3 and git5 do 
not simply regulate gpa2 (gZt8) activity, but may act 
somewhat independently to activate adenylate cyclase. 
This conclusion comes from the observation that loss of 
both git3  and  gpa2  or of both git5  and  gpa2 have an 
additive effect, as double  mutant strains express signifi- 
cantly higher Pgalactosidase activity from an  jhpl-lacZ 
reporter  gene  than do single mutant strains. 

MATERIALS AND METHODS 

Yeast strains and  media: All strains  used  in  these  studies 
are listed in Table 1 with full  genotypes according to the no- 
menclature rules for S. pombe proposed by KOHLI (1987). The 
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pp1::urd allele is a translational fusion that disrupts thefbpl 
gene, and  the ura4::ppl-1acZallele is a disruption of the ura4 
gene by the PPI-lac2 translational fusion (HOW and WIN- 
STON 1990). Only the relevant genotype with respect to gpa2 
( git8) and  other git genes is presented in the text, Table 2  and 
the figure legends. 

Standard rich media YEA and YEL (GUTZ et al. 1974) were 
supplemented with 0.2%  casamino  acids. Cells  were  also  grown 
on PM medium (defined minimal medium; WANTANABE et al. 
1988), supplemented with 75 mg/liter adenine, uracil or in- 
dividual amino acids as needed. Glucose was present at a con- 
centration of 3% unless  otherwise indicated. Strains were 
grown at 30".  Sensitivity  to  5-fluoro-orotic  acid (5FOA PCR 
Inc.) was determined on SD minimal medium (ROSE et al. 
1990) containing 8% glucose, 50 mg/liter of uracil, 0.4 
g/liter of  5FOA and 75 mg/liter of other  required supple- 
ments. Crosses were done  on  WD (ROSE et al. 1990) at room 
temperature. 

Yeast transformations: Yeast transformations were per- 
formed by the lithium acetate method (ITO et al. 1983) or the 
modified lithium acetate method (ELBLE 1992). 

Inactivation of the ura4+ gene marking the gpa2A::ura4+ 
disruption: Strain 52393 carries a gpa2 disruption ( gpaZA), in 
which the  entire  open reading frame has been replace by the 
ura4+ gene (ISSHIKI et al. 1992). To study the effects of the 
gpa2 disruption on expression  of the fbpl-ura4 reporter fu- 
sion, it was necessary  to  inactivate the copy  of ura4 at the gpa2 
locus.  Strain 52393 was plated on SD + Ade + Leu + 5FOA 
(with 50 mg/liter uracil and 1  g/liter 5FOA) to  select for 
5FOA-resistant  (SFOAR)  derivatives.  Since a 5FOAR phenotype 
results  from mutations in either ura4 or u r d ,  5F0AR candi- 
dates were  crossed with a ura4- (Fwp164) or  a u r d -  (Fwp43) 
strain and screened for the production of  Ura' recombinant 
progeny. MNP393  is a 5FOAR  derivative  of 52393 determined 
to carry a mutation in the ura4 gene at the gpa2 locus by i ts  
ability to form Ura+ recombinant progeny when crossed with 
the u r d -  tester strain, but not with the ura4- tester strain. 

Complementation anah/sis: Complementation analyses  were 
carried out as  previously described (HOFFMAN and WINSTON 
1990) by determining the sensitivity or resistance  to 5FOA  of 
diploids formed by mating a gpa2 disruption strain with  vari- 
ous git  mutant strains. Complementation was scored for two 
single  colony purified diploid strains resulting from each cross. 

Linkage analysis: Linkage  analyses  were carried out by tet- 
rad dissection to determine allelism of a git8 mutation with 
a @a2 disruption as previously described (HOFFMAN and 
WINSTON 1990). 

Sequence analysis of git8 mutant alleles: Sequence analysis 
of the git8-60 and git8-2  76 mutant alleles was done by in vitro 
amplification of the gpa2 coding region from  strains CHP6O 
and CHP276,  followed by single strand conformation polymor- 
phism  (SSCP)  analysis  to  identify the general area of the mu- 
tations, and then direct sequencing of the amplified DNA. 
Yeast chromosomal DNA preparations were performed on 
IO-ml  YEL cultures by the smash and grab technique (HOFFMAN 
and WINSTON 1987). The DNA  was resuspended in a final vol- 
ume of  50 pl TE. The gpa2 open reading frame was amplified 
by the polymerase chain reaction (PCR)  using VENT DNA 
polymerase  (New England Biolabs) and oligonucleotide prim- 
ers CSHBO (5'-TGTCGGATI'GAGAAGTITGGTGT-3') and 
CSH5 1 (5'-CAGACAGTAAGAGGTClTCTGT-3'; National 
Biosciences). These primers direct the amplification  of the 
region from 817  to 2424  of gpa2 (GenBank  accession no. 
D13366), including the entire open reading frame. A 5Oyl 
reaction contained 1 pl genomic DNA and 100  pmol of each 
oligonucleotide, using reaction conditions for VENT DNA 
polymerase  as described by the manufacturer. Cycling param- 
eters were  94",  50  sec;  60", 1 min;  72", 2 min for 30  cycles. 

Excess oligonucleotides were  removed  from the amplified 
DNA  by drop dialysis. 

Amplified DNA  was subjected to SSCP  analysis  (ORITA et al. 
1989a,b) to  locate the region of the gene that carries the mu- 
tation.  Approximately  100 ng of amplified DNA  was restricted 
with AccI, Sau3A and Hind111 to produce fragments ranging 
from  124  to  365 bp. The 5' ends of the DNA  were dephos- 
phorylated with  calf intestine alkaline phosphatase (New  Eng- 
land Biolabs) and then labeled with  [-Y-~~P]ATP  (New  England 
Nuclear) using  T4  polynucleotide  kinase (New England Bio- 
labs)  in a  4p1 reaction. This reaction was stopped by adding 
18 p1 sequencing loading dye, heated to 94" for 2 min and 
rapidly  chilled in an ice bath prior to loading. Samples  were 
electrophoresed on  a 0.5% MDE gel (mutation detection en- 
hancement; AT Biochem) containing 10% glycerol for 14 hr 
at 8 watts constant power.  Gels  were dried and exposed  to X-ray 
film at -75". 

Upon  localization of the mutations, thermal cycle sequenc- 
ing of the PCR products was performed using Circumvent 
Thermal Cycle  DNA Sequencing Kit  (New England  Biolabs) 
according to manufacturer's instructions for the direct 
incorporation of [c~-'~S] dATP. Mutations  were sequenced 
on both strands using oligonucleotides CSH51 and CSH52 
(5'-GGTCAAAGAACCGAACGAAGGAA-3') to sequence the 
git8-60 allele, and CSH55 (5'-ACTAGTCT'TTGGTCAGCCA- 
3') and CSH59 (5"CATGTKXAGTTTCTTCCGAAACA-3') 
to sequence the git8-276 allele. Sequencing reactions using 
these four oligonucleotides on PCR products from  strains 
CHP6O (g i t8-60) ,  CHP276 (gi t8-276)  and 972 ( git8') con- 
firmed that both mutations identified are unique to that in- 
dividual git8 mutant. The sequence of the mutations was also 
confirmed on independently amplified PCR products, ruling 
out the possibility  of a PCR-induced  artifact. 
High copy  suppression analysis: High  copy  suppression by 

gpa2 was determined by transforming wild  type and git mutant 
strains to Leu+ on PM + Ade + His + Lys + Ura  with the 
gpaZ+carrying plasmid  pGMSKl (T. ISSHIM and M. YAMAMOTO, 
unpublished) or with  plasmid  pWH5 (WRIGHT et al. 1986) that 
does not carry gpa2. Transformants were  single  colony  puri- 
fied, grown for 1 day on PM + Ade + Ura + His + Lys (8% 
glucose) and transferred to PM + Ade + Ura + His + Lys (8% 
glucose) and SD + Ade + His + Lys + 5FOA (8% glucose)  to 
determine expression of the f b p l - u r d  fusion under repress- 
ing conditions. 

PGalactosidase  assays: Strains were  grown in 5 ml  YEL (8% 
glucose; repressing conditions) to approximately 1 X lo' 
cells/ml. PGalactosidase assays  were carried out as described 
by  ROSE and BOTSTEIN (1983) and the specific  activity per mg 
of soluble protein was determined for each culture. Protein 
concentrations were determined using the Pierce BCA protein 
assay and standardized to a bovine  serum  albumin cuwe. 

RESULTS 

A gpa2 disruption confers constitutive expression of 
ppl-ura4 andppl-lacZ fusions: To determine  the ef- 
fect  of  inactivation  of  the gpa2 gene  upon f b p l  tran- 
scription, the gpa2 disruption (a replacement  of  the  en- 
tire @a2 open  reading  frame with the ura4+ gene; 
ISSHIKI et al. 1992) was crossed  into a strain  carrying  an 
fbpl-ura4 and  an  fbpl-lacZ hybrid  gene.  The fbpl-ura4 
fusion  expresses  OMP-decarboxylase  from  the fbpl 
promoter.  This activity  is required  for sensitivity to  the 
pyrimidine  analog 5FOA (BOEKE et al. 1984).  Glucose 
repression  of fbpl-ura4 expression  in Git' strains 
confers a 5F0AR phenotype.  Constitutive fbpl-uru4 
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expression in Git-  strains  confers  a 5FOA-sensitive 
(5FOAS) phenotype. The fbpl-lacZ fusion  expresses 
&galactosidase from  the fbpl promoter.  Since  the 
@a2  disruption was marked with the ura4+ gene, we 
first  isolated  a 5FOAR derivative of 52393  and  deter- 
mined by linkage analysis that  the  ura4  gene was in- 
activated  (see MATERIALS AND METHODS). The gpa2 dis- 
ruption  confers  a  Git-  mutant  phenotype  as i t  causes 
cells carrying the  fbpl-ura4 fusion to  become  5F0As 
(data  not shown) and causes  elevated P-galactosidase 
activity in cells grown in the  presence of glucose 
(strain MNP3; Table  2). However, the &galactosidase 
activity  is significantly lower than  that observed in a 
strain  deleted  for  adenylate cyclase (strain FWP187; 
Table  2), suggesting that  adenylate cyclase  activity 
is not solely dependent  upon  @a2 activity. The 
P-galactosidase activity measured in  MNPS  is similar to 
that expressed in other  @a2  disruptants tested and  in 
strains  carrying either  the gzt8-60, git8-249 or git8-302 
mutant allele (data  not  shown). 

Complementation  and l i iage  analyses  demonstrate 
that gpa2 and git8 are  identical: The  gpa2  gene was 
shown to be identical to the git8 gene by complemen- 
tation and linkage analyses. Diploid cells formed by mat- 
ing  a  gpa2  deletion strain with either  a git' or a git-  
mutant strain were tested for  their Git phenotype (Fig- 
ure  1).  The diploids formed by mating MNPS ( gpa2A) 
with FWF'lOl  ( gpa2') are 5FOAR due to glucose repres- 
sion offbpl-ura4 expression, indicating that  the  gpa2 
disruption is  recessive to gpa2'. Diploids formed by mat- 
ing MNP3  with  CHP6O (git8-60) display the Git- phe- 
notype ( 5F0As). Diploids formed by mating MNP3  with 
strains carrying mutations in any of gitl, git3, git5, 
git7  or gill0 are Git'  (5FOAR; Figure 1). These  data 
demonstrate  that  mutations in gpa2  and git8 fail to 
complement. 

We have  also observed close genetic linkage between 
gpa2  and git8, suggesting that these genes  are identical. 
Strains CHP6O ( git8-60) and MNPS ( g jba2 .A)  were  crossed, 
and tetrads were dissected and analyzed for  the  presence 
for Git' (5FOAR) recombinant progeny. In 66 tetrads 
resulting in four viable progeny, all progeny were Git- 
(5FOA'; data  not  shown),  indicating  that git8 and  gpa2 
are tightly linked. Therefore, git8 and  gpa2  appear to  be 
the same gene. 

git8 mutant strains carry mutations in the gpa2 gene: 
Final proof that  the gpa2  gene is identical to the g2t8 
gene was obtained by identifying mutations in the  gpa2 
gene in strains carrying git8 mutant alleles. The DNA of 
the  gpa2  open reading  frame was amplified from strains 
CHP6O ( git8-60) and CHP276 ( git8-2  76) as described 
in the Material and Methods. SSCP  analysis  of the PCR 
products shows a polymorphism in a 289-bp HindIII- 
AccI fragment  (nucleotides 1983-2272  of gpa2; Gen- 
Bank  accession no. D13366) for git8-60 and in a 124bp 
Sau3A-Hind111 fragment  (nucleotides 1859-1983) for 

g i m ? t h Q  
gitNAgpa2 
g i ludgpa2 
gilUAgpa2 
gil7/Agpa2 
gilWAgpa2 

gill(YAgpa2 

-5FOA +5FOA 
FIGURE 1.4omplementation analysis between a gpa2A 

strain and "upstream" g i t  mutants. Diploid strains were con- 
structed by crossing strain  MNP3 (gpa2A) with  strains F W P l O l  (et'), FWP113 (g i t l - l ) ,  CHP14 (git3-14), CHP75 (git5- 
75) ,  CHP93 ( git7-93), CHPGO ( git8-60) and CHP380 ( git10- 
201).  Diploids were isolated and  scored for their Git pheno- 
type as described in MATERIALS AND METHODS. Two independent 
diploids were single  colony purified and spotted onto solid 
media lacking adenine with and without 5FOA. The plates 
were incubated 4 days  at 30". 

git8-276  (data  not shown). Direct sequencing of the 
PCR products reveals a single-point mutation (T to G) 
at nucleotide 2140 that  changes phenylalanine 283 to 
cysteine in git8-60. Similarly, sequence analysis  of git8- 
276 reveals a single-point mutation (G to A) at nucle- 
otide 1909 that  changes  arginine 206 to glutamine. 
These  mutations were observed in sequence reactions 
on both strands of independently amplified PCR prod- 
ucts. Furthermore, these mutations were not preexisting 
in our strain background since strain CHP6O possesses 
the wild  type G at nucleotide 1909 and strain CHP276 
possesses the wild  type T at nucleotide 2140.  PCR  am- 
plification and sequencing of this region from strain 972 
( h - )  gave a completelywild type sequence in this region. 
As these mutations cause nonconservative changes in 
the protein, we do  not suggest that  the  mutant  proteins 
are defective in a single functional domain. 

High  copy  number  suppression by gpa2+: To inves- 
tigate the  relationship between gpa2  and  the  other "up 
stream"git  genes, we tested whether a high copy number 
plasmid carrying gpa2' could suppress various gzt mu- 
tations. It was previously  shown that git2' (cyr l  ) acts as 
a high copy number suppressor of mutations in gitl, 
git3, git5,  git7, git8 and gitl0, but  not  a  mutation in 
git6 (HOFFMAN and WINSTON 1991). Plasmid  pGMKSl 
(T. ISSHIKI and M. YAMAMOTO, unpublished) carries a 
3.2-kb  KpnI-PstI genomic clone of  gpa2' cloned into  the 
PuuII site of  pDB248' (BEACH et al. 1982). Strains car- 
rying mutations in git3, git5 or git8 become 5FOAR (the 
Git' phenotype) when transformed to Leu' by the 
gpa2+carrying plasmid  pGMKSl (Figure 2).  These 
strains display the Git- 5F0As phenotype when trans- 
formed  to  Leu+ with  plasmid  pWH5 that  does not carry 
the gpa2' gene. Strains carrying mutations in g i t l ,  git7 
or g i t Z O  remain 5FOAS  when transformed to  Leu+ by 
plasmid  pGMKSl (data  not shown). Therefore, these 
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-5FOA +5FOA 
FIGURE 2.-High copy number suppression by gpa2’. 

Strains FWF’l12 ( g i t ’ ) ,  CHP200 ( @3-2OO), CHP3l 1 ( git5- 
31 I )  and CHP276 (git8-276) were transformed to Leu+ with 
either plasmid pCMKSl (carrying the gpa2’ gene) or with 
plasmid pwH5 (WRI(;liT ~1 nl. 1986; negative control). Purified 
transformants  were spotted onto solid medium lacking leucine 
with and without 5FOA and grown for 3 days at 30”. 

results divide the  “upstream” p‘t genes  into two distinct 
classes. 

Analysis of gpa2A git double mutants: To further 
study the  relationship between gpa2 (g i t8 )  and  the 
other g i t  genes, we assayed Pgalactosidase activity  ex- 
pressed from thefhpl- lad fusion in g i t  mutant strains, 
in a gpa2A disruption  mutant  strain, and in double mu- 
tant strains (Table 2). Results from these experiments 
suggest different  functional relationships between gpa2 
and  the various “upstream” g i t  genes. 

Assays of the single mutants  demonstrate  that these 
mutations do  not have an equivalent effect upon f b p l  
expression. As noted above, disruption of the gpa2 gene 
(strain MNP3) does  not cause as complete  a  derepres- 
sion  of fbpl-laci! expression as caused by a deletion of 
the git2 (cyrl) gene (strain FWP187; Table 2).  This re- 
sult may reflect the fact that  the disruption of gPa2 
causes  only a twofold reduction in  basal CAMP levels 
(ISSHIKI et al. 1992), similar to that seen in a strain car- 
rying the git8-60 mutation (BYRNE and HOFFMAN 1993). 
Since mutations in the  other git genes  are not neces- 
sarily total loss of function  mutations, it is impossible to 
assess the relative roles of these  genes in regulating 
cAMP levels and f b p l  expression. However, it may be 
significant to note  that  the two mutations  that  are s u p  
pressed by gpa2+ in high copy number, git3-14 and git5- 
75,  have the smallest effects on Pgalactosidase activity. 
Mutations in gitl, git6, git 7and  gitlOcause constitutive 
fbpl-laci! expression to  a level intermediate  to  that of 
the gpa2 disruption and  that of the git2 (cyrl) deletion. 

Strains carrying the gpu2 disruption and a  mutation 
in one of each of the  other g i t  genes were constructed 
and assayed for Pgalactosidase activity. The gpa2 
disruption has little or no effect on  the level of 
Pgalactosidase expressed in strains carrying mutations 
in either git2 (cyrl), git6 or git7. Only  in the strains 
carrying mutations in either gitl,   git3, or git5 do the 

TABLE 2 

PGalactosidase activity in git mutants and in git gpa2A 
double mutants 

Strain  Relevant genotype /3-Calactosidase  activity 

M I 1 2  gil+ 
MNPS g W A  

I3 2 3 
949 2 9s 

FWPI06 g i l l - I  1169 2 54 
CHP448 ~ 1 1 - 1  f l a 2 A  1742 2 160 
FWP187 gi12A 1694 2 145 
CHP447 p.128  gpa2A 1408 2 74 
CHP14 p.13-14 451 f 123 
MNPG gil3-14 gp1~2A 2202 t 307 
CHP75 $15-75 662 2 99 

CHP261 ~ ’ 1 6 - 2 6 1  1.511 f I56 
CHP4.51 $2‘16-26 I gpa ZA 1638 f 120 
CHP27 ~ 1 7 - 2 7  1334 f 8.5 

CHP444 $15-75 gfi02A 16.58 -c 84 

CHP445 gil7-27  gpa2A 1501 f 256 
CHP201 g i f  10-201 1137 -C 125 
CHP4.57 gi110-201  gpa2A 916 t 100 

Cells were  grown to exponential phase under repressing conditions 
(8% glucose) and assayed as descrihed in MATERIAIS ANI) METHODS. The 
values given represent specific activity 2 SE from two to five indepen- 
dent cultures of each strain. 

Pgalactosidase activities  significantly exceed those of 
strains carrying the single mutations, rising to or above 
the level observed in the git2 ( cy r l )  deletion strain. A 
similar elevation in Pgalactosidase activity had  been ob- 
served  previously  in a git3-I4  git8-276 double  mutant 
strain, relative to the two single mutant  parent strains 
(C.  S. HOFFMAN, unpublished  data). In contrast, the 
Pgalactosidase level  in the gitl0-201 gpa2A double mu- 
tant strain is similar to  that of strains carrying either 
single mutation,  and significantly  below that of the git2 
(cyrl ) deletion strain. 

DISCUSSION 

We have  shown here  that  the S. pombe @a2 gene  that 
encodes  a Gar protein is identical to the git8 gene in- 
volved in adenylate cyclase  activation and glucose re- 
pression offbpl transcription. The gpa2 (git8) gene is 
one of the  “upstream” g i t  genes  required to generate  a 
glucose-induced CAMP signal  in S. pombe (RYRNE and 
HOFFMAN 1993). When glucose-starved wild type  cells are 
exposed to glucose, intracellular CAMP levels increase 
almost sixfold, from 4.5 pmol cAMP/mg protein  prior 
to glucose addition to 26 pmol cAMP/mg protein 15 
min after glucose addition.  This response is not ob- 
served  in a strain carrying the git8-60 mutant allele, in 
which CAMP basal  levels are only 2.0 pmol cAMP/mg 
protein and reach a peak of  only  3.9 pmol cAMP/mg 
protein (BYRNE and HOFFMAN 1993). A similar inhibition 
of the glucose-induced cAMP signal is conferred by the 
disruption of gpa2 (ISSHIKI et al. 1992). The glucose- 
induced rise  in CAMP levels appears to be largely due to 
adenylate cyclase  activation and  not to CAMP phospho- 
diesterase inhibition since cAMP levels  in a cgs2 mutant, 
possessing a defective CAMP phosphodiesterase (DEVOTI 
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et al. 1991), rise  4.5-fold upon  exposure to glucose 
( B W E  and HOFFMAN 1993). These  data suggest that  the 
G protein regulates both basal and activated levels of 
adenylate cyclase. 

Since both  the git8-60 and  the gpa2 disruption strains 
display a twofold  rise in CAMP after exposure  to glucose, 
cAMP levels must be  regulated by an  additional 
mechanism.  This may involve a  second  mechanism 
regulating  adenylate cyclase  activity. Alternatively, a 
mechanism  regulating cAMP phosphodiesterase 
could  exist, however this would only have a minor 
contribution  to  the cAMP rise seen  in wild-type cells 
upon  exposure  to  glucose. As the  “upstream” git mu- 
tants are severely deficient  in  their ability to produce 
a  glucose-induced cAMP response,  these git genes  are 
likely to  encode  components of an adenylate cyclase 
activation pathway. 

The relationships between gpa2 ( git8) and the other 
gat genes were examined by high copy number suppres- 
sion studies and by assays of P-galactosidase expressed 
from theppl-laczreporter fusion in single and  double 
mutants. High copy number suppression by gpa2” was 
observed for strains carrying mutations in either git3 or 
git5. These  mutations cause the least increase in f b p l -  
lac2 expression, less than  that caused by the  disruption 
of gpa2 ( git8) .  One interpretation of this result is that 
git3 and git5 function upstream of gpa2. However, this 
is not  the case, as the git3  gpa2A and git5  gpa2A double 
mutants possess Pgalactosidase levels higher  than 
strains carrying either single mutation, and similar to 
that of a strain carrying a  deletion of git2  (cyrl) .  It ap- 
pears more likely that git3 and git5 act in concert with 
or independently  from gpa2 to stimulate adenylate cy- 
clase. It has been shown that P y dimers of G proteins 
act synergistically  with Ga! to stimulate type 11 and type 
IV adenylate cyclases in mammalian cells (GAO and 
GILMAN 1991; TANG and GILMAN 1991; FEDERMAN et al. 
1992). Indeed,  recent  cloning  and  sequence analysis  of 
the git5 gene suggest that it encodes  the  G  protein /3 
subunit (M. T. PETIT, E. APOLINARIO and C. S. H O F F ~ ,  
unpublished data). 

Mutations in any  of gitl,   git7 or gitlO are  not sup- 
pressed by gpa2’ in high copy number, yet the  data  from 
the Pgalactosidase assays  of single and  double  mutants 
suggest that these genes do  not form  a single functional 
class. Expression of Pgalactosidase activity  in the gitl 
gpa2A double  mutant is significantly higher  than in 
either single mutant, indicating that these genes 
may function in two separate pathways. Expression of 
Pgalactosidase activity in the gitl0  gpa2A double mu- 
tant is similar to that in either single mutant  and less 
than  that of the git2  (cyrl)  deletion  strain, suggesting 
that these two genes  function in the same pathway. The 
failure of high copy number gpa2” to suppress the p t l 0  
mutation could indicate that g i t l 0  acts between gpa2 
and git2 ( c y r l ) .  Finally, expression of Pgalactosidase 
activity in the git7 single mutant is higher  than  that in 

the gpaZ disruption strain, suggesting that git7 func- 
tions downstream of gpa2. The Pgalactosidase activities 
expressed in the git7 mutant,  the git7  gpa2A double 
mutant, and  the git2 ( c y r l )  deletion strain are similar, 
making it diffkult to predict  the  role of gzt7. 

We have  previously proposed  that git6 functions 
downstream of adenylate cyclase. This proposal is con- 
sistent with our  current observations that high copy 
number gpa2+ does not suppress a  mutation in git6 and 
that  a git6 mutant  and  a git6  gpa2A double  mutant ex- 
press P-galactosidase  activity  similar to that of a gzt2 
(cyrl ) deletion strain. 

We employed two technically different approaches to 
demonstrate  that gpa2 and git8 are identical. The first 
involved  classical  yeast genetic  approaches showing that 
mutations in gpa2 and git8 fail to complement and are 
tightly linked. The second involved the  direct identifi- 
cation of mutations in the gpa2 coding region of git8 
mutant strains. This molecular approach involving  PCR, 
SSCP and  direct  sequencing of  PCR products  does not 
require strain constructions and is especially amenable 
to work  with  yeasts due to the small  size  of their genomes 
and  their lack  of large introns.  In  other work, we have 
been able to  locate mutations by  SSCP in 6 of 11 gzt2 ( qyrl) 
mutants tested, as some mutations do not affect the con- 
formation of single stranded DNA (E. ~ O L J N A R I O  and 
C. S. HOFFMAN, unpublished). 

It is interesting  that adenylate cyclases from S. pombe 
and from mammalian cells are  both activated by G pro- 
teins although  the enzymes  themselves are  not  related, 
while S. pombe adenylate cyclase  is not activated by Ras 
proteins as  is true for the homologous enzyme from S.  
cerevisiae. Possibly the  function of some of the  other 
“upstream” git genes is to provide a transition from a 
mammalian-like activation mechanism to  a  nonmamma- 
lian effector enzyme. The cloning and characterization 
of these “upstream” gzt genes may help us to understand 
the relationships between various eukaryotic adenylate 
cyclases and their activation mechanisms. 
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