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ABSTRACT 
The yeast Saccharomyces cerevisiae contains two ras homologues, RASl and RAS2, whose products 

have been shown to modulate the activity  of adenylate cyclase encoded by the CYRl gene. To  isolate 
temperature-sensitive mutations in the RAS2 gene, we constructed a plasmid carrying a R A S P  gene 
whose expression is under  the control of the galactose-inducible GAL1 promoter. A rasl strain 
transformed with this plasmid was subjected to ethyl methanesulfonate mutagenesis and nystatin 
enrichment. Screening of approximately 13,000 mutagenized colonies for  galactosedependent growth 
at  a high temperature (37”) yielded six temperature-sensitive ras2 (ras2’”) mutations and  one temper- 
ature-sensitive cyrI (cyrl“) mutation that can be suppressed by overexpression or increased dosage of 
RAS2. Some ras2*‘ mutations were shown to  be suppressed by an  extra copy  of CYRl.  Therefore 
increased dosage of either RASP or CYRl can suppress the  temperature sensitivity caused by a 
mutation in the  other. rasl r a ~ 2 ~  and rasl cyrl ” mutants arrested in the G1 phase  of the cell  cycle at 
the restrictive temperature,  and showed pleiotropic phenotypes to varying degrees even at  a temper- 
ature permissive for growth (25“), including slow growth, sporulation on rich media, increased 
accumulation of  glycogen, impaired growth on nonfermentable carbon sources, heat-shock resistance, 
impaired growth on low concentrations of  glucose, and lithium sensitivity. Of these, impaired growth 
on low concentrations of  glucose and sensitivity to lithium are new phenotypes, which  have not been 
reported  for mutants defective in the cAMP  pathway. 

T HE roles of adenosine 3’,5’-monophosphate 
(CAMP) in the yeast Saccharomyces cerevisiue have 

been studied through  the isolation and characteriza- 
tion of the mutations in the CYRl and BCYl genes, 
which encode adenylate cyclase and  the regulatory 
subunit of  CAMP-dependent protein kinase,  respec- 
tively  (reviewed by MATSUMOTO, UNO  and ISHIKAWA 
1985). The cyrl mutations cause the cell-cycle arrest 
in the G1 phase under  the restrictive conditions, and 
one of the cyrl mutations (cyrl-2) causes sporulation 
on rich media. The bcyl mutation, which  was origi- 
nally  isolated  as a suppressor of cyrl-1, results in 
inability to sporulate. Therefore cAMP  acts  as a pos- 
itive regulator at  the  “start” of the cell  division  cycle 
and as a negative regulator of sporulation in  diploids. 
S. cerevisiae contains two  genes, RASl and RAS2, 

which are structurally and functionally  homologous 
to  the mammalian ras oncogenes (DEFEo-JONES et al. 
1983, 1985; POWERS et al. 1984; KATAOKA et al. 
1985). At least one functional RAS gene is required 
for spore germination and vegetative growth (KA- 

Genetic and biochemical  results  have  shown that  the 
TAOKA et UI?. 1984,  1985; TATCHELL et d .  1984). 
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yeast RAS products stimulate adenylate cyclase  activity 
(TODA et al. 1985). The activity  of the R A S  proteins 
is  likely to be controlled by the  product of the CDC25 
gene (BROEK et al. 1987; ROBINSON et al. 1987). The 
phenotypes of mutants in the cAMP  pathway  suggest 
that  the activity of adenylate cyclase  is modulated 
through  the RAS proteins in  response to nutritional 
conditions, although the  nature of  signals mediated 
by this  pathway  is  still  unknown. 

Temperature-sensitive mutations are powerful  tools 
for analyzing the functional roles of the  a  gene of 
interest. Furthermore, temperature-sensitive mutants 
provide hosts for the isolation  of extragenic suppres- 
sors. A temperature-sensitive mutation in the CYRl  
gene has been isolated and characterized (MATSU- 
MOTO, UNO and ISHIKAWA 1984). One of the previ- 
ously  isolated  cell-division-cycle mutations, cdc35, has 
been shown to be allelic to cyrl (CASPERSON, WALKER 
and BOURNE 1985; BOUTELET,  PETITJEAN and HILCER 
1985). DE VENDITTIS et al. (1986) have reported  the 
isolation and characterization of a temperature-sensi- 
tive mutation in the RAS2 gene. Other groups have 
also  used temperature-sensitive ras2 mutants to study 
the cAMP  pathway (TODA et al. 1987; NAKAFUKU et 
al. 1988). 

In this paper we describe an efficient method for 
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sources of met4 and met3, respectively.  In this paper rasl 
and ras2 represent null  alleles constructed by inserting 
marker genes into  the coding regions (KATAOKA et al. 1984). 
A bcyl mutant, 10-9, was isolated and identified as  follows. 
Temperature-resistant revertants of a rasl cyrl-230 strain 
(HM57-2C) were screened for heat-shock  sensitivity. The 
heat-shock  sensitivity in a  revertant (1 0-9) segregated 2:2 in 
crosses and was complemented by a BCYl plasmid  (pSY2-1). 
Moreover, when  crossed to  a bcyl tester strain (AM203-1B), 
the  revertant showed sporulation defect characteristic of 
bcyl diploid cells. The bcyl allele in the  revertant is desig- 
nated bcyl-109. 

Media: Rich  media contained 1% yeast extract,  2% 
polypepton and 2% glucose  (YPD), 2% galactose  (YPGal), 
2% glycerol, 2% potassium acetate, 2% ethanol or 0.1% 
glucose. Synthetic medium contained 0.67% yeast nitrogen 
base without amino acids, 2% glucose and  the supplements 
to satisfy auxotrophic requirements. Presporulation medium 
(YPA) contained 1% yeast extract,  2% polypepton and 1% 
potassium acetate. Sporulation medium (SPO) contained 1 % 
potassium acetate. Solid  media contained 2% agar. 

Genetic  methods  and  transformation. Standard yeast 
genetic procedures of crossing, sporulation and  tetrad analy- 
sis were followed (SHERMAN, FINK and HICKS 1983). Dip- 
loids  were  isolated by prototrophic selection if possible. 
When prototrophic selection could not be employed, dip- 
loids  were identified by testing for ability to sporulate after 
single  colony  isolation. T o  test for anaerobic growth on 
glucose, a GasPak  disposable anaerobic system  (BBL) was 
used.  Ability to grow on various media was scored by spot- 
ting cell  suspensions  with a multipronged inoculating device. 
Conventional replica-plating procedure with  velvet cloth 
was used for  the primary screening of mutants. Yeast  was 
transformed by the lithium acetate method (ITO et al. 1983). 

Plasmids: Plasmid YCpLeCYRl carries the  entire coding 
region of CYRI (UNO et al. 1987). YCpLeCAPCYRl-ScaI(a) 
carries a  truncated CYRI gene  that encodes the C-terminal 
432 amino acids  of adenylate cyclase; the product has the 
catalytic  activity independent of the RAS proteins (UNO et 
al. 1987). Plasmid  pSY2-1,  which was kindly provided by A. 
TOH-E, is a  YCpl9 derivative carrying the BCYl gene (YA- 
MANO et al. 1987). 

A 7.2-kb SalI-BamHI fragment containing the GALl gene 
(ST. JOHN and DAVIS 1981) was isolated (T. OSHIMA, un- 
published  results). A 0.9-kb EcoRI-AvaI fragment containing 
the GALl promoter was subcloned into pUC9. The EcoRI 
site was converted to  a BamHI site by addition of synthetic 
linkers, and an EcoRI site was constructed immediately 
before the GALl translation initiation site by oligonucleo- 
tide-directed mutagenesis (MORINAGA et al. 1984). The plas- 
mid was digested with  BamHI and EcoRI, and  the resulting 
0.8-kb BamHI-EcoRI fragment was used  as  GALl promoter. 
The GALl promoter was fused to  the lac2 gene of Esche- 
richia coli to assess the  promoter function by assaying for 8- 
galactosidase. No detectable level  of  &galactosidase  activity 
was observed in  cells carrying a GALI-lac2  fusion  plasmid 
when  grown  in YPD medium, whereas  when  grown  in 
YPGal medium cells carrying the GALI-lac2  fusion  plasmid 
showed a 50-fold higher level  of  activity than did cells 
carrying a RASZ-lac2 fusion  plasmid (data not shown).  Plas- 
mid  placRAS2 (UNO et al. 1985) was digested with HindIII, 
treated with the Klenow fragment of E. coli DNA  polymer- 
ase I to fill-in the cohesive ends, and then digested with 
EcoRI. The resulting 1 -2-kb EcoRI-Hind111 (filled-in) frag- 
ment containing a promoter-lacking RASZ gene and  the 0.8- 
kb BamHI-EcoRI  GALl promoter fragment described above 
were inserted into BamHI-SalI(fil1ed-in)  sites  of  YCpLe 
(UNO et al. 1987), yielding YCpLeGALl RASZ.  YEP1  3RAS2 

TABLE 1 

S. cerevisiae s trains 

Strain" Genotype or cross' 

AM203-1B MATa his7  bcyl 
AM248-5B MATa his7 cyrl-2 
K393-35C MATol spol I ura3 his2  leu1 lysl met4 pet8 
K396-11A MATa spol I ura3  adel his1 leu2 lys7 met3 trp5 
T3-28D MATa leu2 his3 ura3  trpl  rasI::HIS3 
T3-35D MAT& leu2 hi53 ura3 trpI ade8 rasZ::URA3 
T26-19C MATa leu2 his3 t rp l  can1 bcyl rasl::HIS3  rasZ::LEU2 
HM3-6B MATa leu2 his3 ura3 met3 ras2::URA3 
HM6-8B MATa leu2 his3 ura3 met3 
HM21-1OB MATa leu2 his3 ura3  trpl aded met4 rasl::HIS3 
HM29-7B MATa leu2 his3 ura3  trpl aded rasl::HIS3 ras2-125 
HM38-1A MATa leu2 his3 ura3 trpl cyrl-230 
HM39-8D MATa leu2 his3 ura3  trpl aded rasl::HIS3  rad-125 
HM54-14A MATa leu2 his3 ura3 trpl rasl::HIS3 
HM54-14B MATa leu2 his3 ura3  trpl aded rasl::HIS3  ras2-125 
HM54-14C MATa leu2 his3 ura3  trpl aded rasl::HlS3 
HM54-14D MATa leu2 his3 ura3 trpl rasl::HIS3  ras2-125 
HM55-6A MATa leu2 his3 ura3  trpl  rasl::HIS3 ras2-23 
HM55-6B MATa leu2 his3 ura3  trpl aded rasl::HIS3 ras2-23 
HM56-1A MATa leu2 his3 ura3  trpl aded rasl::HIS3  rad-47 
HM56-1C MATa leu2 his3 ura3  trpl  rasl::HIS3  rad-47 
HM57-2B MATa leu2 his3 ura3  trpl  rasl::HIS3  cyrl-230 
HM57-2C MATa leu2 his3 ura3  trpl met4 rasl::HIS3  cyrl-230 
HM58-1D MATa leu2 his3 ura3  trpl aded cyrl-2 (his7?) 
HM65-24D MATa leu2 his3 ura3 met3 rasl::HlS3 
HM67-2C MATa leu2 his3 ura3 trpl rasl::HIS3  ras2-35 
HM67-3C MATa leu2 his3 ura3  trpl aded rasl::HIS3  ras2-35 
HM25  T3-28D X HM3-6B 
HM32 2-30 X HM29-7B 
HM54 T3-28D X HM39-8D 
HM66  T3-35D X HM65-24D 
HM68 HM54-14A X HM54-14C 
HM69 HM54-14A X HM54-14B 
HM70 HM54-14B X HM54-14D 
HM71 HM55-6A X HM55-6B 
HM72  HM67-2C X HM67-3C 
HM73 HM56-1A X HM56-1C 
HM74 HM57-2B X HM57-2C 

Source or reference is as follows: AM203-1B and AM248-5B, 
K. MATSUMOTO; K393-35C and K396-11A KLAPHOLZ and ESP(& 
ITO (1982); T3-28D,  T3-35D and T26-19C, TODA et al. (1985). All 
other strains were constructed during the course of this study. 

For diploids, haploid parents are shown. 

isolating temperature-sensitive  mutations in the RAS2 
gene. We recovered not only r ~ s 2 ~ '  mutations  but also 
a c y r l t s  mutation  that  can  be  suppressed by overex- 
pression of RAS2; r a s l  ~ a s 2 ~  and rasl cyrl"" mutants 
with the same  genetic  background  have  become avail- 
able as a result.  We show that increased  dosage of 
either RAS2 or C Y R l  can suppress the  temperature 
sensitivity caused by a  mutation in the  other. We also 
show that rasl r a ~ 2 ' ~  and rasl cyr l"  mutants  have 
pleiotropic  phenotypes  even at  the permissive temper- 
ature. 

MATERIALS AND METHODS 

Yeast  strains: The yeast strains used  in  this study are 
listed in Table 1.  K393-35C and K396-11A were used  as 
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was constructed by inserting a 3.0-kb EcoRI(fi1led-in)- 
Hind111 fragment containing the RASP gene (UNO et al. 
1985)  into BamHI(fil1ed-in)-Hind111 sites of YEpl3. 
YCpl9RAS2 was constructed by inserting a 4.7-kb PvuII- 
Hind111 fragment containing the RASP gene from 
YEpl3RAS2 into PvulI-Hind111  sites of YCpl9.  Standard 
methods for recombinant DNA manipulation were followed 
(MANIATIS, FRITSCH and SAMBROOK 1982). 

Isolation of mutants: Strain T3-28D transformed with 
YCpLeGAL 1 RAS2  was grown to stationary phase in syn- 
thetic medium  lacking leucine at 30". The cells were cof- 
lected by centrifugation, resuspended in  0.1 M sodium  phos- 
phate buffer (pH 7.0), and  treated with 3% ethyl methane- 
sulfonate (EMS) at  30"  for 60 min; 30-4096 of the cells 
survived  this treatment. To  assure independent isolation of 
mutants, four single  colonies  of the  parent strain were 
mutagenized independently. A  portion of the suspension 
was then diluted 10-fold into 5% sodium thiosulfate to 
quench the reaction. These mutagenized cells were washed 
three times, inoculated into YPD medium at  a density of 
about  4 X IO' cells/ml, and incubated at 25"  for  2 days. A 
portion of the  culture was diluted 50-fold into YPD medium 
again and incubated at  37" for 5 hr.  The cells were then 
treated with 10 &ml nystatin (SNOW 1966) at  37"  for  90 
min; the frequency of survivors was about  5 X The 
cells were washed, plated on YPD, and incubated at  25"  for 
4 days. The colonies on each of the YPD plates were replica- 
plated to two YPD plates and  one YPGal plate, and  one 
YPD plate was incubated at  25"  and  the  other YPD and  the 
YPGal plates were at  37". We picked  colonies that showed 
galactose-dependent growth at 37 " , i.e. colonies unable to 
grow on YPD at 37" but able to grow on YPD at  25" and 
on YPGal at 37 ". These colonies were retested for galactose- 
dependent growth at  37"  and tested for growth on synthetic 
medium lacking leucine at 25" by spotting cell  suspensions. 
Potential ras2" mutants were tested for cosegregation of the 
galactose-dependent growth with the plasmid after growth 
without selection for the plasmid. Those  mutants which 
showed galactose-dependent growth only in the presence of 
the plasmid were considered putative rus2" mutants. Mitotic 
segregants that had lost the plasmid were used in the sub- 
sequent experiments. 

Heat shock experiments: For quantitative measurement 
of thermotolerance, cells growing exponentially in  YPD at 
25" (about 5 X 1 O6 cells/ml) were exposed to  52"  for 4 min 
in a water bath, plated on YPD after  appropriate dilution, 
and incubated at  25"  for 3-5 days. Percentage of survivors 
was determined by dividing by the  number of  colonies 
formed from a  culture  that was not subjected to heat shock. 
For qualitative measurements, cells spotted on YPD plates 
were incubated at  25"  for 6 hr, exposed to  57"  for 4-12 
min on a water bath,  and incubated at 25 " for 2-5  days. 

Glycogen measurement: Relative glycogen  levels were 
measured by the iodine-staining method with a solution of 
0.2% I2 and  0.4% KI. This method stained colonies brown 
to varying degrees depending on  the amounts of glycogen 
accumulated. 

cAMP assay: Cells grown to early stationary phase  in 
YPD at 25" were collected, resuspended in 5% trichloroa- 
cetic acid (TCA), and incubated at  4" for 1 hr. The TCA 
extract was used for cAMP assay after extraction with die- 
thyl ether  and neutralization with 0.5 M Tris-HCI (pH 7.5). 
cAMP was determined with the Amersham cAMP assay  kit. 
The cells were boiled  in  0.2 N NaOH for 10 min and  then 
protein was determined with the Bio-Rad protein assay kit. 

Adenylate cyclase assay: Yeast membrane extracts were 
prepared  from cultures of cells  grown to early stationary 
phase in  YPD at 25" as described previously  (MATSUMOTO, 

UNO and ISHIKAWA 1984), except that MnC12  was omitted 
from the buffers. Adenylate cyclase was assayed at  25" in 
the presence of either  5 mM  MnC12 or 5 mM  MgC12 with or 
without 0.1 mM Gpp(NH)p. 

RESULTS 

Strategy of mutant  isolation: Yeast contains two 
RAS genes. RASl and RAS2. Cells carrying a null  allele 
of either gene are viable, although cells carrying null 
alleles  of both genes are inviable. Thus a temperature- 
sensitive mutation in the RAS2 gene would not cause 
temperature sensitivity for growth in the presence of 
R A S I .  We therefore chose a strain carrying a null 
allele  of RASI as parent for mutant isolation. The 
rasl strain was transformed with a plasmid carrying a 
R A S 2  gene whose  expression is under the control of 
the GALl promoter, yielding a strain that carries a 
disrupted chromosomal  copy of RASl and two  copies 
of RAS2, an intact chromosomal  copy and  a plasmid- 
borne copy  whose  expression is galactose-inducible. If 
a temperature-sensitive mutation occurred in the 
chromosomal  copy  of RAS2, the strain would  be  una- 
ble to grow on glucose-containing  medium  (YPD) at 
37 O but able to grow on galactose-containing  medium 
(YPGal) at  37". We thus expected to obtain ras2& 
mutants by screening mutagenized  colonies for galac- 
tose-dependent growth at  37".  The procedure em- 
ployed is depicted schematically  in Figure 1. 

Characterization of GALZ-RAS2 plasmid Plasmid 
YCpLeCALlRAS2, on which the RAS2 gene is fused 
to  the GALl promoter, was constructed. To deter- 
mine whether the expression of the RAS2 gene on the 
plasmid  is  galactose-inducible in vivo, a diploid heter- 
ozygous for rasl and r a d  (HM25) was transformed 
with the plasmid, and then sporulated and subjected 
to  tetrad analysis  in  which  asci were dissected on YPD 
or YPGal. No viable rasl ras2 spores  were recovered 
on YPD  in 49 tetrads examined, although the viability 
of  the spores of the  other genotypes (RASl R A S P ,  rasl 
RAS2 and RASl ras2) was high (97%). In contrast, 
about half  of rasl ras2 spores (28 out of 58 in 53 
tetrads) were  viable on YPGal, and all the viable rasl 
ras2 spores carried the GALI-RASP plasmid.  When 
these rasl ras2 spores were transferred from YPGal 
to YPD, the cells arrested as unbudded cells after 
heavy  residual growth. Thus the GALI-RAS2 plasmid 
could complement the rasl rase mutation in a galac- 
tose-dependent manner. We conclude that  the expres- 
sion  of the RASP gene on  the plasmid  is  galactose- 
inducible in vivo. Since the expression  of the R A S P  
gene under  the control of the GALl promoter was 
presumed to be higher than  that of the normal R A S P  
gene (See MATERIALS AND METHODS), we examined the 
effect of the expression of the GALI-RAS2 gene on 
cell growth at a  range of temperatures. Comparison 
of growth rates between rasl strains and rasl ras2 
strains carrying GALI-RAS2 revealed no difference 
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YPD 250  YPD 37O yPQal 37O 

FIGURE 1 .-Schematic representation of the mutant isolation 
strategy. A rasl strain carrying a GALI-RAS2 plasmid was subjected 
to EMS mutagenesis and nystatin enrichment and then screened 
for galactose-dependent growth at 37" by replica-plating. A poten- 
tial ras2" mutant is indicated by an  arrowhead. See text for details. 

on YPGal at 25" and  30"; however, rasl ras2 strains 
carrying CALI-RAS2 grew more slowly than rasl 
strains at 37 '. 

Isolation of mutants:  Cells  of a rasl strain (T3- 
28D) transformed with the CALI-RAS2 plasmid  were 
mutagenized  with EMS. The mutagenized  cells  were 
then treated with  nystatin to enrich ~ a s 2 ' ~  mutants, 
because ras2" mutants would not continue growth 
under the restrictive condition and would thus be 
resistant to nystatin. About 17% of the replica-plated 
colonies  were temperature sensitive for growth on 
YPD, indicating that  the nystatin treatment was effec- 
tive in enrichment of temperature-sensitive mutants. 
Screening of approximately 13,000 mutagenized  col- 
onies  yielded  seven putative ra@ mutants, which 
showed galactose-dependent growth at 37 " only  when 
the CALI-RASP plasmid was present. We  also re- 
covered two mutants that showed galactose-depend- 
ent growth at 37" even  in the absence  of the plasmid. 
These mutants may  be defective in  glycolytic  pathway 
or glucose uptake. They were  not studied further. We 

TABLE 2 

Complementation analysis 

Complementation' 

Original rasl 
rasl 

Allele 
rasl ras2 

isolate" ras2-125 cyrl-230 bcyl cyrl-2 

rasl ras2-125 1-25 - + - ND 
rasl ras2-23 2-3 - + - ND 
rasl ras2-237 2-37 - + ND  ND 
rasl ras2-35 3-5 - + - ND 
rasl ras2-47 4-7 - + - ND 
rasl ras2-48 4-8 - + ND  ND 
rasl cyrl-230 2-30 + - + -  
a The number to  the left of the hyphen refers to  the single colony 

from which the mutant was derived. Thus mutants with different 
numbers are independent. 

* Diploids were constructed and tested for growth on YPD at 
37'. ND, not determined. 

also attempted to isolate  cold-sensitive rus2 mutations 
by screening colonies  grown on YPD at  30" for galac- 
tose-dependent growth at 17"; however, no cold- 
sensitive ras2 mutations were recovered among ap- 
proximately 12,000 colonies screened. The IUS2 
gene may not readily mutate to cold-sensitive  alleles. 

Identification of mutants:  Each putative rus2' mu- 
tant was crossed to a rasl met4 strain (HM21-1OB), 
yielding a diploid  homozygous for rasl and hetero- 
zygous for the temperature-sensitive mutation and 
met4, which  is tightly  linked to rasZ (KATAOKA et al. 
1984). In  each  case the diploid was able to grow on 
YPD at 37 , indicating that  the  temperature sensitiv- 
ity  of the mutants is recessive. These diploids  were 
sporulated and subjected to tetrad analysis. In each 
case temperature sensitivity segregated 2+:2-,  indi- 
cating that this defect is due  to  a single  nuclear  mu- 
tation. Of the seven mutants, six (mutants 1-25, 2-3, 
2-37, 3-5, 4-7 and 4-8) carried a mutation linked to 
met4 (in the case  of 1-25, for example, parental ditype 
(PD)/nonparental ditype (NPD)/tetratype (T); 
24:0:2),  suggesting that they are ras2& mutants; one 
(mutant 2-30) carried a mutation unlinked to met4 
(PD/NPD/T; 2: 1 :9), suggesting that  the  temperature 
sensitivity is due to a mutation in a gene other than 
R A S 2  and can  be  suppressed by overexpression  of 
RAS2. Complementation analysis  showed that  the six 
mutants fall into  the same complementation group 
and  the mutant 2-30  defines another  group, as ex- 
pected (Table 2). 

The mutations were tested for ability to comple- 
ment a ras2 null  allele by crossing mutants to  a rasl 
ras2 bcyl strain (T26-19C); if a mutation was in RAS2, 
the resulting diploid  would  be  unable to grow on YPD 
at 37  because bcyl is recessive. This was the case for 
the mutations linked to met4; these mutations failed 
to complement the rasZ null allele (Table 2). More- 
over, the  temperature sensitivity  of the mutant 1-25 
was complemented by RAS2 on a  centromere plasmid, 
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YCp19RAS2. We conclude that the temperature-sen- 
sitive mutations linked to met4 lie  in the RASB gene. 
Of the six ~ a s 2 ~ '  mutations, four independent muta- 
tions (ras2-125,  ras2-23,  ras2-35 and ras2-47) were 
studied further.  On  the  other  hand,  the mutation 
unlinked to met4 complemented the ras2 null  allele 
(Table 2).  However,  this mutation was found to fail 
to complement cyrl-2 (Table 2),  which is the previ- 
ously  isolated temperature-sensitive cyrf mutation 
(MATSUMOTO, UNO and ISHIKAWA 1984), indicating 
that  the mutant 2-30 carries a mutation in the CYRl 
gene. Two observations confirm this  conclusion. First, 
the mutation was tightly  linked to met3 (PD/NPD/T; 
37:0:3); the previous  mapping data had shown the 
tight linkage of cyrl to met3 (BOUTELET,  PETITJEAN 
and HILCER 1985; CANNON, GIBS and TATCHELL 
1986; MARSHALL et al. 1988). Second, the tempera- 
ture sensitivity  caused by the mutation was comple- 
mented by CYRl on a  centromere plasmid,  YCpLe- 
CYR1. The mutant 2-30 was crossed to a RASl strain 
(HM6-8B). Tetrad analysis of the resulting diploid 
showed  2:2 segregation for  temperature sensitivity, 
indicating, in conjunction with the complementation 
of the  temperature sensitivity by CYRl, that this phe- 
notype is independent of the RASl genotype. Tetrad 
analysis  of a diploid heterozygous for ras2-125 and 
cyrl-230 (HM32) showed that rasl  ras2-125  cyrl-230 
triple mutants are inviable. 

Suppression of a  temperature-sensitive  mutation 
in either RAS2 or CYRl by increased  dosage of the 
other: As mentioned above, the  temperature sensitiv- 
ity caused by the cyrl-230 mutation is expected to be 
suppressed by overexpression of RAS2. We thus ex- 
amined a high or low copy number plasmid carrying 
RASP for ability to suppress the  temperature sensitiv- 
ity caused by the cyrl-230 mutation. As expected, the 
temperature sensitivity  of a cyrl-230 strain (HM38- 
1A) was suppressed by a high  copy number plasmid, 
YEP1 3RAS2, although the cyrl-230 strain carrying 
YEpl3RAS2 grew more slowly at  37"  than  the cyrl- 
230 strain carrying YCpLeCYRl. In contrast, 
YCpl9RAS2 did not suppress the  temperature sensi- 
tivity of the cyrI-230 strain. To  determine whether 
cyrl-2 is suppressed by increased  dosage of RAS2, a 
cyrl-2 strain (HM58-1D), which  was constructed by 
three serial  backcrosses, was transformed with 
YEpl3RAS2 or YCpl9RAS2. The temperature sen- 
sitivity  caused by cyrl-2 was not suppressed by RAS2 
even in high  copy number. 

We examined whether the  temperature sensitivity 
of rasl ~ a s 2 ~ '  mutants was suppressed by CYRl. The 
results are shown  in Table 3. A truncated CYRl gene 
(CYRl-ScaI) that can  suppress the lethality of rasl ras2 
mutants (UNO et al. 1987) also  suppressed the temper- 
ature sensitivity  of the rasf ras2" mutants, as  ex- 
pected. Surprisingly, one extra copy  of CYRl on  a 

TABLE 3 

Suppression of rad" mutations by CYRI genes 

Growth of transformant' 
Relevant 

Strain"  genotype' None CYRI-ScaI CYRZ 

HM54-14D ras2-125 - + + 
HM55-6B ras2-23 - + + 
HM67-3C ras2-35 - + + 
HM56-1A ras2-47 - + 
HM70 ras2-125/ras2-125 - + 
HM71 

f 
ras2-23jras2-23 - + 2 

HM72 ras2-35/ras2-35 - + - 
HM73 ras2-47/ras2-47 - + - 
a The strains used in this experiment were constructed as follows. 

The original isolates were crossed to HMPI-IOB, and segregants of 
these crosses were backcrossed two times to the parent strain T3- 
28D. From the resulting haploid strains, diploid strains were con- 
structed. The same strains and strains constructed in the same 
manner were used in the subsequent experiments (Tables 4 ,5 ,  and 
6). 

All haploid strains are rasl and all diploid strains are rasllrasl. 

YCpLeCAPCYRl-ScaI(a) (CYRI-ScaI) or YCpLeCYRl (CYRl) 
Cells of rasl rasZU mutants carrying no plasmid (None), 

were spotted on YPD and incubated at 37" for 2 days. 

- 

centromere plasmid  suppressed the  temperature sen- 
sitivity  of the rasl  ras2-125,  rasl  ras2-23 and rasl 
ras2-35 mutants. Interestingly, the same  plasmid re- 
sulted in  less  efficient  suppression  in the homozygous 
diploids. The dosage  of the wild-type CYRl allele and 
a ras2" allele is probably  crucial for suppression. The 
lethality  of rasl ras2 mutants is not suppressed by an 
extra copy  of CYRl (UNO et al. 1987). Therefore 
suppression of the ras2" mutations by an extra copy 
of CYRl must rely upon the residual  activity  of the 
mutant RASB protein at  the restrictive temperature. 

Pleiotropic  phenotypes of rasl r652" and rasl 
cyrlt' mutants Table 4 shows the properties of dip- 
loids  homozygous for rasl and  either ras2' and cyrl". 
The terminal phenotype of the mutants was examined 
by shifting exponentially  growing cultures to  the  re- 
strictive temperature. Both the rasl ras2& and rasl 
cyrl mutants arrested as unbudded cells  when shifted 
from 25 O to 37", indicating that  the mutants arrested 
in the GI phase of the cell  cycle. This result is consist- 
ent with the previous  observations that  the mutations 
either in CYRl or in RASl and RAS2 cause the GI 
arrest  under  the restrictive conditions (MATSUMOTO 
et al. 1982; MATSUMOTO, UNO and ISHIKAWA 1983a; 
KATAOKA et at. 1985; DE VENDITTIS et al. 1986). In 
all the mutants the number of  cells  increased less than 
twofold  even after prolonged incubation at 37 " (data 
not shown), indicating that cells arrested  on  the first 
cell  cycle at the restrictive temperature. The increased 
fractions of unbudded cells at 25" in the rasl ras2- 
125,  rasl  ras2-23 and rasl  cyrl-230 mutants reflect 
the prolonged GI phases  (see  below). 

A null mutation in RASB causes  several phenotypes, 
including sporulation on rich media  in  homozygous 
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TABLE 4 

Properties of rasl ras2" and rasl cyrl" mutants 

Fraction of 
unbudded 

cells' 
Length of phase' Sporulation  efficiencyd 

(hr) @) 
Relevant 

Survival 

Strain genotype" 25" 37" tirne'(hr) GI  S + GP + M YPD  YPA  SPO staining glycero!' shocks(%) 
Doubling Ip-KI Growth on after  heat 

HM68 + 0.31 0.34 2.0 0.5 1.5 0.0 0.5 47.1 - + 0.04 
HM70 rus2-125 0.64 0.95 3.6 2.0 1.6 8.0 39.4 75.9 ++ - 37.8 
HM71 ras2-23 0.62 0.92 3.4 1.8 1.6 2.9 29.8 55.4 ++ - 10.8 
HM72 ras2-35 0.38 0.83 2.2 0.7 1.5 0.0 0.7 12.7 + 2 0.2 
HM73 ras2-47 0.34 0.87 2.0 0.5 1.5 0.0 3.3 47.4 + * 0.2 
HM74 CYTI-230 0.54 0.92 3.0 1.4 1.6 0.0 1.2 58.2 + 2 28.8 

a All strains are homozygous for the indicated allele and rusl. 
Cultures of cells growing exponentially in  YPD at 25" (about 5 X lo6 cells/ml) were divided into two parts. One was shifted to 37" and 

the fraction of unbudded cells was determined 4 hr after  the  temperature shift. The  other was maintained at 25" and the fraction of 
unbudded cells (F) and the doubling time (D) were determined. At  least 300 cells were counted by microscopy after fixation and brief 
sonication. 

The length of the GI phase (GI) was calculated by the formula GI = D(l - log(2-F)/log2) (RIVIN and FANCMAN 1980). S + M + G2 is 
the difference between D and GI, and represents the combined length of the S, GP and M phases. 

Cells grown on YPD at 25" for 2 days were transferred to YPD, YPA and  SPO plates. After 5 days at 25", at least 200 cells and tetrads 
were counted by microscopy, and the percentage of sporulated cells was calculated. The average of three independent diploid isolates is 
given. 

e For qualitative glycogen measurement, cells were grown on YPD at 25" for 5 days and stained with iodine solution: -, light brown; +, 
brown; ++, dark brown. 

'Cells were spotted on rich medium containing 2% glycerol and incubated at 25" for 3 days. 
6 Cells growing exponentially in  YPD at 25" were exposed to 52" for 4 min. 

diploids,  increased  accumulation  of storage carbohy- 
drates and impaired growth on nonfermentable car- 
bon  sources (TODA et al. 1985; TATCHELL, ROBINSON 
and BREITENBACH 1985; FRAENKEL 1985). The cyrl- 
2 mutation causes sporulation on rich  media and heat- 
shock  resistance (MATSUMOTO, UNO and ISHIKAWA 
1983b; SHIN et al. 1987). We examined the pheno- 
types  of the rasl ras2" and rasl cyrll" mutants at  a 
temperature permissive for growth (Table 4). The 
rasl ~ a s 2 ~  mutants were  divided into two groups on 
the basis  of a set  of  phenotypes. The rasl ras2-125 
and rasl  ras2-23 mutants showed  slow growth, spor- 
ulation on YPD,  increased  accumulation  of  glycogen, 
inability to grow on glycerol and heat-shock  resistance. 
The increase in doubling time was due exclusively to 
the extension  of the GI phase. These mutants sporu- 
lated  efficiently on YPA.  Inability of growth was ob- 
served on acetate and ethanol as  well  as glycerol. The 
rasl ras2-35 and rasl ras2-47 mutants showed neither 
slow growth nor sporulation on YPD, and showed  less 
glycogen accumulation, growth defects on glycerol 
and heat-shock  resistance than did the rasl ras2-125 
and rasl  ras2-23 mutants. The rasl  cyrl-230 mutant 
also  showed slow growth, increased  accumulation  of 
glycogen, impaired growth on glycerol and heat-shock 
resistance.  For  all the rasZts and cyrlts mutations, the 
same  phenotypes except for sporulation on rich  media 
were  observed for haploid mutants. These phenotypes 
cosegregated  completely  with the  temperature sensi- 
tivity for growth. A diploid  homozygous for rasl and 
heterozygous for ras2-125 (HM69) did not show  slow 
growth, sporulation on YPD, increased  accumulation 

of  glycogen,  inability to grow on glycerol and heat- 
shock  resistance, indicating that ras2-125 is recessive 
to the wild-type  allele for all  these phenotypes. 

Many studies  have  established that addition of glu- 
cose to yeast  cells  causes an increase in intracellular 
cAMP  level. Although the mechanism by which  glu- 
cose  causes the cAMP  increase is not understood, one 
possibility is that glucose  stimulates the activity  of 
adenylate cyclase. The ras2" and cyrl ts mutations may 
cause defects in growth on low concentrations of 
glucose. Thus rasl ras2" and rasl cyrl Is mutants were 
tested for anaerobic growth on rich  medium contain- 
ing 2% or 0.1% glucose at 25". rasl  ras2-125 and 
rasl  ras2-23 mutants showed impaired growth on 
0.1% glucose. On  the  other hand, rasl  ras2-35,  rasl 
ras2-47 and rasl  cyrl-230 mutants did not show de- 
fects in growth on 0.1% glucose.  Since rasl  ras2-125 
and rasl  ras2-23 mutants are petite (defective  in aero- 
bic growth on nonfermentable carbon sources),  ability 
to grow on 0.1 % glucose  could  be scored clearly under 
aerobic as  well  as anaerobic conditions. As expected, 
these mutants showed impaired growth on 0.1 % glu- 
cose  even under aerobic condition. To  determine 
whether a ras2 null mutation causes growth defects 
on low concentrations of glucose, ras2 mutants were 
tested for anaerobic growth on 2% and 0.1 % glucose. 
ras2 mutants did not show defects in growth on 0.1 % 
glucose at 25". However, ras2 mutants were  unable 
to grow on both 2% and 0.1% glucose at 37". 

Recently, it has  been reported that lithium, a  drug 
widely  used to treat manic-depressive  illness, perturbs 
the G protein function (AVISSAR et al. 1988). This 
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TABLE 5 

Growth of tvlsl rasz", rad cyrl " and rad eyrl " bey1 mutants in 
the  presence of lithium 

Growth on LiCI' (mM) 
Relevant 

Strain" genotypeb 1 3 6 10 15 20 

T3-28D + + + + - - -  
HM54-14D ras2-125 + + " "  
HM55-6B ras2-23 + + " "  
HM67-3C ras2-35 + + + - "  
HM56-1A ras2-47 + + + - - -  
HM57-2C CJYI-230 + " " -  
HM57-2CC c~T+I-230  CYRl + + + - - - 
10-9 9 ~ 1 - 2 3 0   b q l - 1 0 9  + + + + + - 

HM57-2CC is HM57-2C transformed with YCpLeCYR1. 10-9 

All  strains are rasl .  
is a bcyl mutant isolated from HM57-2C. 

' Cells were spotted on YPD plates containing various concentra- 
tions of LiCl and incubated at 25" for 3 days. 

finding prompted us to test the effect  of lithium on 
growth of rasl ras2*" and rasl cyrl'" mutants. The 
results are shown  in Table 5. The rasl parent strain 
T3-28D was resistant to LiCl up to  a concentration of 
about 6 mM on YPD at  25". The rasl  ras2-125,  rasl 
ras2-23 and rasl  cyrl-230 mutants were found to have 
increased  sensitivity to lithium. On  the  other hand, 
the sensitivity to lithium of the rasl ras2-35 and rasl 
ras2-47 mutants was indistinguishable from that of 
the rasl parent. Similar results were obtained with 
lithium acetate. Association  of the lithium-sensitive 
phenotype with the temperature-sensitive mutations 
was confirmed in  two  ways. In  the first experiment 
meiotic segregation of  this phenotype was examined 
with tetrads derived from a diploid  homozygous for 
rasl and heterozygous for ras2-125 (HM54). The 
lithium  sensitivity cosegregated with the  temperature 
sensitivity for growth. The second experiment in- 
volves the construction of a set  of  isogenic strains 
(Table 5): a rasl  cyrl-230 strain (HM57-2C), the rasl 
cyrl-230 strain carrying an extra copy  of CYRl 
(HM57-2CC) and  the rasl  cyrl-230 strain carrying a 
bcyl mutation (10-9). The rasl  cyrl-230 strain carry- 
ing CYRl showed a 2.4-fold higher level  of  cAMP at 
25" than did the rasl  cyrl-230 parent (data not 
shown). The rasl  cyrl-230 bcyl-109 mutant was  iso- 
lated as a temperature-resistant revertant of the rasl 
cyrl-230 strain (see MATERIALS AND METHODS). In 
contrast to the rasl  cyrl-230 strain sensitive  to 3 mM 
LiCl, the rasl  cyrl-230 strain carrying CYRl was re- 
sistant to LiCl at  a concentration of 6 mM (Table  5). 
Moreover, the rasl  cyrl-230  bcyl-109 strain was re- 
sistant  up to 15 mM LiCl (Table 5). 

To determine whether ras2 strains are sensitive to 
lithium compared with RASl RAS2 and rasl RASP 
strains, segregants from a diploid heterozygous for 
rasl and ras2 (HM66) were tested for sensitivity to 
lithium. Surprisingly, about half  of  viable  spores (34 

out of 69 in 22 tetrads) were resistant to high concen- 
trations of  LiCl (30-50 mM) irrespective to  the RASl 
and RASP genotypes. All tetrads with four viable 
spores  showed  2+:2- segregation for lithium resist- 
ance, and all tetrads with three viable  spores  showed 
2+:1- or 1+:2- segregation. The ras2 parent strain 
T3-35D was resistant to  the high concentrations of 
lithium, whereas the rasl parent strain HM65-24D 
was not. These results suggest that assuming that  the 
strain HM65-24D represented wild type, the strain 
T3-35D would carry a mutation that confer resistance 
to high concentrations of lithium. Since the lithium- 
resistant phenotype was found to be  recessive, the 
mutation may result in a defect in uptake of lithium. 
We tentatively designate the mutation l i t lR .  RASl 
RAS2 LITl,  rasl RAS2 LITl and RASl ras2 LITl 
segregants were tested for sensitivity to lithium. The 
ras2 null mutation did not cause  increased  sensitivity 
to lithium at 25 " . 

The effects of other metal  ions  were examined both 
in tetrads derived from a diploid  homozygous for rasl 
and heterozygous for ras2-125 (HM54) and in the 
isogenic rasl  cyrl-230,  rasl  cyrl-230  CYRl and rasl 
cyrl-230 bcyl-109 strains described above by testing 
for growth at 25 O on YPD medium containing various 
concentrations of NaCI,  KCI,  CsCI,  MgCI2,  CaCI2, 
MnC12,  CuC12 or ZnC12. The rasl ras2-125 strains 
were more sensitive to CsCl than  the rasl strains (2:2 
segregation was observed on 20-30 mM CsCI), and 
slightly more resistant to MnCI2,  CuCI2 and ZnCl2 
than the rasl strains (2:2 segregation was observed on 
8- 10 mM MnC12,12 mM CuCI2 and 10- 1 2 mM ZnCI2). 
Similar phenotypes were observed in the rasl  cyrl- 
230 strain; the rasl  cyrl-230 strain was more sensitive 
to CsCl and slightly more resistant to MnC12,  CuCI2 
and ZnCl2 than  the rasl  cyrl-230 CYRl strain. The 
rasl  cyrl-230  bcyl-109 strain was more resistant to 
CsCl and slightly more sensitive to MnCI2,  CuCI2 and 
ZnClp than the rasl  cyrl-230 CYRl strain. In sum- 
mary, the ras2-125 and cyrl-230 mutations caused 
increased  sensitivity to Cs+ and increased  resistance to 
Mn2+, Cu2+  and Zn2+, whereas the bcyl-109 mutation 
caused  increased  resistance to Cs+ and increased  sen- 
sitivity to Mn2+, Cu2+ and Zn2+. 

Intracellular cAMP  and  adenylate  cyclase  activity 
of rusl rus2" and rarl cyrl" mutants: Recessive 
phenotypes of rasl ras2" and rasl  cyrl" mutants 
suggest that  the mutant products are not fully func- 
tional  even at a  temperature permissive for growth. 
Intracellular cAMP  levels  in rasl ras2" and rasl  cyrl's 
mutants were  measured to assess adenylate cyclase 
activity in vivo (Table 6).  Both the rasl ras2" and rasl 
cyrl'" mutants had reduced levels  of  cAMP at  25" 
compared with the rasl parent. The levels  of  cAMP 
appear to correlate with  severity  of the phenotypes; 
the levels  of  CAMP in the rasl ras2-125 and rasl ras2- 
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TABLE 6 

Intracellular  cAMP  levels of rasl ras2" and rasl c y 1 "  mutants 

Relevant 
Strain  genotype" (pmol/mg protein) 

cAMP level 

T3-28D + 2.1 
HM54-14D ras2-125 0.5 
HM55-6B rad-23  0.5 
HM67-3C ras2-35 1.5 
HM56-1A ras2-47 1.2 
HM57-2C cyrl-230 0.8 

All strains are rasl. 

23 mutants were lower than those in the rasl  ras2-35 
and rasl ras2-47  mutants. Assay for adenylate cyclase 
indicated that  the  membranes  from the rasl ras2" 
and rasl cyrl'" mutants showed reduced levels of 
activity in the presence of Mg2+ compared with those 
from  the rasl parent  (data  not shown). 

DISCUSSION 

Using a plasmid carrying  a galactose-inducible R A S Z  
gene, we isolated at least four  independent  tempera- 
ture-sensitive mutations in the RASP gene. DE VEN- 
DITTIS et al. (1986) have isolated a  temperature-sen- 
sitive mutation in the RASP gene by another proce- 
dure, in  which the R A S P  gene was mutagenized in 
vitro and  then  introduced  into  the  chromosome by the 
one-step replacement  method (ROTHSTEIN 1983).  A 
cloned gene has been used in several ways to construct 
conditional-lethal mutations either  on  the  chromo- 
some or on  a plasmid. The integrative  replacement/ 
disruption  strategy  depends on  the integration of a 
truncated  gene  that is mutagenized in vi tro into  the 
chromosome followed by a  partial  duplication of the 
gene (SHORTLE, NOVICK and BOTSTEIN 1984; HOLM 
et al. 1985; SECEV and BOTSTEIN 1987; HIMMELFARB, 
SIMPSON and FRIESEN 1987; NAUMOVSKI and FRIED- 
BERG 1987; NONET et al., 1987; GUDENUS et al. 1988). 
The plasmid shuffling strategy involves an  exchange 
of a plasmid carrying the wild-type copy  of a  gene  for 
a mutagenized plasmid by counterselection against the 
former plasmid (MANN et al. 1987; BUDD and CAMP- 
BELL 1987; BOEKE et al. 1987). SERRANO, MONTESINOS 
and CID (1986) have used a  gene fused to  the GALl 
promoter  to isolate a  temperature-sensitive  mutation. 
Their approach is different  from  ours in that  the wild- 
type gene on a plasmid was mutagenized and  then 
introduced  into a strain  carrying  the GALl fusion 
gene  on  the  chromosome. Our procedure  described 
in this paper will provide an alternative  approach  for 
isolating conditional-lethal mutations of a cloned gene 
as long as its overexpression is not  deleterious to yeast 
cells. A useful feature of our procedure is that it has 
a  potential to yield mutations that can be suppressed 
by overexpression of a cloned gene.  Indeed, we iso- 
lated a cyrl mutation  that can be suppressed by over- 

expression or increased dosage of RASB (see below). 
Enrichment  procedure would, if  possible, increase the 
opportunity  to isolate mutations. Since the  number of 
nonspecific, galactose-dependent  mutants was small, 
the  occurrence of such mutants seems not  to be a 
serious problem. 

The temperature sensitivity caused by the cyrl-230 
mutation was suppressed by either  a GALl-RAS2 plas- 
mid or a high copy number R A S Z  plasmid, but  not by 
a low  copy number R A S Z  plasmid. A  large amount of 
the RASB product is likely to be  required  for  suppres- 
sion. On  the  other  hand, some ras2" mutations  were 
shown to be  suppressed by CYRl. In this case one 
extra copy of CYRl was sufficient for suppression. 
Such a  phenomenon, suppression by duplication of a 
gene, has been reported  for  other genes (HAYLES, 
AVES and NURSE 1986; SALMINEN and NOVICK 1987). 
Thus increased  dosage of either RAS2 or CYRl can 
suppress the  temperature sensitivity caused by a mu- 
tation in the  other. 

rasl ras2" and rasl  cyrlf5 mutants showed the cell- 
division-cycle arrest in the GI phase at  the restrictive 
temperature, and showed pleiotropic  phenotypes to 
varying degrees at  the permissive temperature, includ- 
ing slow growth,  sporulation on rich media, increased 
accumulation of glycogen, impaired  growth on  non- 
fermentable  carbon sources, heat-shock resistance, im- 
paired  growth on low concentrations of glucose, and 
lithium sensitivity. rasl  ras2-125 and rasl ras2-23 
mutants showed more  severe  phenotypes and lower 
levels of cAMP than  did rasl  ras2-35 and rasl r a d -  
47 mutants, suggesting that  the ras2-125 and ras2-23 
products are less active than  the ras2-35 and ras2-47 
products  at  25 ". The observation that ras2 null mu- 
tants did not show impaired  growth on low concentra- 
tion of glucose and increased sensitivity to lithium at 
25" suggests that  the residual RAS activity in ras2 
mutants  at  25" is higher  than that in rasl  ras2-125 
and rasl  ras2-23 mutants. All the phenotypes ob- 
served for rasl  cyrl-230 mutants at  the permissive 
temperature is likely to be  independent of the RASl 
genotype  for two reasons. First, no phenotypic 
changes have yet been observed  for rasl mutants. 
Second, the  temperature sensitivity caused by the cyrl- 
230 mutation was independent of the RASl genotype. 
Indeed,  the lithium sensitivity of a rasl  cyrl-230 mu- 
tant was complemented by CYRl, indicating  that the 
phenotype results from  the  mutation in CYRl. Among 
the pleiotropic  phenotypes  described  above,  impaired 
growth  on low concentrations of glucose and sensitiv- 
ity to lithium are new phenotypes, which have not 
been reported  for  mutants defective in the cAMP 
pathway. 

It is known that glucose addition to yeast  cells causes 
a  rapid increase in cAMP level. It is possible that 
glucose not only serves as energy  source  but also 
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stimulates adenylate cyclase. The observation that 
some rasI ras2'" mutants is defective in growth on low 
concentrations of  glucose is consistent  with the hy- 
pothesis that glucose stimulates adenylate cyclase  ac- 
tivity through  the RAS proteins. According to this 
hypothesis, the growth defects of rasl rus2" mutants 
on low concentrations of  glucose  would result from 
the inability to produce sufficient amount of  CAMP. 
NAKAFUKU et al. (1988) have reported  that glucose 
addition does not cause  CAMP  increase  in a ras2" 
mutant. However, we cannot exclude the possibility 
that  the defects in growth on low concentrations of 
glucose  results from low levels  of  CAMP-dependent 
phosphorylation, which  may be required for utiliza- 
tion or uptake of  glucose. Further studies will be 
required to elucidate the action of  glucose. 

It was found that rasl ras2'" and rasl cyrl'$ mutants 
were  sensitive to lithium and, in contrast, a rasl cyrl  LE 
bcyl mutant was resistant to lithium compared with 
the rasl parent strain. There  are two  possible  expla- 
nations for the action of lithium in  yeast. First, lithium 
may inhibit the production of  CAMP. The growth of 
a mutant that had a impaired function of RASP or 
CYRl could  be inhibited by  lower concentrations of 
lithium. A bcyl mutation, which  relieves the require- 
ment for  the CAMP-generating  system,  could  cause 
increased  resistance.  Alternatively, lithium may in- 
hibit a function that requires CAMP-dependent  phos- 
phorylation. According to this model, reduced level 
of phosphorylation, which  results from reduced level 
of  CAMP, would  cause  increased  sensitivity to lithium. 
Increased resistance  of a bcyl mutant could  be ex- 
plained by  high-level constitutive phosphorylation. 

Site-directed mutagenesis  has been used for analyz- 
ing the function of the yeast RASP protein; specific 
structural variants  can  be created in  vitro to examine 
the effects of particular amino acid substitutions on 
the biological  activity  of the RASP protein (KATAOKA 
et al. 1984; DESCHENES and BROACH 1987; MARSHALL 
et al. 1988). Isolation and sequence  analysis  of the 
ras2" alleles obtained in this  study will reveal amino 
acid substitutions of the mutant RASP proteins and 
thus provide a complementary approach for exploring 
relationship between the  structure  and function of the 
yeast RASP protein. 

Finally, the rus2" mutations are useful  in  isolating 
extragenic suppressors. Analysis  of extragenic sup- 
pressors may  allow identification of  new genes  whose 
products interact with the RASP product. 

We thank KUNIHIRO MATSUMOTO and MICHAEL WICLER for 
strains, and AKIO TOH-E for  a plasmid. 
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