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The Saccharomyces cerevisiae gene YPTI encodes a protein that exhibits significant homology to the
mammalian ras proteins. Using gene disruption techniques, we have shown that the intact YPTI gene is
required for spore viability. Lethality caused by loss of YPTI function, unlike that caused by loss of the yeast
ras homologs RAS] and RAS2 function, is not suppressed by the bcyl mutation, suggesting that YPTI does not
act through the adenylate cyclase regulatory system. A cold-sensitive allele, yptl-1, was constructed. At the
nonpermissive temperature, mutants died, exhibiting aberrant nuclear morphology, as well as abnormal
distribution of actin and tubulin. The mutant cells died without exhibiting classical cell-cycle-specific arrest;
nevertheless, examination of cellular DNA content suggests that the YPTI function is required, particularly
after S phase. Cells carrying the yptl-l mutation died upon nitrogen starvation even at a temperature
permissive for growth; diploid cells homozygous for yptl-l did not sporulate. The YPTI gene is thus involved
in nutritional regulation of the cell cycle as well as in normal progression through the mitotic ceDl cycle.

The family of ras oncogenes was discovered first in RNA
tumor viruses and identified subsequently in a number of
human cancers (5). The ras oncogenes are derived from
normal cellular analogs (8), the study of which should
provide a way of understanding the normal and pathological
mechanisms of cell growth control. The ras genes are a
highly evolutionarily conserved gene family in vertebrates
(47). More surprisingly, highly homologous genes have been
identified in Drosophila melanogaster (32) and more recently
in Saccharomyces cerevisiae (6, 27). S. cerevisiae provides
the most simple eucaryotic system that can be subjected to
genetic analysis to study the function of ras-related genes in
normal cell growth.
Two close homologs of the ras genes, RAS] and RAS2,

were detected in S. cerevisiae by nucleic acid homology (6,
27). The presence of either RAS] or RAS2 is essential for
cellular growth; therefore they form a complementary set
(18, 40). The RAS] and RAS2 genes function by modulation
of the adenylate cyclase activity (45), and their proper
function is needed for appropriate response to changes in
growth conditions (41). Functional homology between the
mammalian and yeast ras proteins was strongly supported
by demonstration of the ability of each product to function in
the heterologous cell (7, 17).
A third gene, YPTI, previously called YP2, was found in

S. cerevisiae that encodes a protein with a weaker, yet
significant, homology to the mammalian ras P21 proteins.
This gene is located between the actin (ACTJ) and P-tubulin
(TUB2) genes, on chromosome VI; it encodes a 206-amino-
acid protein and is expressed in growing cells (11). The YPTI
gene is apparently not a member of the complementary set of
RAS] and RAS2 genes (18, 40). Very recently, it has been
reported that the YPTI gene product binds GTP and has an
essential function in spore viability (30).

In this paper we show that the YPTI gene plays, by itself,
an essential role in both the mitotic and meiotic stages of the
S. cerevisiae life cycle. We constructed and examined con-
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ditional-lethal as well as null mutations. Unlike RAS] and
RAS2 genes, the YPT1 gene does not seem to work through
the adenylate cyclase regulatory system. We further show
that the YPTI gene is involved both in the organization of the
cytoskeleton during vegetative growth and in the nutritional
regulation of the cell cycle.

MATERIALS AND METHODS

Strains and plasmids. S. cerevisiae strains used in this
paper were derived from the family of S288C strains and are
listed in Table 1. Strain DBY1739 is a derivative of T16-3B
(45). The bcyl mutation was monitored in the construction
and analysis of DBY1739 and derivatives by three methods:
iodine-iodide staining (45); heat shock sensitivity (T. Toda,
personal communication); and the original phenotype, sup-
pression of cyri gene (24). All three methods agree.

Escherichia coli strains used were HB101 (leu pro thr
hsdR hsdM recA); DB6507, a pyrF74::TnS derivative of
HB101; and DB4904 (hsdR hsdM+ supA supF nad-7 ung-J).

Plasmids used were YIp5 (39), which was used as yeast-
integrating plasmid; pRB214 (or YCp5O), which is YIp5 with
CEN4 and ARS) (C. Mann, personal communication; see
reference 20 for map) and was used as low-copy-number
plasmid; pRB307, which is YIp5 with a 2,um fragment and
was used as high-copy-number plasmid (provided by G.
Fink); and pRB129, which is YIp5 with a 4.5-kilobase
BamHI fragment that contains the YPTI gene (41).

Plasmids that contain the YPTI gene and were constructed
for this study are pRB301 (ND plasmid), a nondisrupting
plasmid, and pRB302 (D plasmid), a disrupting plasmid
described in Fig. 1; pRB319, which was constructed by
insertion of a 1.76-kilobase ClaI-BamHI fragment containing
the YPTI gene (from PRB129) into pRB214 (CEN plasmid);
and pRB320, which was constructed by insertion of the
above fragment into pRB307 (2QRm plasmid).

Yeast media, growth, and genetic methods. Media and
methods of mating and tetrad analysis were as described by
Sherman et al. (31). For nitrogen starvation experiments, we
used 0.17% yeast-nitrogen base without amino acids and
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TABLE 1. S. cerevisiae strains used
Strain Genotype/phenotype Source

DBY1034 MATa his4-539 lys2-801 ura3-52 Our laboratory
DBY1035 MAToa his4-539 ade2 ura3-52 Our laboratory
DBY947 MATa ade2-101 ura3-52 Our laboratory
DBY1395 MATa his4-539 ura3-52 Our laboratory
DBY1428 MATx ade2 ura3-52 lys2-801 Cyhr tub2-104 Our laboratory
PNY135.5 MATa lys2 ura3-52 actl-3 P. Novick
DBY1739 MATa Ivs2 ura3-52 Cyhr tub2-104 bcyl This study
DBY1773 MATa trpl cyrl-l T. Toda

(T43-6c)
DBY1801 MATa ura3-52 his4-539 lys2-801 yptl-l This study
DBY1802 MATa ura3-52 his4-539 lys2-801 YPTJ This study
DBY1803 MATa ura3-52 his4-539 lys2-801 yptl-J This study
DBY1806 MATa ura3-52 his4-539 ade2-101 ypti-I This study

ammonium sulfate and containing 2% glucose. Quantitative
sporulation in liquid was done as described by Simchen et al.
(37).

Disruption of the YPTI gene. Diploid URA3 auxotrophs
heterozygous at one of the loci neighboring YPTJ, TUB2 or
ACT], were transformed with the D or ND plasmid (Fig. 1)
(35). Ura+ transformants were selected, purified, and
sporulated, and tetrad analysis was performed. The plasmids
had been cut with NcoI or SmaI to direct their integration
into the YPTJ or URA3 gene. NcoI is the only restriction
enzyme useful for site direction of the plasmids into the
YPTJ gene, but since it also cuts the URA3 gene, partial
digestion was performed. Ura+ transformants with such
partial digests should contain the plasmid in the YPTI or the
URA3 gene. We distinguished between these two cases by
analyzing the linkage of the Ura+ to the markers in the YPTI
neighboring genes, ACT] and TUB2. The ACT] and TUB2
genes were marked with recessive conditional lethal muta-
tions actl-31+ (36) and tub2-1041+ (43).

Construction of the cold-sensitive lethal yptl-I mutation. A
deletion gap heteroduplex, with the YPTI (lacking its 5' end)
present as a single-stranded DNA, was prepared as de-
scribed by Shortle (33). This heteroduplex was mutagenized
with sodium bisulfite as described by Shortle and Botstein
(34). After filling in and amplification in a repair-deficient E.
coli strain (DB4904ung-), the mutagenized plasmid was
directed to the YPTI gene on the yeast chromosome (by
NcoI partial digestion), and Ura+ transformants of strain
DBY1034 were selected. The YPTI gene in such transform-
ants is only partially duplicated, and recessive mutations in
the complete copy will be phenotypically expressed (36). We
screened for a conditional-lethal phenotype and showed that
it was due to the integrated by demonstrating linkage of the
conditional-lethal and the Ura+ phenotypes. Once such a
mutant was found, the mutation was stabilized by excising
the plasmid by 5-fluoro-orotic acid selection against the
Ura+ phenotype (4). The excision leaves a single copy of the
YPTJ gene in the chromosome, and, depending on the site of
recombination between the two partially duplicated copies,
it can be either mutated or unmutated.
We found one such mutant, which showed a cold-sensitive

lethal phenotype. After excision of the plasmid, the Ura-
segregants contained either an unmutated copy of the YPTI
gene (DBY1802, which was used as the control cold-
resistant strain) or the yptl-J mutation (DBY1801, which
exhibits cold sensitivity). We backcrossed it (to eliminate
any suppressors) to the wild-type strains (DBY947 and
DBY1034) three times to get the strains that we used for

most of the following experiments (DBY1803 and DBY1806;
Table 1).
Temperature or starvation shift experiments. Cells were

grown at 30°C in liquid medium. Exponentially growing
cultures (5 x 106 to 1 x 107 cells per ml) or stationary-phase
cultures (>5 x 108 cells per ml) were shifted to 14°C for
temperature shift experiments or washed and suspended in
medium without nitrogen for starvation experiments. After
various incubation periods, aliquots were removed from
cultures and sonicated for 5 s to disrupt cell aggregates. For
determination of total cell number and cell morphology, the
cells were counted by phase microscopy. To determine
viability, the cells were diluted in YEP medium and plated
on YEPD medium. Colonies were scored after 3 days at
300C.

Synchronization of cells on Ficoll gradients was done by
centrifugation of harvested exponentially growing cells
through a step gradient of Ficoll in water (10, 8, 6, and 4%).
The fractions that contained more than 95% unbudded cells
were combined, centrifuged, and suspended in YEPD me-
dium. The synchronized cells were incubated and studied as
described above.

Immunofluorescence microscopy and photography. Yeast
cells were fixed and stained as described by Kilmartin and
Adams (19). Affinity-purified anti-yeast-actin and monoclo-
nal anti-tubulin antibodies were kindly provided by J.
Kilmartin. Nuclear staining was done with 4',6'-diamidino-
2-phenylindole (DAPI) (48). Microscopy and photography
procedures were as described by Novick and Botstein (26).

Fluorescence-activated cell sorter. Cells were fixed,
stained, and checked as described by Hutter and Eipel (16).
Exponentially growing cells were fixed in 70% ethanol for 1
h at room temperature, treated with 0.1% RNase for 1 h at
37°C and 0.5% pepsin for 5 min at room temperature, and
stained with 0.05 mg of propidium iodide per ml overnight at
4°C. Before being run in the flow cytometer, the cells were
washed and suspended in 0.2 M Tris buffer (pH 7.5).

RESULTS

YPTI gene product is essential for yeast vegetative growth.
We used gene disruption techniques (35) to examine whether
YPTI is an essential gene for yeast cell viability. Two
plasmids were constructed, disrupting (D) and nondisrupting
(ND) (Fig. 1A). The disrupting plasmid pRB302 contains an
internal (i. e., both 3' and 5' ends deleted) fragment of the
YPTJ coding region, while the nondisrupting plasmid
pRB301 is deleted only for the 5' end of the gene. Both
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plasmids contain URA3 as a selectable marker for transform-
ants. If YPTI is an essential gene, it is expected that
integrative DNA transformation of the D plasmid into the
YPTI gene will be a lethal event in a haploid strain, since
each of the two repeated copies of the gene will be incom-
plete. Integration of the D plasmid into the URA3 gene is not
expected to be lethal, nor is integration of the ND plasmid
into either the YPTI or URA3 gene.

Since the YPTI gene is flanked by the TUB2 (P-tubulin)
and ACT] (actin) genes, disruptions were performed in
diploid strains carrying mutant alleles of these genes. Tetrad
analysis of diploids that were transformed with D plasmid
directed to the YPTI gene revealed a pattern of viability
expected for a recessive lethal mutation: two viable spores
were found in most of the tetrads (one viable spore was
found in the rest). All the living spores were Ura-, indicating
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FIG. 1. Structure of disrupting (D; pRB302) and nondisrupting
(ND; pRB301) YPTI plasmids (A) and the results (B) of gel transfer
hybridization of diploids transformed with these plasmids. Yeast
DNA extracted (14) from diploid transformants (Table 2), was cut
with BamHI. Gel transfers (38) of this DNA were hybridized with
32P-labeled ND plasmid. Abbreviations: Diploid, untransformed
tub2-1041+ diploid; ND--ura3-52 ND plasmid integrated into the
ura3-52 gene; ND- YPT1, ND plasmid integrated into the YPTI
gene; D-*ura3-52, D plasmid integrated into the ura3-52 gene;
D-.YPT1, D plasmid integrated into the YPTI gene; kb, kilobases.
Symbols: _, YPTI coding sequence; ELMI, flanking sequence;
rL , other yeast DNA; , vector (pBR322).

that the segregation of the locus containing the disrupted
YPTI gene (Ura+) is lethal (Table 2). Using the tub2-1041+
or actl-31+ diploids, we could show that the lethal event was
linked to TUB2 or ACT] (Table 2) and that the integration
could occur, as expected, in either of the homologous
chromosomes. The site of plasmid integration in these
transformants was verified by gel transfer hybridization
(Southern) analysis (Fig. 1B).
Transformants in which the D plasmid was integrated into

the URA3 gene, as well as transformants in which the ND
plasmid integrated into YPTI or URA3, generally produced
four viable spores per ascus, with no tetrad having fewer
than three viable spores (Table 2). The Ura+ phenotype
segregated 2:2. These controls show that the presence of the
D plasmid itself does not cause lethality, nor does the
integration of the ND plasmid into the YPTI region. We can
conclude from the above experiments that the intact YPTI
gene is essential for germination of spores or vegetative
growth of yeast cells, or both.
The disruption of the YPTI gene could cause lethality

either because of the requirement of the YPTI gene product
for the cell growth or because it interrupts in some way the
expression of its neighboring essential genes, TUB2 (25) and
ACT] (35). To distinguish between these possibilities, we
examined the expression ofACT] and TUB2 in transformed
diploids. Strains of genotype tub2-1041+ and actl-31+ in
which YPTI was disrupted in the chromosome carrying the
wild-type alleles were analyzed. Since tub2-104 and actl-3
are recessive mutations (36, 43), it is expected that if TUB2
and ACT] function normally when they are located in cis to
a YPTI disrupted gene, the diploid transformant will show a
wild-type phenotype. All the diploids described in Table 2
were tested and all showed normal function of the neighbor-
ing genes even when the D or ND plasmid was integrated cis
to the wild-type copy of the gene. In particular, two yptl-
null:ACTJ/actl-3 transformants were temperature resistant
and all four of the yptl-null: TUB21tub2-104 transformants
were benomyl sensitive and cold resistant, as were the
respective parental diploids. These data show that disruption
of the YPTI gene does not affect the expression of the
neighboring ACT] and TUB2 genes and that the YPTI gene
itself is essential for vaibility.
We monitored, by microscopy, the fate of individual

spores that contain a disrupted YPTI gene. After 24 to 48 h
on rich medium, some of the spores that had failed to form a
colony had not budded, some had one large bud, and some
had divided once or twice. This result indicates that there
can be enough YPTI gene product in the cell to allow one or
two cell divisions and strongly suggests that YPTI function is
required for growth of cells, and not just for spore germina-
tion.
YPTI does not function through the adenylate cyclase reg-

ulatory pathway. Recently it was shown that RAS] and
RAS2 genes function as controlling elements of the adenyl-
ate cyclase and cyclic AMP-dependent protein kinase path-
way (45). YPTI is not a member of the complementary set of
RAS] and RAS2 genes, since it is essential for viability even
when the others are functioning and vice versa. However,
like these two genes, the YPTI gene shares sequence simi-
larity with the G proteins (15) that function through activa-
tion of adenylate cyclase. Therefore, we tested whether the
YPTI gene is also involved in this pathway, maybe in a
different step. We used the bcyl mutation, which lies in the
structural gene for the regulatory subunit of the cyclic
AMP-dependent protein kinase (44) and results in an acti-
vated form of this enzyme that normally is cyclic AMP
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TABLE 2. Viability and linkage analysis of haploid progeny from diploid strains' transformed with D or ND plasmids

Plasmidb No. of tetrads (live: dead spores) Phenotype" Deduced
4:0 3:1 2:2 1:3 Ura+/viable Tub2-/viabled Actl-/viabled linkagee

tub2-1041+ diploid
D 0 0 30 1 0/61 61/61 TUB2
D 0 0 11 0 0/22 0/21 tub2-104
D 21 1 0 0 32/64 16/32 ura3-52
ND 10 0 0 0 16/32 16/16 TUB2
ND 31 1 0 0 48/96 0/48 tub2-104
ND 9 1 0 0 16/32 9/16 ura3-52

actl-31+ diploid
D 0 0 17 3 0/37 36/37 ACT]
D 0 0 19 0 0/40 1/40 actl-3
D 20 1 0 0 32/64 16/32 ura3-52
ND 9 1 0 0 16/32 16/16 ACT]
ND 8 0 0 0 16/32 0/16 actl-3
ND 19 1 0 0 32/64 14/16 ura3-52
a The diploid strains were DBY1034/DBY1428 (tub2-1041+) and PNY135.7/DBY1035 (actl-31+).
b Plasmids were directed to the YPTI gene by NcoI partial digestion or to the ura3-52 gene by SmaI digestion. In most cases more than one independent

transformant was used.
c For cases in which four spores were viable, eight complete tetrads (32 spores) were tested per transformant.
d The Tub2- phenotype is Benr Cs; the Actl- phenotype is Ts-.
e The linkage was deduced from the previous column.

dependent (24). If the YPTJ gene acts at any point prior to
the cyclic AMP-dependent protein kinase, then the bcyl
mutation should suppress the loss of the YPTI function.
The experiment was done by disrupting the YPTI gene in

a bcyll+ heterozygote and examining the viability of bcyl
YPTI-disrupted haploid segregants. The results (Table 3)
show that the disrupting plasmid causes lethality upon
integration into the YPTI gene (shown by linkage to the
TUB2 gene as above) whether or not the bcyl mutation was
in the same spore. In the control experiments, we tested
bcyll+ transformants in which the nondisrupting plasmid
was integrated into the YPTI gene or the disrupting plasmid
was integrated elsewhere in the genome (probably into the
URA3 gene). In each case, the haploid cells that contained
the plasmids (Ura+ phenotype) were viable regardless of the
presence of the bcyl mutation.
We can conclude that unlike the RAS] and RAS2 genes,

the YPTI gene is not suppressed by the alteration in activity
of the cyclic AMP-dependent protein kinase caused by
expression of the bcyl mutation. This makes it very likely
that the YPTI gene product is not involved directly in
activation of the cyclic AMP-dependent protein kinase.

Isolation of the cold-sensitive lethal mutation yptl-l and

characterization of its phenotype in vegetative growth. To
study the role that the YPTI gene plays in the yeast cell, we
isolated a conditional-lethal mutant by using in vitro site-
specific mutagenesis of the YPTJ gene on a plasmid and
introducing it into the YPTI gene on the chromosome (see
Materials and Methods). We found one mutant that showed
a cold-sensitive lethal phenotype and named it yptl-l. We
checked that the mutation is linked to YPTI flanking genes,
TUB2 and ACT]. We further proved that it lies within the
YPTJ gene by demonstrating complementation of the muta-
tion by the YPTI gene on plasmids, with either high or low
copy number (see Materials and Methods). The mutation
yptl-l was found to be recessive by crossing the cold-
sensitive strain with the wild type; this gave rise to a diploid
strain that was cold resistant. The mutation segregated in
normal Mendelian fashion.
The yptl-l mutant grew more slowly than the wild type

even at the permissive temperature (the generation time is
increased 1.5-fold at 30°C in YEP-glucose medium). It
stopped growing altogether when shifted to the restrictive
temperature (14°C). To understand what happens to the
mutant at the nonpermissive temperature, we monitored the
cell number and viability after shifting an exponentially

TABLE 3. Viability and linkage analysis of haploid progeny from bcyll+ diploid strains' transformed with D or ND plasmids

Plasmidb No. of tetrads (live: dead spores) Phenotype Deduced Bcyf/Ura-d
4:0 3:1 2:2 1:3 0:4 (Ura+/viable) linkage'

D 0 0 23 7 2 3e/53 TUB2 25/53
D 0 0 10 0 0 0/20 tub2-104 9/20
D 18 3 1 0 0 42/81 Not TUB2 NTf
ND 7 3 0 0 0 16/33 TUB2 10/17
ND 6 3 1 1 0 13/26 tub2-104 9/13

a The diploid strain was DBY1739/DBY1395.
b Site direction to the YPTI gene was done by digestion of the plasmid DNA with NcoI in the presence of 20 mg of ethidium bromide per ml, conditions that

were found to favor cutting in the YPTI gene in the D and ND plasmids. Direction to the ura3-52 gene was done by SmaI digestion. In most cases, more than one

independent transformant was used.
c The location of the integrated plasmid was concluded from the linkage between Ura+ and Tub2- phenotypes as in Table 2 (data not shown).
d The Bcy- phenotype was monitored by iodine-iodide staining.
' The 3/53 spores that showed the Ura+ phenotype were found to be diploids heterozygous for the disruption.
f NT, Not tested.
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growing culture from permissive to restrictive conditions
(Fig. 2A and B). Wild-type cells, after a short lag, continued
to grow, with a generation time of about 12 h. The yptl-J
mutant cells, however, lost viability when they were shifted
to the low temperature. After 24 h (about 2 generation
times), half or more of the cells were dead; after 48 h, only
10% of the cells were still viable if plated at permissive
temperture. The total number of yptl-l cells increased less
than twofold in 48 h, showing that most of them arrested and
died during the first cell cycle at the nonpermissive temper-
ature. This result was confirmed by monitoring the arrest of
individual cells on solid medium (data not shown).
When stationary-phase yptl-l cells were shifted from the

permissive to the restrictive temperature, they remained
viable (Fig. 2C and D). This suggests that the mutant cells
die at the restrictive temperature only if they are growing.
The fact that the yptl-l mutant cannot multiply and dies (if
already growing) at the nonpermissive temperature confirms
our conclusions from the YPTI disruption experiments,
namely, that the YPTI gene is essential not only for spore
germination but also for vegetative growth.

In our attempts to understand the function that the YPTJ
gene product plays in mitotic growth, we studied the mor-
phology of the yptl-l mutant cells after they were shifted to
the nonpermissive temperature. The cells did not behave like
classical cell-division-cycle (cdc) mutants (12), since they
did not arrest with a unique cell morphology. After 24 h,
about 50% of the cells were unbudded and the rest had buds
of various sizes, mainly small. After incubation at the low
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FIG. 3. Measurement of cellular DNA content of YPTI and

yptl-J cultures at 14°C in vegetative growth medium. YPTI (strain
DBY1034) and yptl-l (strain DBY1803) cell cultures were shifted
from 30 to 14°C. After various incubation periods, their cellular
DNA content was measured by fluorescence-activated cell sorter
analysis (see Materials and Methods).
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FIG. 2. Behavior of YPTI and yptl-I cells at 14°C in vegetative
growth medium. Exponentially growing (A, B) and stationary-phase
(C,D) cell cultures of YPTI (A, C) and yptl-l (B, D) were shifted
from 30 to 14°C. Total cell number (0) and viable counts (0) were
measured after various incubation periods. The YPTI strain was
DBY1802, and the yptl-l strain was DBY1801.

temperature, however, the yptl-l cells were bigger than the
wild-type cells, a characteristic shared by many cdc mu-
tants.

Since it appeared that the yptl-l mutant cells arrested
during their first cycle at the restrictive temperature but did
not show a unique terminal cell morphology phenotype, we
studied the fate of the nuclear DNA. We measured the
cellular DNA content with a fluorescence-activated cell
sorter (Fig. 3). In an exponentially growing wild-type cul-
ture, at 30 or 14°C, about 40% of the cells contained an
amount of DNA equivalent to one haploid genome and 60%
contained twice that amount per cell. In a culture that
approaches stationary phase (48 h at 14°C), more cells
contained one haploid unit, as expected. An exponentially
growing yptl-l culture also contained cells with DNA equiv-
alent to one or two haploid genomes per cell, but upon
incubation at the restrictive temperature, an increasing frac-
tion of the culture contained DNA equivalent to two
genomes per cell. After 24 h at 14°C, about 90% of the yptl-l
cells arrested with two haploid units of DNA per cell. This
result suggests that the YPTI gene is needed during the cell
cycle specifically after most of the nuclear DNA has been
replicated.

This conclusion is fortified by another observation. When
yptl-l cells were synchronized by isolation of unbudded
cells on Ficoll gradients and returned to the growth medium
at the nonpermissive temperature, few if any cells proceeded
past the stage of having a small bud. After a long incubation,
typically 70% of the cells arrested with a small bud less than
half the size of the mother; the remaining cells were still
unbudded. This result contrasts with the result of simply
shifting an asynchronous culture to the nonpermissive tem-
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perature, suggesting that the YPTJ function may act more
than just once in the cell cycle.

Intracellular morphology of the yptl-l mutant. Using dif-
ferent cytological procedures, we tried to find whether there
are specific intracellular abnormalities in yptl-J mutant cells
after they are shifted to the nonpermissive conditions. We
found that nuclear staining with the fluorescent DNA stain
DAPI was aberrant in these cells (Fig. 4). Wild-type cells at
30 or 14°C or mutant cells at the permissive temperature had
a single round, distinct nucleus and faint cytoplasmic stain-
ing that corresponds to mitochondrial DNA. After 24 h at
14°C, the DAPI staining in the yptl-l cells was fragmented
and distributed widely through the cell.
We studied the microtubules of the mutant by using

anti-tubulin immunofluorescence microscopy (Fig. 4). Al-
most all the wild-type cells at 30 or 14°C and the yptl-l cells
at the permissive temperature were stained, most of them in
a very small area near or at the nucleus; in cells that were
undergoing nuclear division, we could see that the spindle
coincided with the nuclear staining through the necks be-
tween the mothers and the buds. Many of the yptl-l cells (40
to 50%) that were incubated at 14°C for 24 h were not
stained. We do not know whether this reflects a real lack of
microtubules in vivo. The microtubules that were stained,
however, were aberrant. They were long and sometimes
very thick. Often they extended outside the region of the
nuclear staining, frequently traversing an entire unbudded
cell. We never saw a complete spindle, typical of those seen
in cells undergoing nuclear division, in the culture of yptl-l
cells that was shifted to the nonpermissive temperature.
We studied the actin staining of the yptl-I mutant by using

anti-actin immunofluorescence microscopy. The wild-type
cells at 30 or 14°C and the yptl-J mutant at the permissive
temperature appeared as described previously by Kilmartin
and Adams (19). Unbudded cells were stained with dots and
patches, while budded cells were stained asymmetrically,
i.e., extensive staining of the bud and faint cables in the
mother cell. The yptl-l cells, after 24 h at 14°C were stained
but did not show the asymmetry of staining in budded cells
(Fig. 5).

It thus seems that after two generation times under the
nonpermissive conditions, the yptl-l mUtant cells have
aberrant nuclear, microtubule, and actin staining. After
shorter incubation times of the mutant at the restrictive
temperature, we observed a gradual increase of aberrant
staining with time.
YPTI is essential for entry into the meiosis and sporulation

pathway. To find whether the YPTJ gene product is essential
for meiosis, we constructed a yptl-llyptl-J homozygous
diploid and checked its ability to form spores. This diploid
did not sporulate and died even at temperatures (26 and
30°C) fully permissive for vegetative growth (Table 4). This
defect is recessive, since diploids that are heterozygous for
the yptl-J mutation sporulate as efficiently as wild-type
diploids at 26°C.

Introduction of the YPTI gene, on a low- or high-copy-
number plasmid, into the yptl-llyptJ-J homozygous diploid
complements not only its inability to grow at low tempera-
tures but also its inability to perform meiosis. These
transformants sporulated efficiently and stayed alive (Table
4, experiment 3), showing that the inability to undergo
meiosis was due to the yptl-l nmutation.
We noticed that at 30°C, but not at 26°C, the yptl-J

mutation showed incomplete dominance with respect to the
sporulation defect. The efficiency of sporulation in the
yptl-ll+ heterozygous diploid was only 30% that of the

wild-type cells. Under these conditions, the yptl-null/+
heterozygous diploid showed the same reduction in sporula-
tion efficiency (Table 4, experiment 2), suggesting that even
at this temperature, yptl-l shows some loss of function.
YPTI is essential for proper response to nitrogen starvation.

When yeast haploid or diploid cells are starved for nitrogen
under conditions that do not allow sporulation, they stop
growing and remain viable almnost indefinitely (for a review,
see reference 28). We tested whether the YPTI gene plays a
role in this process. Since the yptl-J mutant was defective in
sporulation at temperatures that are permissive for vegeta-
tive growth (26 and 30°C) and since gporulation requires the
ability to respond to nitrogen starvation signal, we checked
whether the yptl-l mutant arrested properly upon nitrogen
starvation at 30°C.
When an exponentially growing culture of wild-type cells

was shifted from rich medium to medium without nitrogen,
the cell number doubled and viability remained constant for
days (Fig. 6A). Within 6 h of the shift, 95% of the cells were
unbudded and had unreplicated DNA (measured by the
fluorescence-activated cell sorter; data not shown). Under
the same conditions, the yptl-l mutant also doubled in cell
number, and within 6 h 70 to 80o of the cells accumulated as
unbudded cells with unreplicated DNA. However, the cells
died slowly upon continuing starvation. After 24 h 60 to 70%
of the cells were viable, and after 48 h only 10 to 15% were
alive (Fig. 6A).
The inability to remain viable upon nitrogen starvation is a

recessive phenotype of the yptl-l mutation, since yptl-
llyptl-J homozygous diploids died upon nitrogen starvation
like the yptl-l haploid, but yptl-ll+ heterozygous diploids
arrested like wild-type diploids. The inability to remain
viable is caused by the defect in the YPTI gene, since this
phenotype of the yptl-l mutant can be complemented by the
YPTI gene on low- or high-copy-number plasmids (Fig. 6B).

DISCUSSION

We have shown here that the YPTI gene is essential for
the execution of three options in the life cycle of the budding
yeast S. cerevisiae: vegetative growth, sporulation, and
nitrogen starvation-induced arrest. The need for the YPTI
gene product in vegetative growth was proven by using both
yptl-null and yptl-l conditional-lethal mutations. The lethal-
ity of the disruption was shown not to be the result of an
effect on either o,ne of its two essential neighbors, ACT] or
TUB2, but to be due to the need for an intact YPTI gene. The
yptl-l conditional-lethal mutant that we isolated cannot
grow vegetatively at low temperatures and is defective in
meiosis and nitrogen starvation-induced arrest even at tem-
peratures that are permissive for growth. All th6se pheno-
types can be complemented by the YPTI gene alone on a
plasmnid, showing that the mutation in the YPTI gene causes
all of the pleiotropic phenotypes noted. Since in some of
these experiments we used the YPTI gene on high- as well as
low-copy-number plasmids, it seems that YPTI, unlike its
neighbors ACT] (10) and TUB2 (J. H. Thomas, Ph. D. thesis,
Massachusetts Institute of Technology, Boston, 1984), can
be present in the cell at high copy number without impairing
growth.
The inability of the yptl-l mutant to undergo vegetative

growth, sporulation, and starvation arrest is probably due to
a reduction in the level of YPTI gene function in the mutant
cells rather than to inappropriate activation of the protein,
since all the phenotypes that we observed were recessive to
the wild-type YPTI gene. This conclusion is supported by
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FIG. 4. Nuclear and microtubular staining of YPTI and yptl-1 cells at 30 and 140C. Exponentially growing cultures of YPTI (strain
DBY1802) and yptl-1 (strain DBY1801) cells were shifted from 30 to 14°C for 24 h. The cells were fixed and stained for fluorescence
microscopy with DAPI for nuclear staining and with anti-tubulin antibodies for microtubular staining (see Materials and Methods). The cell
outlines are visible by phase contrast.
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FIG. 5. Staining of actin in YPTI and yptl-l cells at 30 and 14°C. Exponentially growing cultures of YPTI (strain DBY1802) and yptl-l
(strain DBY1801) cells were shifted from 30 to 14°C for 24 h. The cells were fixed and stained for fluorescence microscopy with anti-actin
antibodies. The cell outlines are visible by phase contrast.
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the similarity in the behavior of yptl-JIYPTJ and yptl-
nuIlYPTJ heterozygous diploids in sporulation at 30°C.
YPTI is implicated in the mitotic cell division cycle. When

an asynchronous, logarithmically growing culture of the
yptl-l mutant was shifted from the permissive to the non-
permissive temperature, the cell number doubled and the
viability dropped gradually. The mutant did not exhibit a
uniform terminal morphology, suggesting that the YPTJ gene
is not required at a single point in the cell cycle (12). This
does not mean, however, that the YPTI gene is not a cell
cycle gene. Important counter-examples include the genes
NDCJ (42) and TOP2 (13); mutants defective in these genes
do not exhibit uniform terminal morphology but are clearly
needed at a single stage of the cell cycle.

Several items of data given above suggest that the YPTI
gene is involved primarily at the post-DNA-replication stage
of the mitotic cell cycle. First, and most significant, is the
observation that synchronous populations of yptl-J cells do
arrest at the small-bud stage. Second, most of the cells,
regardless of how arrested, end up with twice the normal
amount of DNA, suggesting they all passed through the S
period. Third, the loss of viability shown by yptl-l after a
shift to the nonpermissive temperature is not observed when
the cells are in the stationary phase. This observation
suggests strongly that the lethal event is either the result of
progress through the cell cycle or the result of mass increase.
Last, the mutants grow in size without apparently cycling, a
phenotype shared by most cell cycle mutants.
At the morphological level, yptl-l mutants arrested during

vegetative growth by a shift to the nonpermissive tempera-
ture showed aberrant nuclear staining and aberrant tubulin
and actin immunocytology. Since after 24 h more than half of
the cells were dead, we do not know which of these aberrant
intracellular structures are a direct consequence of YPTI
protein depletion and cause cell death and which are merely
a reflection of cell death. It should be noted, however, that
the kind of aberrant nuclear staining observed is uncommon
even among cell division cycle mutants and that the tubulin
staining, suggesting the possibility of extranuclear polymer-

TABLE 4. Sporulation efficiency
% Sporulation

Strain (MATa/MATa)226°C 30°C

Expt 1
YPTIIYPTI 87 60
YPTlIyptl-l 95 22
yptl-l/YPTI 70 16
yptl-Ilyptl-l 0 0

Expt 2
YPTIIYPTI 80 63
YPTI/yptl:null (transformant 1) 80 35
YPTI/yptl:null (transformant 2) 83 20

Expt 3
yptl-llyptl-l 0
yptl-l/yptl-J + 2Fam plasmid 0
yptl-l/yptl-l + YPTI on 2,um plasmid 40
yptl-Ilyptl-I + YPTI on CEN plasmid 55
YPTl/yptl-l 55
a Strains used for these experiments: YPTI, DBY1034 (MA Ta) or DBY947

(MATa); yptl-1, DBY1803 (MATa) or DBY1806 (MATa). For experiment 2,
the yptl:null diploid strains are described in Table 2, experiment I. For
experiment 3, the DBY1803/DBY1806 diploid strain was transformed with
2ILm plasmid (pRB307), with the YPTI gene on 2p.m plasmid (pRB320), and
with the YPTI gene on the CEN plasmid (pRB319).

0.1

yptl-1
0.011 2 41 3

l 2 3 4 l 2 3 4

Days of Starvation

FIG. 6. Viability of YPTI and yptl-i cells after nitrogen starva-
tion, with or without complementing plasmids carrying the YPTI
gene. (A) Exponentially growing cultures of YPTI (strain DBY1034)
and yptl-l (strain DBY1803) cells were shifted from YEPD to
medium lacking nitrogen. Viability was measured after various
incubation periods. (B) Complementation of the yptl-l mutation.
Strain DBY1803 was transformed with plasmids that either did or
did not contain the YPTI gene (Table 4; see Materials and Methods).

ization at the expense of spindle formation, is similarly
nearly unprecedented. Finally, in many experiments involv-
ing shorter incubations, all these features became evident
within the first generation time after the shift to the nonper-
missive temperature in most of the cells. It should also be
emphasized that we never saw normal mitosis in yptl-J cells
at the nonpermissive temperature, suggesting that all the
aberrant morphologies are the consequence of failure to
undergo mitosis promptly after finishing replication of the
nuclear DNA.

Recently a paper was published (30) that shows that the
YPTJ gene is essential for growth (independently of our
demonstration) and that provides some evidence for cyto-
skeletal aberrations after many generations of growth during
which the YPTI gene product is increasingly depleted. Our
results with the conditional-lethal yptl-l mutation confirm
and extend these results, showing that the effects on the
cytoskeleton extend to actin filaments and begin within a
generation of loss of YPTI function.
YPTI has a role in regulation of cell cycle arrest upon

nitrogen starvation. Wild-type cells that are starved for
nitrogen complete their cell cycle, arrest at or before
"start," and stay viable. These cells are in a physiological
state distinct from that of cells that are at or before start in
growing cultures. Such arrested cells display more resist-
ance to killing by heat, by cell-wall-degrading enzymes, and
by various chemicals than do Gl-arrested cells (for a review,
see reference 28). The yptl-l mutant cells die instead of
arresting, as do some of the mutants implicated in the cyclic
AMP-dependent protein kinase pathways: i.e., RASva.-l9
(45) and bcyl (22). Unlike the RASva-l9 and bcyl mutants,
which fail to arrest in the Gl phase as unbudded cells, the
majority of the yptl-l cells appear to arrest in the Gl phase
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but do not remain viable. Therefore, they are different both
from wild-type and from bcyl and RASVal-l9 mutant cells. It
is possible that the yptl-l cells do not enter the physiological
state characteristic of wild-type cells under nitrogen starva-
tion.

Relationship among the yptl-1 phenotypes. The fact that the
yptl-l mutant expresses the inability to grow mitotically at
the restrictive temperature, while the inability to sporulate
and to respond to nitrogen starvation are expressed at the
temperature that is permissive for growth, can be explained
by two alternative models. The first model envisions two
different functions associated with the YPTI protein, one
that is involved in mitotic growth and the other that is
involved in nitrogen starvation-induced arrest and sporula-
tion. The second model supposes that the level of active
YPTJ protein required for sporulation and nitrogen starva-
tion-induced arrest is higher than that needed for mitosis.
The level of active YPTI protein in the yptl-l mutant cells is
probably lower than in wild-type cells even at temperatures
that are partially permissive for mitotic growth, as shown by
a lower growth rate of the mutant. This lower level might not
be sufficient for sporulation and starvation arrest. The fact
that the yptl-null/+ heterozygous diploid sporulates less
efficiently than the wild type at 30°C suggests that the level of
YPTI gene product in the cell might be crucial for efficient
meiosis and thus might support this model.

Relationship of YPT1 to the RAS genes. The two close ras
homologs of S. cerevisiae, RAS] and RAS2, like the YPTJ
gene, play an essential role in vegetative growth and are also
involved in sporulation and nitrogen starvation-induced ar-
rest. However, there are major differences between the ways
in which the YPTI and the RAS genes operate.
The RAS] and RAS2 genes operate by modulation of the

adenylate cyclase activity (45), which determines the intra-
cellular level of cyclic AMP. Cyclic AMP is thought to play
an important regulatory role in the yeast cell division cycle
as a positive regulator in the transition from the Gl phase to
the S phase and as a negative regulator in the switch from the
Gl phase to the sporulation pathway (for a review, see
reference 23). Two kinds of mutations were found in the
RAS genes: recessive mutations that cause reduction or
inactivation of the gene products and a dominant mutation
that results in the activation of the RAS protein. Cells that
carry the first kind of mutation either lack both RAS genes
and are unable to grow vegetatively or lack just the RAS2
gene and have reduced levels of cyclic AMP and undergo
premature sporulation (sporulation on rich medium) (41, 45).
The second kind of mutation that causes activation of the
RAS2 gene, RASval-19, results in the opposite phenotype.
Cells that carry this mutation have elevated levels of cyclic
AMP and are defective in both sporulation and proper
response to nitrogen starvation (45).
We showed that YPTI does not have a function similar to

RASI and RAS2, since an activated protein kinase mutation
(beyl) cannot compensate for lack of YPTI gene activity, as
it does for RAS] and RAS2 inactivation (45). Thus the YPTI
gene is probably not involved in the activation of adenylate
cyclase or the cyclic AMP-dependant protein kinase. Fur-
thermore, unlike mutations in the RAS] and RAS2 genes, a
single recessive mutation in the YPTI gene causes all the
phenotypes: failure to undergo mitosis, failure to sporulate,
and failure to arrest upon nitrogen starvation. This suggests
that the YPTI gene product is involved in a process that is
common to these three activities. It may be that YPTI is a
member of another regulatory system that acts in parallel to
the cyclic AMP-driven system to regulate similar events, or

it may be that the YPTI gene can carry messages in different,
otherwise unconnected, regulatory pathways. The idea of
YPTI as a messenger is, of course, derived from its similarity
to other G proteins in DNA sequence (15) and the recent
demonstration (30) that the YPTI gene product binds GTP in
vitro.

Relationship of YPTI to RAS and G-proteins of other
organisms. It was shown recently that in another yeast,
Schizosaccharomyces pombe, its single known RAS
homolog, rasi, has a quite different role in the life cycle (9).
It is not essential for vegetative growth and is not involved in
the cyclic AMP pathway. It is essential for mating and is
required for efficient sporulation. Together, the results for
the S. cerevisiae genes YPTJ, RAS], and RAS2 and the S.
pombe gene rasi show only that different ras homologs are
involved in different processes; a common theme, if there is
one, must be in the mechanism and not in the result.
Recent studies about the role of ras proteins in higher

organisms also suggest that they are involved in many
different basic systems that control cell proliferation. H-ras
protein can induce DNA synthesis (21) or differentiation (1)
in different cell types. In Xenopus oocytes, ras protein can
induce meiosis (2). Because of their localization in the
plasma membrane (49) and their similarity to G proteins (for
a review, see reference 3), it was suggested that the ras
proteins are involved in trans-membrane signal transduction
through the cyclic AMP pathway (29) or the inositol phos-
phate turnover (46). The molecular mechanisms by which
the different ras proteins and their homologs function in
different organisms remain to be determined.

ACKNOWLEDGMENTS

We thank D. Wigler for sharing information before publication;
M. Wigler, T. Toda, and K. Matsumoto for strains and advice; J.
Thomas and A. Adams for helpful discussions and criticism of the
manuscript; T. Huffaker, P. Novick and C. Holm for helpful
discussions; and the Massachusetts Institute of Technology cell
sorter lab and J. Torres for expert technical assistance. N. S. is a
Bantrell fellow; research was supported by Public Health Service
grants GM 21253 and GM 18973 from the National Institutes of
Health and grant MV90 from the American Cancer Society.

LITERATURE CITED
1. Bar-Sagi, D., and J. R. Feremisco. 1985. Microinjection of the

ras oncogene protein into PC12 cells induces morphological
differentiation. Cell 42:841-848.

2. Birchmeier, C., D. Broek, and M. Wigler. 1985. RAS proteins
can induce meiosis in Xenopus oocytes. Cell 43:615-621.

3. Bishop, M. J. 1985. Viral oncogenes. Cell 42:23-38.
4. Boeke, J. D., F. Lacroute, and G. R. Fink. 1984. A positive

selection for mutants lacking orotidine-5-phosphate decar-
boxylase activity in yeast: 5-fluoro-orotic acid resistance. Mol.
Gen. Genet. 197:345-347.

5. Cooper, G. 1982. Cellular transforming genes. Science 217:
801-806.

6. Defeo-Jones, D., E. M. Scolnick, R. Koiler, and R. Dhar. 1983.
Ras-related gene sequences identified and isolated from Sac-
charomyces cerevisiae. Nature (London) 306:707-709.

7. Defeo-Jones, D., K. Tatchell, L. C. Robinson, I. S. Sigal, W. C.
Vass, D. R. Lowy, and E. M. Scolnick. 1985. Mammalian and
yeast ras gene products: biological function in their heterolo-
gous systems. Science 228:179-184.

8. Ellis, R. W., D. Defeo, T. Y. Shih, M. A. Gonda, H. A. Young,
N. Tsuchida, D. R. Lowy, and E. M. Scolnick. 1981. P21 src
genes of Harvey and Kirsten sarcoma viruses originate from
divergent members of a family of normal vertebrate genes.
Nature (London) 292:506-511.

9. Fukui, Y., T. Kozasa, Y. Kaziro, T. Tokeda, and M. Yamamoto.
1986. Role of a ras homolog in the life cycle of Schizosaccha-

MOL. CELL. BIOL.



ESSENTIAL YEAST ras-LIKE GENE 2377

romyces pombe. Cell 44:329-336.
10. Gallwitz, D. 1982. Construction of a yeast actin intron deletion

mutant that is defective in splicing and leads to the accumulation
of precursor RNA in transformed yeast cells. Proc. Natl. Acad.
Sci. USA 79:3493-3497.

11. Gallwitz, D., C. Donath, and C. Sander. 1983. A yeast gene
encoding a protein homologous to the human c-haslbas proto-
oncogene product. Nature (London) 306:704-707.

12. Hartwell, L. A., R. K. Mortimer, and M. Culotti. 1973. Genetic
control of the yeast cell division cycle in yeast. V. Genetic
analysis of cdc mutants. Genetics 74:267-286.

13. Holm, C., T. Goto, J. C. Wang, and D. Botstein. 1985. DNA
topoisomerase II is required at the time of mitosis in yeast. Cell
41:553-563.

14. Holm, C., D. M. Meeks-Wagner, W. L. Fangman, and D.
Botstein. 1986. A rapid, efficient method for isolating DNA from
yeast. Gene 42:169-173.

15. Hurley, J. R., M. I. Simon, D. B. Teplour, J. D. Robinson, and
G. A. Gilman. 1984. Homologies between signal transducing
G-proteins and ras gene products. Science 226:860-862.

16. Hutter, K. J., and H. E. Eipel. 1979. Microbial determinations
by flow cytometry. J. Gen. Microbiol. 113:369-375.

17. Kataoka, T., S. Powers, S. Cameron, 0. Fasano, M. Goldfarb, J.
Broach, and M. Wigler. 1985. Functional homology of mamma-
lian and yeast RAS genes. Cell 40:19-26.

18. Kataoka, T., S. Powers, C. Mcgill, 0. Fasano, J. Strathern, J.
Broach, and M. Wigler. 1984. Genetic analysis of yeast RAS]
and RAS2 genes. Cell 37:437-445.

19. Kilmartin, J. V., and A. E. M. Adams. 1984. Structural rear-
rangements of tubulin during the cell cycle of the yeast Sac-
charomyces. J. Cell Biol. 98:922-933.

20. Kuo, C., and J. L. Campbell. 1983. Cloning of Saccharomyces
cerevisiae DNA replication genes: isolation of the CDC8 gene
and two genes that compensate for cdc8-1 mutation. Mol. Cell.
Biol. 3:1730-1737.

21. Lumpkin, C. K., J. E. Knepper, J. S. Butel, J. R. Smith, and
0. M. Pereira-Smith. 1986. Mitogenic effects of the proto-
oncogene and oncogene forms of c-H-ras DNA in human diploid
fibroblasts. Mol. Cell. Biol. 6:2990-2993.

22. Matsumoto, K., I. Uno, and T. Ishikawa. 1983. Control of cell
division in Saccharomyces cerevisiae mutants defective in ade-
nylate cyclase and cAMP-dependent protein kinase. Exp. Cell.
Res. 146:151-161.

23. Matsumoto, K., I. Uno, and T. Ishikawa. 1985. Genetic analysis
of the role of cAMP in yeast. Yeast 1:15-24.

24. Matsumoto, K., I. Uno, Y. Oshima, and T. Ishikawa. 1982.
Isolation and characterization of yeast mutants deficient in
adenylate cyclase and cAMP-dependent protein kinase. Proc.
Natl. Acad. Sci. USA 79:2355-2359.

25. Neff, N. F., J. H. Thomas, P. Grisafi, and D. Botstein. 1983.
Isolation of the 3-tubulin gene from yeast and demonstration of
its essential function in-vivo. Cell 33:211-219.

26. Novick, P., and D. Botstein. 1985. Phenotypic analysis of tem-
perature-sensitive yeast actin mutants. Cell 40:405-416.

27. Powers, S., T. Kataoka, 0. Fasano, M. Goldfarb, J. Sathern, J.
Broach, and M. Wigler. 1984. Genes in S. cerevisiae encoding
proteins with domains homologous to the mammalian ras pro-
teins. Cell 36:607-612.

28. Pringle, J. R., and L. H. Hartwell. 1981. The Saccharomyces
cerevisiae cell cycle, p. 97-142. In J. N. Strathem, E. W. Jones,
and J. R. Broach (ed.), The molecular biology of the yeast
Saccharomyces, vol. 1. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

29. Sadler, E. S., A. L. Schechter, C. J. Tabin, and J. Z. Maller.
1986. Antibodies to the ras gene product inhibit adenylate
cyclase and accelerate progesterone-induced cell division in
Xenopus laevis oocytes. Mol. Cell. Biol. 6:719-722.

30. Schmitt, H. D., P. Wagner, E. Pfaff, and D. Gallwitz. 1986. The
ras-related YPTJ gene product in yeast: a GTP-binding protein
that might be involved in microtubule organization. Cell
47:401-412.

31. Sherman, F., G. Fink, and C. Lawrence. 1974. Methods in yeast
genetics. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

32. Shilo, B.-Z., and R. A. Weinberg. 1981. DNA sequences homol-
ogous to vertebrate oncogenes are conserved in Drosophila
melanogaster. Proc. Natl. Acad. Sci. USA 78:6789-6792.

33. Shortle, D. 1983. A genetic system for analysis of staphylo-
coccal nuclease. Gene 22:181-189.

34. Shortle, D., and D. Botstein. 1983. Directed mutagenesis with
sodium bisufite. Methods Enzymol. 100:457-468.

35. Shortle, D., J. E. Haber, and D. Botstein. 1982. Lethal disruption
of the yeast actin gene by integrative DNA transformation.
Science 217:371-373.

36. Shortle, D., P. Novick, and D. Botstein. 1984. Construction and
genetic characterization of temperature-sensitive alleles of the
yeast actin gene. Proc. Natl. Acad. Sci. USA 81:4889-4893.

37. Simchen, G., R. Pinon, and Y. Salts. 1972. Sporulation in
Saccharomyces cerevisiae: premeiotic DNA synthesis, readi-
ness and commitment. Exp. Cell Res. 75:207-218.

38. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

39. Struhl, K., D. T. Stinchcomb, S. Scherer, and R. Davis. 1979.
High-frequency transformation of yeast: autonomous replica-
tion of hybrid DNA molecules. Proc. Natl. Acad. Sci. USA
76:1035-1039.

40. Tatchell, K., D. T. Chaleff, D. Defeo-Jones, and E. M. Scolnick.
1984. Requirement of either of a pair of ras related genes of
Saccharomyces cerevisiae for spore viability. Nature (London)
309:523-527.

41. Tatchell, K., L. C. Robinson, and M. Breitenbach. 1985. RAS2 of
Saccharomyces cerevisiae is required for gluconeogenic growth
and proper response to nutrient limitation. Proc. Natl. Acad.
Sci. USA 82:3765-3789.

42. Thomas, J. H., and D. Botstein. 1986. A gene required for the
separation of chromosomes on the spindle apparatus in yeast.
Cell 44:65-76.

43. Thomas, J. H., N. F. Neff, and D. Botstein. 1985. Isolation and
characterization of mutations in P-tubulin gene of Sac-
charomyces cerevisiae. Genetics 112:715-734.

44. Toda, T., S. Cameron, P. Sass, M. Zoller, J. D. Scott, B.
McMullen, M. Hurwitz, E. G. Krebs, and M. Wigler. 1987.
Cloning and characterization of BCYJ, a locus encoding a
regulatory subunit of the cyclic AMP-dependent protein kinase
in Saccharomyces cerevisiae. Mol. Cell. Biol. 7:1371-1377.

45. Toda, T., I. Uno, T. Ishikawa, S. Powers, T. Kataoka, D. Brek,
S. Cameron, J. Broach, K. Matsumoto, and M. Wigler. 1985. In
yeast, ras proteins are controlling elements of adenylate cy-
clase. Cell 40:27-36.

46. Wakelam, M. J. O., S. A. Davies, M. D. Houslay, I. Makay,
C. J. Marshal, and A. Hall. 1986. Normal p21n-faS couples
bombasin and other growth factor receptors to inositol phos-
phate production. Nature (London) 323:173-176.

47. Weiss, R. A., N. M. Teich, H. E. Varmus, and J. M. Coffin (ed.).
1982. RNA tumor viruses. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

48. Williamson, D. H., and D. J. Fennel. 1975. The use of fluores-
cent DNA-binding agent for detecting and separating yeast
mitochondrial DNA. Methods Cell Biol. 12:335-351.

49. WilHingham, M. C., I. Pastan, T. Y. Shih, and E. M. Scolnick.
1980. Localization of the src gene product of the Harvey strain
of MSV to plasma membrane of transformed cells by electron
microscopic immunocytochemistry. Cell 19:1005-1014.

VOL. 7, 1987


