
Copyright 0 1987 by the Genetics Society of America 

Temperature-Sensitive Lethal Pseudorevertants of ste Mutations in 
Saccharomyces cerevisiae 

Margaret E. Katz,’ Jill Ferguson* and Steven I. Reed2 
Biochemistry and Molecular Biology Section, Department of Biological Sciences, University of Calqornia, 

Santa Barbara, Calqornia 93106 
Manuscript received April 2 1, 1986 

Revised copy accepted December 9, 1986 

ABSTRACT 
A procedure was devised to isolate mutations that could restore conjugational competence to 

temperature sensitive ste mutants and simultaneously confer temperature-sensitive lethal growth 
phenotypes. Three such mutations, falling into two complementation groups, were identified on the 
basis of suppression of ste5 alleles. These same mutations were later shown to be capable of suppressing 
stel and ste7 alleles. Five mutations in a single complementation group were isolated as suppressors of 
ste2 alleles. None o f  the mutations described in this study conferred a homogeneous cell cycle arrest 
phenotype, and all were shown to define complementation groups distinct from those previously 
identified in studies of cell division cycle (cdc)  mutations. In no instance did pseudoreversion appear 
to be achieved by mutational GI arrest of ste mutant cells. Instead, it is proposed that the mutations 
restore conjugation by reestablishing the normal pheromone response. 

ELL division in the budding yeast, Saccharomyces C cerevisiae, is controlled in response to nutrient 
limitation and the action of mating pheromones. 
When cells exhaust an essential nutrient (BYERS and 
GOETSCH 1973,1975;JOHNSTON, PRINGLE and HART- 
WELL 1977) or encounter the mating pheromone se- 
creted by cells of the opposite mating type (BUCKING- 
THROM et al. 1974), they cease to divide and become 
synchronized in the GI interval of the cell cycle. 
HARTWELL et al. (1  974) have postulated that a partic- 
ular GI event, given the operational designation of 
“start,” serves as a regulatory gate for cell division. 
Thus, under,, conditions where cell cycle delay or 
suspension are appropriate, cells are prevented from 
completing start. With reversal of the condition pro- 
ducing cell cycle arrest, start is completed, committing 
the cell to a round of division. Although the molecular 
basis for division control is not known, it is anticipated 
that the participation of many gene products is re- 
quired. 

Genetic analysis may provide a means of elucidating 
the roles of gene products that interact in a complex 
manner. JARVIK and BOTSTEIN (1975) proposed, in 
the context of bacteriophage morphogenesis, that di- 
rect interactions between gene products should be 
detectable by analysis of mutant alleles of the genes 
encoding them. They suggested that, where the prod- 
ucts of two genes interact, the phenotypic reversion 
of a mutation in one gene could be achieved by a 
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compensatory mutation (pseudoreversion) in the sec- 
ond gene. Furthermore, the requirement for suppres- 
sion might be met at the expense of the ability of the 
second gene product to function properly in other 
physiological capacities, resulting in the concomitant 
appearance of novel mutant phenotypes. The analysis 
of these phenotypes and their relation to the primary 
mutant phenotype may yield information about the 
physiological roles of the products of the genes in- 
volved in the study. In addition, previously unknown 
genes may be identified. 

The ste mutants (MACKAY and MANNEY 1974; 
HARTWELL 1980) were initially characterized as incap- 
able of conjugation. A subset of ste mutations was later 
shown to confer sterility as a result of an inability of 
the mutants to respond to mating pheromone (MAN- 
NEY and WOODS 1976). In a more recent study by 
HARTWELL ( 1  980) of temperature-sensitive alleles of 
this latter pheromone-insensitive group, analysis of 
the constitutive mating type functions pheromone 
production, pheromone destruction, and budding pat- 
tern suggested that some lesions prevented proper 
expression of mating type in haploid cells, whereas 
others interfered more directly with the pheromone 
response. Furthermore, the MATa-specificity of ste2 
mutations suggested that this gene may encode the a- 
factor receptor. It has been subsequently shown that 
pheromone binding is indeed labile in ste2 mutants 
(JENNESS, BURKHOLDER and HARTWELL 1983). There- 
fore, in the interest of defining the molecular inter- 
actions that contribute to control of cell division in 
yeast by mating pheromones, we have undertaken a 
pseudoreversion analysis of ste mutations. The  initial 
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study has been limited to four genes for which ts 
mutants show the most nearly normal expression of 
constitutive haploid mating type functions (HART- 
WELL 1980): STE2, STE4, STE5 and STE7. It may be, 
then, that these genes define receptor or postreceptor 
signal transduction functions. It is hoped that second 
mutations that can restore conjugational competence 
in pheromone resistant mutants of this type might 
perturb cell division control in ways that are inform- 
ative about that process. Additionally, new genes in- 
volved in division control might be identified. We 
chose in this study to limit ourselves to the analysis of 
suppressors that also confer a conditional lethal 
growth defect, reasoning that such phenotypes might 
be the basis for gaining insight concerning physiolog- 
ical roles and would, in any case, facilitate genetic 
analyses. Therefore, a large number of phenotypic 
revertants of temperature-sensitive sterile mutations 
in the four genes specified were screened for second- 
ary temperature-sensitive lethal growth phenotypes. 
Eight temperature-sensitive mutations capable of sup- 
pressing ste mutations and that fall into three comple- 
mentation groups are characterized in this study. 

MATERIALS AND METHODS 

Strains and culture media: All yeast strains excluding 
those used in linkage studies and complementation analysis, 
were congenic with 381G (MATa ade2 his4 lys2 t rp l  tyrl 
SlJP4" cryl-1 (HARTWELL 1980). The  381G derivatives 50B 
(ste2-3), 61C (ste2-4), 90E (ste2-6), 63B (ste4-3), 82B (ste4-5), 
42E (s te5-3,  64C ( s t e 5 4 ,  43A (ste7-1), and 214A (ste7-4) 
were used extensively. VAB2 bearing the ste2-1 amber 
mutation (MACKAY and MANNEY 1974), but not congenic 
with 381G, was employed in suppression studies. Three 
other congenic 381G derivatives were used in outcrosses 
and as experimental controls: 3244-4-1 (MATa ADE2 ade6 
TYR-I), 3262-3-3 ( sup l ) ,  and 3262-14-3 (MATa ADE2 ade6 
sup#). These were kindly provided by Dr. DUANE JENNESS. 
The  entire collection of numbered cell division cycle mu- 
tants (cdcl-cdc5l) was provided by Dr. MICHAEL GRUN- 
STEIN. All strains and their genotypes are listed in Table 1. 

Media used for growth of yeast cells have been described 
(HARTWELL 1967). YEP medium supplemented with 2% 
glycerol and 5 pg/ml cycloheximide (Sigma) was used in the 
selection of mutants. 

Spontaneous cycloheximide resistant derivatives of strains 
were selected on YEPD plates containing 10 pg/ml cyclo- 
heximide. Although the identity of these mutations was not 
established by complementation, it has been our experience 
and that of others (L. HARTWELL, personal communication) 
that mutations conferring resistance to such high concentra- 
tions of cycloheximide are invariably cyh2. Strains were 
rendered rho' by growth in YEPD containing 20 pg/ml 
ethidium bromide (Sigma). Cloned isolates were chosen that 
were unable to utilize glycerol as a carbon source and were 
nonsuppressive. 

Genetic analysis: Sporulation was carried out by resus- 
pending 0.15 ml of washed stationary phase cells (grown in 
YEPD) in 5 ml of 0.3% potassium acetate and incubating 
for 2 days. Tetrad analysis was performed as described by 
MORTIMER and HAWTHORNE (1 969). Complementation 
analysis of temperature sensitive mutations was carried out 

by performing pairwise crosses between segregants carrying 
complementary adenine mutations, selecting for adenine 
prototrophy and testing diploid progeny for growth at 38". 

Cell density: Cell density was monitored using a hema- 
cytometer except for protoplast fusion matings, where a 
Zeiss spectrophotometer PMQl 1 was used to measure ab- 
sorbance at 600 nm. 

Mutagenesis: Mutagenesis using methanesulfonic acid 
ethyl ester (EMS) was performed as has been described 
previously (REED 1980). Nitrosoguanidine mutagenesis was 
carried out by adding 20 PI of N-methyl-N'-nitro-N-nitro- 
soguanidine (NSG) at 4 mg/ml in dimethylsulfoxide to 10 
ml of a log phase culture. After 20 min at 23", the cells 
were collected by centrifugation, washed by resuspension in 
10 ml of water and recentrifugation, and finally resuspended 
in 10 ml of water, One-milliliter aliquots were diluted 10- 
fold in YEPD and grown to stationary phase. 

Selection and screening: Mutagenized cultures spread on 
100-mm YEPD plates and grown to stationary phase were 
preincubated at 34" for 3 hr. Replicas of these lawns were 
transferred to prewarmed YEPD plates using sterile velvet 
cloth. In addition, a replica of a lawn of the opposite mating 
type and bearing the karl-1 mutation (CONDE and FINK 
1976) was transferred to each plate. After overnight incu- 
bation at 34", a replica of each mating mixture was trans- 
ferred to a YEPG plate (2% glycerol) containing cyclohexi- 
mide for the selection of cytoductants. Cytoductant colonies 
were grown on YEPD plates and screened at 38" for tem- 
perature-sensitive lethal phenotypes. Approximately 1 ?6 of 
the cytoductant colonies were temperature sensitive for 
growth. Candidates isolated on the basis of this screen were 
outcrossed to a congenic strain (3244-4- 1). Tetrad analysis 
was performed, and only those mutants for which suppres- 
sion of sterility and temperature sensitivity for growth cos- 
egregated were chosen for further study. T o  ensure the 
independent isolation of each mutant, only one member of 
any stp complementation group was retained from each 
independently grown tube of cells. The  argument support- 
ing independent isolation assumes that all mutations arose 
as a result of the mutagenesis procedures. In the unlikely 
event that mutants preexisted in the cell populations prior 
to mutagenesis, it is possible that two or more of the mutants 
are clonally related. The procedure described above is de- 
picted schematically in Figure l .  

Quantitative assay for conjugation: Assays for conjuga- 
tional efficiency were a modification of the method of REID 
and HARTWELL (1 977). For each mating, a temperature was 
chosen that was restrictive for the parental ste mutation, and 
that optimized the difference in mating efficiency between 
the ste and the stp ste strains. Log phase cells were preincu- 
bated for 1 hr at the restrictive temperature. Cells (3 X lo6) 
of the strain to be assayed and of a tester strain of the 
opposite mating type were then filtered in 10 ml of 1 M 
sorbitol onto a 2.5 cm 45 pm Millipore filter using a glass 
filtration apparatus (Millipore Corp.). Filters were then 
placed on preheated YEPD plates and incubated at the 
restrictive temperature of the ste mutation for 6 hr. Subse- 
quently, cells were washed from the filters into 1 M sorbitol 
and diluted appropriately for plating on selective medium. 
Diploid colonies were counted and the number of mating 
events per 3 X 1 O6 cells was calculated. 

Staining of nuclei using DAPI: Log phase cells were 
washed once with 0.15 M NaCl and then fixed by resuspen- 
sion in methano1:acetic acid (3:l) for 30 min at 23" prior to 
staining. The  fixed cells were pelleted, resuspended in 10 
pg/ml4.6-diamidino-2-phenylindole (DAPI) (Sigma) in 0.15 
M NaCI, incubated at 23" for 30 min and then washed two 
times by centrifugation through 0.15 M NaCI. Stained cells 
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Pseudoreversion of ste Mutants 

TABLE 1 

Strains used 

629 

Strain Genotype 

JKC 525D 
H262-1-2 
H262-12- 1 
H260-1-2 
H260-8-2 
~3424-6C 
4008 
V AB2 
382a 
381G 
381G42E 
381G-43B 
381G-50B 
38 1 G-6 1 C 
38 1G-63B 
38 1G-64C 
381G-82B 
381G90E 
38 1 G-2 1 4A 
3244-4-1 
3262-3-3 
3262- 14-3 
38 1G-64C-Pl 
MK 150-1 
381G-64C-P2 
MK 151-1 
381G-42E-Pl 
MK 152-1 
38 1G-9OE-PI 
MK 153-1 
381G-61C-P2 
MK 154-1 
38 1 G-6 1 C-P3 
MK 155-1 
38 1 G-6 1 C-P4 
MK 156-1 
381G-61C-P5 
MK 157-1 
A364A 
369 
370 
104 
314 
473 
327 
124 

M A T a  karl-1 thrl  leu1 
M A T a  thr1 hom3 
MATa thr l  hom3 
M A T a  met2 
MATa met2 
MATa ilu3 leu2 his6 ade2 ade4 arg4 lysl met gal2 
MATa cdc7-4 adel ade2 his7 lys2 tyrl u r a l  
M A T a  ste2-l (n)  can1 his2 trp5-18 lys2 gal l  ade2 
MATa rnal l  adel ade2 his7 lys2 tyrl u r a l  
M A T a  ade2 his4 lys2 t rp l  SUP4" cryl-1 tyrl 
M A T a  ste5-3 381G 
M A T a  ste7-1 381G 
M A T a  ste2-3 381G 
MATa ste2-4 381G 
M A T a  ste4-3 3 8 I G  
M A T a  ste5-4 381G 
M A T a  ste4-5 381G 
M A T a  ste2-6 381G 
M A T a  ste7-4 38lG 
MATa ade6 his4 lys2 trpl  SUP4L" cry l -1  
MATa ade2 his4 lys2 t rp l  tyrl cryl-1 
M A T a  ade6 his4 lys2 trpl  tyrl cryl-I 
M A T a  ade2 ste5-4 stp51-1 381G 
M A T a  ade6 stp5I-1 381G 
M A T a  ade2 ste5-4 stp5I-2 381G 
M A T a  ade6 stp51-2 381G 
M A T a  ade2 ste5-3 stp52 381G 
M A T a  ade6 stp52 38 1 G 
MATa ade2 ste2-6 stp2-1 381G 
MATa ade6 stp2-I 381G 
M A T a  ade2 ste2-4 stp2-2 381G 
M A T a  ade6 stp2-2 38 1G 
M A T a  ade2 ste2-4 stp2-3 381G 
M A T a  ade6 stp2-3 381G 
MATa ade2 ste2-4 stp2-4 381G 
MATa ade6 stp2-4 38 1 G 
M A T a  ade2 ste2-4 stp2-5 38 1G 
M A T a  ade6 stp2-5 38 1 G 
M A T a  adel ade2 u r a l  his7 tyrl gal l  lys2 

cdc2-1 MATa adel ade2 u r a l  his7 tyrl ga l l  
cdcl-1 A364A 

~ d c 3 -  1 A364A 
~ d c 4 - 1  A364A 
c d d - 1  A364A 
cdc6- I A364A 
cdc7-1 A364A 

Strain Genotype 

141 
244 
17012 
332 
47 1 
428 

17-1 7 
281 
Unknown" 
14028 
395 
127 
17026 
248 
903 1 

7-4 1 

182-6-3 

32 1 
7027 
9002 

185-3-4 
17048 
23015 
12021 
212 
E17 
E3- 16 
BR2 14-4 
626-1 
624-1 
ST16 
ST33 

E 189 
390-2 

JPT 163BD5-4A 
JPT198BD4-4A 
DBY 1245 
DBYllOl 
DBY1103 
DBY 1246 
DBY694 
DBY 1249 
DBY 125 1 
DBY695 

cdc8-5 A364A 
cdc9-1 A364A 
CdClO-1 A364A 
cdcl l -1  A364A 
cdcI2-I A364A 
cdcl3-1 A364A 
cdcl4-1 A364A 
cdcl5-1 A364A 
cdcl6-I A364A 
cdcl7-1 M A T a  adel  u r a l  lys2 
cdcl8- I A364 A 
cdcl9-1 A364A 
cdc.20-1 A364A 
cdc21-1 M A T a  ade2 u r a l  1y52 gal l  
cdc22-I A364A 
cdc23-1 A364A 
cdc24-I M A T a  u r a l  tyrl arg4 thr4 adel his7 t rp l  

gal l  
cdc25-I A364A 
cdc26-I A364A 
cdc271 M A T a  adel  ade2 u r a l  his7 lys2 tyrl gal l  

arg4 
cdc.28-I A364A 
cdc29-I A364A 
cdc30-I A364A 
cdc31-1 A364A 
cdc32-I A364A 
~ d ~ 3 3 - I  A364A 
cdc34-1 A364A 
cdc35-I M A T a  adel  arg4 his7 trpI u r a l  
cdc36-5 M A T a  adel  u r a l  cyh2 
cdc37-1 M A T a  met2 u r a l  
cdc38-I M A T a  lys2 u r a l  cyh2 
cdc39-I M A T a  tyrl met2 cyh2 
cdc40 MATa adel  ade2 lys2 
cdc4 I - I A364A 
cdc42- I M A T a  
cdc43- I M A T a  
cdc44-ICs M A T a  his4 

cdc46 M A T a  his4 
cdc47 M A T a  his4 
cdc48-I" M A T a  his4 
cdc49-I" M A T a  his4 
~ d c 5 I - l " ~  M A T a  has4 
cdc51-ICs M A T a  his4 

~ d ~ 4 5 - 1 "  M A T a  his4 

"Strain was obtained from Genetic Stock Center and strain designation was unknown. 

were examined using a fluorescence microscope (Reichert 
no. 32485) at an excitation wavelength of 400 nm and were 
photographed using a 35 mm camera (Miranda Loborec 
Ale). Kodak TriX film and standard developing and print- 
ing procedures were employed. 

Mating type! homozygous diploid formation by proto- 
plast fusion: Fusions were performed between strains 
marked at the ade2 and adc6 loci, respectively, so that 
diploids could be selected on the basis of adenine independ- 
ence. One hundred milliliters of a log-phase culture of each 
strain were pelleted, washed once in 0.7 M KCI, and resus- 
pended in 0.7 M KCI, 1% 2-mercaptoethanol. After incu- 
bation at 30" for 10 min, cells were pelleted and resus- 
pended in 10 ml of 0.7 M KCI.supplemented with 0.05 ml 

of a zymolyase 60,000 (Kirin Breweries) solution at 0.5 mg/ 
ml and 0.1 ml of glusulase (Endo Laboratories). Spheroplast 
formation at 30" was monitored by observation using a 
phase contrast microscope. Incubation was terminated when 
approximately 50% of the cells in a small aliquot were 
sensitive to lysis upon addition of 10% SDS. Cells were 
washed once through 0.7 M KCl, resuspended in 2 ml of 
20% PEG 4000 (BDH Chemicals), 10 mM CaC12, and pel- 
leted. Pelleted cells were incubated at 30" for 30 min. Cells 
were washed again in 0.7 M KCI and resuspended in a 
mixture of two parts YEPD to one part 3.6 M sorbitol, 30 
mM Tris-HCI (pH 7.4). After incubation at 30" for 15 min, 
cells were washed a final time in 0.7 M KCI, resuspended in 
a mixture of molten 3% agar, 1.2 M sorbitol in adenineless 
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(1) 

FIGURE 1 .-Selection of pseudorevertants. A ste strain carrying 
a nuclear cycloheximide resistance marker (cyhR) and a cytoplasmic 
respiratory deficiency (rho') (a) is mutagenized (b) to produce 
pseudorevertant cells ( s tp)  (c). At a temperature restrictive for the 
ste mutation, the mutagenized population is challenged to conjugate 
with a strain (d) carrying the hurl-I  mutation, the normal nuclear 
cycloheximide sensitive phenotype (cyW) and cytoplasmic respira- 
tory competence. Restoration of mating ability afforded by pseu- 
doreversion will result in zygote formation (e). Where a dikaryotic 
zygote is formed as a result of the hurl-I  mutation, resegregation 
of the haploid nuclear types (cytoductants) occurs at high frequency: 
(g) and (i). Note that the resegregated pseudorevertant (9) will have 
cquired respiratory competence which is inherited cytoplasmically. 
Where karyogamy occurs in the zygote, diploid progeny (h) will 
result. If the conjugation mixture containing the three possible 
progeny types, (g), (h) and (i), as well as the two parental cell types, 
(f) and (j), is cultured on medium containing glycerol as the sole 
carbon source and cycloheximide, (k), only the pseudorevertant 
derivatives (1) will form colonies. Diploids (h) are cycloheximide 
sensitive due to the recessive nature of the cyhR marker. 

medium and layered onto adenineless solid medium contain- 
ing 1.2 M sorbitol. Discrimination of mating type homozy- 
gous diploid clones from prototrophic revertants was ini- 
tially performed on the basis of cell size. The  preliminary 
screen was followed by a more definitive test where fre- 
quency of spontaneous mutation to canavanine resistance 
was monitored (SCHILD, ANATHASWAMY and MORTIMER 
1981). Haploid cultures on solid medium give rise to large 
numbers of canavanine resistant papillations, while diploid 
cultures give rise to few, if any. 

RESULTS 
Selection of pseudorevertants: The selection 

scheme was designed to facilitate screening of large 
numbers of pseudorevertants of ste mutants for a 
secondary phenotype that was expected, in most cases, 

to be recessive. Although isolation of the pseudore- 
vertants can be efficiently achieved using a conjuga- 
tional selection, the resulting diploids would not be 
immediately useful for the analysis of recessive phe- 
notypes. Our procedure utilizes the karl-1 mutation 
that interferes with nuclear fusion (karyogamy) during 
conjugation, leading to the formation of unstable di- 
karyons (CONDE and FINK 1976). The dikaryons seg- 
regate haploid progeny (cytoductants) at high fre- 
quency, allowing retrieval of the mutant nucleus sub- 
sequent to the mating event. 

As is summarized in Figure 1, haploid ste strains 
bearing a recessive selectable nuclear marker (cyclo- 
heximide resistance) and the cytoplasmic rho' geno- 
type were mutagenized with either EMS or NSG. 
Mutagenized populations were then challenged to 
conjugate with a karl strain having the normal cyclo- 
heximide (sensitive) and mitochondrial (rho') mark- 
ers. The conjugational challenge was carried out at a 
temperature restrictive for the parental ste mutation 
so that only revertants or pseudorevertants could 
mate. Revertant or  pseudorevertant mitotic progeny 
(cytoductants) having the genotype cyh' rho' could 
then be selected using a glycerol based medium 
(YEPG) supplemented with cycloheximide. The alter- 
nate cytoductant (cyhs rho'), as well as both parental 
types and any diploids produced, would be incapable 
of growth on this medium (see Figure 1). The back- 
ground level of conjugation by nonmutagenized ste 
stains put through this procedure was not quantitated 
so that the actual frequency of reversion could not be 
determined. 

Putative haploid revertant or pseudorevertant 
clones were directly screened for temperature sensi- 
tive growth. Only a small number (approximately 1 %) 
were found to express such a second phenotype. In 
each case, tetrad analysis was performed on an out- 
cross to determine whether suppression of sterility 
and temperature sensitivity cosegregated as expected 
if both phenotypes were conferred by a single muta- 
tion. 

Strains carrying, respectively, one ts allele of ste2 ,  
(ste2-6), or one of two ts alleles of ste4 (s te4 -3  and ste4- 
5 ) ,  ste5 (s te5 -3  and ste5 -4 )  or ste7 (s te7 -1  and ste7 -4 )  
were subjected to the selection procedure after mu- 
tagenesis by EMS. Another strain carrying an allele of 
ste2 (s te2 -4 )  was mutagenized by NSG and subjected 
to the selection procedure. The selection and subse- 
quent screening yielded one temperature sensitive 
lethal suppressor of ste2-6, four of ste2 -4 ,  one of ste5- 
3 and two of ste5-4.  These suppressors were all derived 
from separate mutagenized cultures and are, there- 
fore, all independent if they resulted from the chem- 
ical mutagenesis procedures employed. Neither of the 
alleles of ste4 or of ste7 yielded any temperature 
sensitive lethal suppressors in the course of this study. 
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TABLE 2 

Complementation analysis of ste suppressors" 

TABLE 3 

Linkage of stfi52 to markers on chromosome N 
- ~ 

MATa - 
1 
I 
v\ 
9 
v 

- 
1 

1 
cy 
9 
v 

h 

9 
9 
- 
cy 

v 

h 

9 
9 
-- 
cy 

v 

a -- 
cy 
2- 
v 

MK150-1 ( s tP5 l - I )  - - + + + + + +  
MK151-1 (stP51-2) - - + + + + + + 
MK152-1 (stP52) + + - + + + + + 
MK153-1 ( s tP2 l - I )  + + + - - - - - 
MK154-1 (stp.21-2) + + + - - - - - 
MK155-1 (stP21-3) + + + - - - - - 
MK156-1 (s tp21-4)  + + + - - - - - 
MK157-1 (stP21-5) + + + - - - - - 

a Strain designations are given, with the suppressor allele in 
parentheses. 

Complementation analysis: The results of a pair- 
wise complementation analysis of the eight suppres- 
sors based on temperature sensitive growth at 38" are 
shown in Table 2. The analysis yielded three comple- 
mentation groups: stp51, stp52 and stp21 (stp being an 
acronym for sterile pseudoreversion and the first digit 
of the gene number indicating the ste mutation ini- 
tially suppressed). Two of the ste5 suppressors were 
allelic ( s t p s l ) ,  as were all of the ste2 suppressors 
(stp21). One complementation group, stp52, had a 
single representative. 

The stp51 alleles both arose in 381G-64C (ste5-4). 
The stp52 allele arose in 382G-42E (ste5-3). stp21-1 
arose in 381G-90E (ste2-6), and the remaining stp21 
alleles in 38 1 G-6 IC (ste2-4). Tetrad analysis was per- 
formed by crossing each stp ste isolate to congenic 
MATa strain 3244-4-1. In each case, nonmating spores 
were recovered at the expected frequency for random 
assortment, indicating that none of the suppressors 
was linked to the suppressed ste mutation. For stp51 
and stp52 outcrosses, most tetrads contained one non- 
mating spore. For stp21 outcrosses, approximately 
25% of the MATa spores were nonmaters (data not 
shown). 

Complementation tests were also performed with 
representative alleles of all complementation groups 
comprising the collection of cdc mutants (HARTWELL 
1974). The strains used in these experiments are given 
in Table 1. For complementation groups defined by 
cold sensitive cdc mutations (MOIR et al. 1982), tetrad 
analysis was performed to detect linkage. In no case 
was there any evidence to suggest that the newly 
identified stp complementation groups are identical 
to any previously defined cdc complementation groups 
(data not shown). 

~ ~ 

Markers P N T cM' 

cdc7"-stp526 22 0 4 7 
cdc7 - t rp l  26 0 0 0 

t rp l  - stp52 37 0 2 3 
rnall  - ~ t p 5 2 ~  27 0 12 15 

rnal l  - trpl 25 0 14 18 

P, parental ditypes; N, nonparental ditypes; T, tetratypes. 
*Chromosome ZV centromere marked strains used in these mat- 

6stp52 strain used in these matings was 152-1. 
Only asci with four viable spores were used. 
Since these two markers both confer a temperature-sensitive 

lethal phenotype, tetrads were scored by complementation using 
appropriately marked tester stains. 

Linkage studies: Pseudorevertant strains repre- 
senting the three complementation groups, stp51, 
stp52 and stp21 were outcrossed to H260-8-2 and 
tetrad analysis was performed. It was found that stp52 
is closely linked to t r p l ,  a marker 2 cM from the 
centromere of chromosome ZV, and that stp21 is 
weakly centromere linked. In two- and three-point 
crosses containing stp52 and the chromosome ZV cen- 
tromere-linked markers cdc7, r n a l l ,  and t rp l  (Table 
3), tetrad data place stp52 about 3 cM to the right of 
t rp l  on the right arm. stp21 shows no linkage to 
centromere markers for chromosomes ZZZ, ZV, VZZZ, ZX 
and X. 

Suppression of sterility: Strains carrying stp51, 
stp52 and stp21 mutations were assayed for suppres- 
sion of sterility conferred by alleles of ste2, ste4, ste5 
and ste7 using a quantitative conjugation assay. Strains 
were constructed bearing an stp mutation and one of 
two mutant alleles for each of the four ste loci inves- 
tigated. Control strains contained only the appropri- 
ate ste mutation. Both the ste and the ste stp segregants 
used in each assay were from the same cross. 

Data showing the profile of suppression of ste alleles 
by stp51-1 are seen in Table 4. These data, as well as 
the suppression data for stp51-2, stp52 and stp21-1, 
are summarized in Table 5 .  For comparison, the 
mating efficiency of wild-type 381G strains is shown 
in Table 4. The stp51 and stp52 suppressors have 
similar profiles of suppression. Although the two stp51 
alleles and stp52 were isolated as suppressors of ste5, 
they also suppress efficiently two ste4 alleles tested 
and, less efficiently, one or both of two ste7 alleles 
tested. Neither stp51 nor stp52 alleles suppress ste2 
alleles significantly. The suppression by the two stp51 
alleles of ste4 appears to be somewhat allele specific, 
with stp51-1 suppressing ste4-5 15 to greater than 500- 
fold more efficiently than s te l -3 ,  and st951-2 suppress- 
ing ste4-3 approximately 1 0-fold more efficiently than 
ste4-5. On the other hand, the suppression of ste4 by 
stp52 does not appear to be as highly allele specific, 
and the stp51 alleles and stp52 do not appear to 

ings were 4008 and 382a. 
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TABLE 4 

Suppression of ste alleles by stpfil-1 

A: ste segregants 
No. of diploid colonies per 3 X IO6 cells 

B: stp ste segregants 
No. of diploid colonies per 3 X I O 6  cells 

steal- Mating Tempera- 
leles type ture 

ste2-3 a 34" 
ste2-6 a 34 
ste4-3 a 32" 

ff 34" 
ste4-5 a 32 a 

ff 34 
ste5-3 a 34" 

ff 34" 
ste5-4 a 34" 

ff 34" 
ste7-1 a 32" 

ff 32" 
ste7-4 a 32" 

01 32' 
W t  a 34 
wt a 34" 

No. of segre- 
Range" gants testedb 

<1.0-1.6 X lo4" 2 
1.1-2.9 X lo4 2 
0.2-1.5 X 10' 2 
0.6-9.4 X 10 3 

0.0 2 
<1.0-1.4 X 10'' 2 

0.0 3 
0.8-1.6 X 10' 2 

0.0 2 
0.0 3 

0.0-1.0 3 
0.4-2.5 X 10% 3 

0.0 2 
2.0-5.0 2 

1.3 X lo6 na 
1.5 X lo6 na 

Mean' 

8.0 x 10% 
2.0 x 104 
8.5 X 10' 
3.6 X IO' 

0.0 
7.0 X 10' 

0.0 
1.2 x I O 2  

0.0 
0.0 
3.3 

0.0 
3.5 
na 
na 

1.4 x 10% 

Range" 

0.9-2.8 X lo4 
0.8-1.2 X lo5 
1.2-2.8 X IO' 
4.4-7.0 X lo3 
0.5-1.8 X lo4 

0.3-1.9 X 10% 
0.3-1.2 X lo5 
1.8-1.9 X 10% 
0.4-1.3 X lo4 

1 .o 

0.0-1.0 

na 
na 

0.2-3.0 X 10 

0.2-1.0 x 10% 

0.2-1.0 x io3 

No. of segre- 
gants tested* 

2 
2 
3 
3 
3 
2 
3 
2 
2 
3 
3 
3 
2 
2 
na 
na 

Mean' 

1.9 x 10' 
1.0 x 105 
1.9 x 10% 
5.5 x 10% 
1.1 x 104 
1.6 x io4 
8.5 X 10' 
7.5 x io4 
1.9 x 10% 
8.8 x 10% 

1 .o 
5.1 X lo2 

4.0 
6.3 X 10' 

na 
na 

Suppressiond 

2-fold 
5-fold 

22-fold 
15-fold 

>111 00-fold 
299-fold 

>850-f0ld 
625-fold 

>1900-foId 
>8800-f0Id 

0.30-fold 
0.36-fold 

>9-fold 
180-fold 
na 
na 

na, not applicable; wt, wild type. 
"The range represents the lowest and highest number of diploid colonies per plate obtained in the assays, based on the lowest dilution 

*Both ste and stp ste segregants used in each quantitative assay for conjugation were from the same cross. Duplicate determinations of 

"The mean represents the average number of diploid colonies for the segregants scored. 
"The degree of suppression was calculated as the ratio of the mean number of diploid colonies in column B for segregants carrying both 

stp and ste mutations to the mean number of diploid colonies in column A for segregants carrying only the ste mutations. A value of less than 
1 .O indicates that the mating efficiency of the ste segregant was greater than that of the stp ste segregant. 

used in each experiment. 

conjugational efficiency were made for each segregant tested. 

Note that in several cases where no conjugants were detected at the dilution used, only a limit could be assigned. 

TABLE 5 

Suppression" of ste alleles by stp mutations 
~~ 

ste alleles Mating type Temperature 

Suppression by 

stfi51-1 stp5I-2 stp52 5tp21 - I  

ste2-3 
ste2-4 
ste2-6 

ste4-3 

ste4-5 

ste5-3 

ste5-4 

ste7-1 

ste7-4 

a 
a 
a 

a 
01 

a 
a 

a 
ff 

a 
ff 

a 
ff 

a 
ff 

34" or 36" 
36 ' 

34" or 36" 

32" 
34" 

32" 
34" 

34" 
34" 

32" or 34" 
32" or 34" 

32" 
32" 

32" 
32" 

2 
N T  

5 

22 
15 

>I 1000 
229 

850 
625 

>1900 
>a800 

0.30 
0.36 

>4 
180 

1.2 
N T  
0.08 

>2800 
1485 

170 
216 

182 
2 

>340 
176 

0 
114 

4 
31 

NT 
NT 
0.07 

560 
9400 

485 
1194 

120 
3 

380 
11 

2 
127 

>45 
1.4 

26 
214 
34 

0 
2 

>150 
>lo  

0 
0.5 

2 
0.67 

0 
0.27 

0 
2 

"Suppression corresponds to ratio of conjugational efficiency of a stp ste strain to that of the corresponding STP ste strain as in Table 4. 

suppress ste5 in a highly allele-specific fashion. The 
moderate suppression of ste7 by stp51-1 appears to be 
allele specific, while the suppression by stp51-2 and 
stp52 does not. stp21-I, isolated as a suppressor of 

ste2-6, suppresses ste2 alleles nonspecifically. It ap- 
pears to suppress also ste4-5 but not the other allele 
of ste4 tested, and does not suppress ste5 or ste7. The 
stp21 mutations were found to be incapable of sup- 
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TABLE 6 

Suppression of sterility in mating type homozygotes 

Normalized no. of 
STPfSTP triploid colonies stplSTP No. of triploid 

mating type homozygotes per plate"*' mating type homozygotes colonies per plate".l Suppression' 

MATa ste5-4 STP51-2 
MATa ste5-4 STP51-2 
--- 2.0 

MATa ste5-4 stp51-2 
MATa ste.5-4 STP51-2 
-- 

MATa ste4-5 stp51-2 
MATa ste4-5 STP51-2 
-- MATa ste4-5 STP51-2 

MATa ste4-5 STP51-2 
0.0 --- 

2.0 

0.0 

MATa ste7-4 STP51-2 MATa ste7-4 stp51-2 
MATa ste7-4 STP51-2 MATa ste7-4 STP51-2 0.0 0.0 --- 

MATa ste2-4 STP21-3 
MATa ste2-4 STP21-3 
--- 0.0 

MATa ste2-4 stf21-3 
MATa ste2-4 STP21-3 
-- 2.2 x 104 >22000 

_ _ _ _ ~  

"Each number is the average result of duplicate experiments. 
'The quantitative assays for conjugation were performed at 32" except in the case of the two ste2-4/ste2-4 mating type homozygotes. 

'The degree of suppression was calculated as the ratio of the mean normalized number of triploid colonies per plate in matings with stp/ 
They were assayed at 36 '. 
STP heterozygotes as compared to matings with STPISTP homozygotes. 

pressing a nonsense (amber suppressible) allele of ste2 
(data not shown). 

In tetrad analyses of numerous crosses containing 
stp mutations where conjugation was scored at ele- 
vated temperature sufficient for suppression of the 
appropriate ste mutation, there was no evidence of 
relaxation of mating specificity. Segregants carrying 
stp mutations always conjugated in the expected fash- 
ion based on the genotype of MAT. We conclude that 
stp mutations do not grossly interfere with functions 
related to expression of mating type. 

Although the stp mutations are recessive with re- 
spect to the temperature-sensitive growth phenotype, 
the possibility that they might be dominant with re- 
spect to suppression of sterility was investigated. Dip- 
loids homozygous for mating type and for the ste 
mutations, but heterozygous at the stp loci, were con- 
structed by direct protoplast fusion and were assayed 
for suppression (Table 6). Attempts to construct such 
diploids were not successful in the case of stp52 as a 
result of technical difficulties associated with the prep- 
aration of protoplasts. stp.51 mutations were recessive 
to wild type with respect to the suppression pheno- 
type, whereas stp21 mutations were dominant. 

Termination phenotypes associated with stp mu- 
tations: Populations of stp mutants arrested at the 
restrictive temperature had cellular morphologies too 
heterogeneous to be considered cdc mutants by the 
criteria of HARTWELL et al. (1973). However, as the 
cells did not appear to be arrested randomly with 
respect to the cell division cycle, a more detailed 
morphological investigation of the termination phe- 
notype(s) associated with each stp mutation was un- 
dertaken. 

In order to determine the nuclear morphology of 
arrested cells, three strains carrying one each of a 
representative stp allele were subjected to nuclear 

staining using the fluorescent DNA-binding dye 
DAPI. Micrographs of DAPI-stained mutant cells at 
the permissive temperature and after incubation at 
the restrictive temperature are seen in Figure 2. The 
termination phenotype of stp51 mutant cells, based 
both on cellular and nuclear morphology, appears to 
be complex. Cells initially arrest as single unbudded 
cells or as doublets (presumably a mother cell with a 
bud or attached daughter), and these morphological 
types predominate at all times after arrest. However, 
approximately 10-1 5% of the population will con- 
tinue to produce additional units (buds or daughters) 
with increased incubation times. The majority of these 
species are triplets, with quadruplets constituting a 
small fraction. Based on DAPI staining, the majority 
of doublets appear to consist of two mature cells which 
have undergone cytokinesis but which remain firmly 
attached (Figure 2b). The remaining doublets consist 
of cells at various positions in the cell cycle and may 
not reflect an arrested phenotype. 

With increasing times of incubation, the situation 
becomes more complex. Triplets (a mother and two 
additional units) always consist of one mature cell and 
either one cell at some point in the budded portion of 
the cell cycle or two additional mature cells (Figure 
2b). It is not clear why these units remain attached. 
Due to the static nature of the sampling procedure, it 
is possible to reconstruct the dynamic process which 
produces the observed populations of morphological 
types. For this reason a time-lapse experiment was 
undertaken with a stp51-I culture preincubated at 
37" for 3 hr. Mutant cells (strain MK150-1) were 
spread at low density on a YEPD plate set on the stage 
of a microscope maintained in a 37 O constant temper- 
ature room. Of 24 individual cells followed, 18 had 
easily distinguishable mother cells and buds at the 
time of the initial observation. Two more produced 
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FIGURE 2. Morphology of stp mu- 
tant cells at permissive and restrictive 
temperature. Cells were stained with 
the fluorescent dye DAPI to visualize 
nuclei (WILLIAMSON and FENNELL 
1975). Photomicrography was per- 
formed as described in MATERIALS 

exponential growth at 23"; (b) after 
5.5 hr at 36". After 5.5 hr at the 
restrictive temperature, a number of 
triplets have appeared. The arrow in 
(b) indicates one of this morphologi- 
cal type. (c) MK152-1 cells in expo- 
nential growth at 23"; (d) after 5 hr 
at 34". After the incubation at re- 
strictive temperature, the majority of 
cells arrest with the nucleus lodged 
between the mother cell and the bud. 
A substantial number of arrested 
cells are unbudded, however, and a 
small fraction appear to be arrested 
at other points in the cell cycle. (e) 
MK153-1 cells in exponential growth 
at 23"; (9 after 6 hr at 38". After the 
restrictive temperature incubation, 
the majority of cells are unbudded, 
uninucleate and quite large. 

AND METHODS. (a) MK150-1 Cells in 

buds during the course of the experiment. Of these 
20, 13 went on to produce one or more additional 
buds. In only one case did a daughter, produced at 
37", possibly produce a bud of its own, although this 
single observation is equivocal. In every other instance 
where the origin of a new bud could be fixed, it 
emanated from the initial mother cell. In some cases, 
this process could be unambiguously monitored for 
four cycles over a 24-hr time course. We therefore 
conclude that the multiple-unit structures result be- 
cause the mother cell can continue to initiate new cell 
division cycles, while the daughter progeny, which 
remain attached, cannot. When the structures pro- 
duced after prolonged incubation at restrictive tem- 
perature were shifted down to 23 O ,  the daughters, 
although never capable of abscission from the mother 
cell, were found to regain the capacity to produce 
buds, suggesting that the cell cycle initiation defect is 
reversible. 

We have observed in reciprocal shift experiments 

(HEREFORD and HARTWELL 1974) that most individ- 
ual units of the complex structures that arise in cul- 
tures arrested for long periods of time at restrictive 
temperature are capable of immediately assuming the 
pheromone-induced (shmoo) morphology while re- 
maining permanently attached when shifted to me- 
dium containing a-factor at the permissive tempera- 
ture (data not shown). This observation is consistent 
with our interpretation that stp5I mother cells can 
produce up to several attached but mature daughters 
which remain arrested in GI,  presumably at start. 

A population of stp52 cells incubated for one cell 
cycle interval at the restrictive temperature contains 
approximately 60% budded cells and 40% unbudded 
cells. Based on staining with DAPI, the majority of 
budded cells contain a single nucleus lodged in the 
neck of the bud, a morphology indicative of an arrest 
point early in the cell cycle (Figure 2d). 

The stpel mutant cells arrest at  the restrictive tem- 
perature predominantly (70%) in the unbudded por- 
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tion of the cell cycle. The  remaining 30% of the cells 
are heterogeneous with respect to the cell cycle and 
may represent a subpopulation that has not arrested 
on the first cycle or that has leaked through the arrest 
point in the unbudded interval (Figure 29. Unbudded 
cells in termination populations for all three classes of 
mutants contained only a single nucleus. In reciprocal 
shift experiments with stp21 mutant cells (strain 
MK153- l ) ,  the portion of the population that was 
unbudded after incubation at the restrictive temper- 
ature began to assume the characteristic pheromone- 
arrested morphology immediately upon the shift to a- 
factor (data not shown). These cells are most likely 
arrested at start. A 30% increase in cell number after 
shift to a-factor containing medium is consistent with 
our interpretation that the budded cells are past start 
in the cell cycle and can complete a doubling before 
becoming arrested. 

DISCUSSION 

Eight mutations that simultaneously suppress the 
conjugational defective phenotypes of ts ste mutations 
and confer a temperature-sensitive lethal phenotype 
were assigned to the three complementation groups 
stp51, s tp52 and stp21 (derived from sterile pseudo- 
reversion). Although mutants characterized in this 
study did not fit the criteria of cell division cycle (cdc) 
mutants as defined by HARTWELL et al. (1973), the 
termination phenotypes observed were consistent with 
requirements of the respective gene products at more 
than one point in the cell cycle. Complementation 
analysis with representatives of all previously identi- 
fied complementation groups defined by temperature 
sensitive cdc mutants (HARTWELL et al. 1973) and 
linkage analysis with cold sensitive cdc mutants (MOIR 
et al. 1982) indicated that the stp mutations are not 
allelic with known cdc mutations. 

Mutations in complementation groups stp51 and 
stp52 were initially isolated as suppressors of ste5 mu- 
tations. In the course of subsequent analysis, it was 
found that these stp mutations were also capable of 
suppressing ste4 and ste7 mutations. This result implies 
a functional or structural relationship between the 
products of STE4,  STES and STE7.  Previous suppres- 
sion analysis by SHUSTER (1982) supports this conclu- 
sion, at least in part. He found that cell division cycle 
start mutations in two complementation groups, cdc36 
and cdc39, were capable of suppressing both ste4 and 
ste5 mutations. In addition, the STE5 structural gene 
when amplified on a 2-pm derived plasmid has been 
shown to suppress a ste4 mutation (MacKay 1983). 
Any future assignment of physiological roles for the 
STE4,  STES and STE7 gene products must accom- 
modate this interrelationship. 

In light of the similar suppression specificity of s t p 1  
and stp52 mutations, the disparity of their termination 

phenotypes is remarkable. stp52 mutants terminate 
with a portion of the population remaining unbudded 
and the remainder arrested at a later point in the cell 
cycle. The stp52 mutants are also characterized by a 
rapid loss of viability at the restrictive temperature. 
In contrast, the stp51 phenotype is characterized by 
an asymmetric segregation of the mutational defect. 
Cells which had completed a cell cycle or were budded 
mother cells at the time of the shift to restrictive 
temperature were found to be capable of initiating 
and completing from one to several new cell cycles. 
The daughter progeny of these ensuing division 
cycles, however, were incapable themselves of initiat- 
ing new rounds of division and remained unbudded. 
Reciprocal shift experiments suggest that the point of 
arrest is prior to completion of start. Surprisingly, 
these daughters, although they appear to have under- 
gone cytokinesis, are incapable of abscission from the 
mother cell. The resultant cell clusters that accumu- 
late after several cell cycle intervals were resistant to 
both sonic and enzymatic disruption. In contrast to 
stp52 mutant cells, s t p i l  mutant cells retain a high 
degree of viability during incubation at the restrictive 
temperature. Upon a shift to permissive temperature, 
the appended daughters regain the capacity to initiate 
and complete cell cycles, although the abscission de- 
fect is irreversible. We propose that the stp51 gene 
product must participate in the assembly, but not the 
function, of a cellular component required for the 
initiation of a cell cycle, as well as for the abscission 
of new daughter cells. Furthermore, this component, 
once assembled, must be spatially limited to the 
mother cell during division such that progeny daugh- 
ters are incapable of initiating cell cycles of their own. 
The abscission defect suggests that the stp51 product 
may be involved in proper assembly of the cell wall or 
plasma membrane, although many other models are 
consistent with this observation. Although the ste mu- 
tations analyzed in this study confer an inability to 
synchronize at start in response to mating pheromone 
(HARTWELL 1980), the critical function disrupted to 
prevent conjugation is not known. The studies of 
HARTWELL (1 980) and of SHUSTER (1 982) suggest that 
mutational restoration of arrest at start is certainly 
not sufficient to restore normal conjugational func- 
tion. Temperature sensitive alleles of CDC36 and 
CDC39 that confer arrest at start were found capable 
of suppressing only a subset of the ste mutations. 
Where suppression was observed, it was incomplete 
and restricted in some cases to specific alleles and 
mating types. In this study, suppression of ste muta- 
tions was always observed at temperatures permissive 
for division and growth, ruling out the simple expla- 
nation of cell cycle arrest as the primary mechanism 
for restoration of conjugational ability. In addition, 
several of the stfi mutations suppress various of the ste 
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mutations to different degrees in the two mating types 
(Table 5) ,  although there is no apparent consistency 
to this pattern. Furthermore, stp21 mutations are 
capable of suppression in the heterozygous state, 
where no growth phenotype is conferred, but are 
incapable of suppressing a null allele of ste2 presum- 
ably lacking a portion of the a-factor transduction 
apparatus (JENNESS, BURKHOLDER and HARTWELL 
1983). We feel that it is more likely that the stp 
mutations confer suppression by interacting with the 
products of the ste alleles. Thus, the mutant cells 
regain the capacity to respond to pheromone rather 
than attaining the ability to circumvent this require- 
ment. Further biochemical and ultrastructural studies 
will be required to reveal how the conditional lethal 
phenotypes relate to the suppression phenotypes and 
what the physiological basis of each is. 

We wish to acknowledge the National Science Foundation grant 
PCM81-02308 awarded to S.I.R. S.I.R. was supported in part by a 
Faculty Research Award from the American Cancer Society (FRA- 
248). 
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