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ABSTRACT 
A dominant mutation (DAF2-2) resulting in resistance to the mating  pheromone a-factor in 

Saccharomyces cerevisiae M A T a  cells was identified  and  characterized  genetically.  Whereas  wild-type 
cells  induce a high level of the FUSl mRNA from a low baseline on exposure to a-factor, DAF2-2 
cells  were constitutive producers of an intermediate level of FUSl RNA; the level was increased only 
modestly  by a-factor. FUSl constitutivity required STE4 ,   STE5  and S T E l 8 ,  but  did not require STE2,  
the a-factor  receptor  gene. DAF2-2 suppressed the a-factor supersensitivity of a STEP C-terminal 
truncation,  and  suppressed  lethality due to scgl mutations. Thus DAF2-2 may act by uncoupling  the 
signaling  pathway  from a-factor  binding at some point in the pathway  between Scgl  inactivation  and 
the  action of Ste4,  Ste5  and  Ste  18;  this  uncoupling  might occur at the expense of partial constitutive 
activation of the pathway. DAF2-2 suppressed the unconditional  cell-cycle  arrest  phenotype of a 
dominant  “constitutive  signaling”  allele of STE4  (STE4Hp‘) ,  although the constitutive FUSl phenotype 
of DAF2-2 was suppressed by ste4 null mutations; therefore DAF2-2 may directly affect the perform- 
ance of the STE4 step. 

M ATING in the yeast S. cerevisiae is initiated by 
the binding  of  peptide  pheromones  produced 

by cells of each  mating  type  (a-factor or a-factor by 
MATa or MATa cells respectively) to  receptors  on cells 
of the opposite  mating  type  (reviewed by  CROSS et al. 
1988). The binding of pheromones  results in activa- 
tion of  a pathway of signal transduction.  Ultimate 
pheromone responses include  G1 division arrest  at 
START  and induction  of  genes involved in mating. 
Pheromone  receptors  (encoded by STE2 in MATa  cells 
and by STE3 in MATa cells) have structures analogous 
to those of receptors which are coupled  to G proteins, 
which are trimers with a, ,Ll and y subunits  (HERSKOW- 
ITZ and MARSH 1987). Genetic  evidence  strongly sug- 
gests that following pheromone  binding, a  protein 
with homology to  the a subunit  of  G  proteins,  encoded 
by SCGl (also named  GPAI) is inactivated  (DIETZEL 
and KURJAN 1987b; MIYAJIMA et al. 1987; JAHNG, 
FERGUSON and REED 1988). Loss-of-function muta- 
tions in this gene cause constitutive signaling, resulting 
in division arrest,  and  these  mutations bypass the 
requirement  for STE2 (the  a-factor  receptor)  for mat- 
ing (MIYAJIMA et al. 1987;  JAHNG, FERGUSON and 
REED 1988).  Two genes whose products are similar 
to GP and Ga (STE4 and STE18) (WHITEWAY et  al. 
1989) have been  identified. Null mutations in these 
genes  result in sterility and suppress the “constitutive 
signaling”  lethal  phenotype  of scgl mutations (WHITE- 
WAY et  al. 1989). A dominant allele ofSTE4, STE4Hf”, 
results in a  lethal  phenotype similar to  that of scg l  
mutations,  probably  arising  from  constitutive signal- 
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ing  (BLINDER, BOUVIER andJENNEss 1989). According 
to a current model for  mating  factor signal transduc- 
tion, Ga is released from GP and  Gy  upon  a-factor 
binding to its receptor; GP and  Gy activate an  effector 
(perhaps involving the STES gene  product) (WHITE- 
WAY et  al. 1989; BLINDER, BOUVIER and JENNESS 
1989), which activates downstream  events.  Consistent 
with this  model,  overexpression of the STE4 gene 
leads to constitutive arrest (as STE4Hp‘ does), and 
arrest  from STE4 overexpression is at least partially 
overcome by overexpression of SCGl (COLE, STONE 
and REED 1990; NOMOTO et al. 1990; WHITEWAY, 
HOUCAN  and THOMAS 1990). 

In a  search for  mutations  resulting in dominant a- 
factor resistance (CROSS 1988),  a  mutation (DAF2-2) 
was identified which had  a  phenotype  consistent with 
constitutive  partial  activation  of the  pheromone sig- 
naling pathway. I have analyzed epistasis relationships 
between DAF2-2 and  the genes  described  above. 
These results are consistent with the  order of  function 
of gene  products  inferred  from  the  experiments de- 
scribed  above, and suggest that  the DAF2-2 product 
may directly  affect the  performance of the Ste4-me- 
diated  step. 

MATERIALS AND METHODS 

Strain  constructions: All strains were  congenic with the 
strain  38 1G (HARTWELL 1980). MATaIMATa  hrn1a::LEUZ 
burl diploids were constructed,  and mutant strains with 
dominant a-factor resistance mutations isolated, as de- 
scribed (CROSS 1988). Four independent strains were found 
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to have allelic (or closely linked) mutations at  the DAF2 
locus. One allele, DAF2-2, was chosen for further study. 
DAF2-2 showed segregation of a-factor resistance in tetrads 
consistent with 2 : 2  segregation of a  gene lacking close 
linkage to MAT.  The DAF2-2 mutation was silent in M A T a  
cells  (see below). MATa  DAF2-2  strains were identified by 
constructing MATaIMATa diploids [by mating the M A T a  
CRY1 strains to  be tested to MATa cry1 cells and selecting 
MATaIMATa mitotic recombinants on cryptopleurine, as 
described by HARTWELL (1980)l and testing the diploids for 
a-factor resistance. 

MATa  DAF2-2 ste2-1O::LEUZ double  mutants were con- 
structed as  follows. A M A T a  strain  carrying steZ::LEU2 
(BURKHOLDER and HARTWELL 1985) (provided by J. KON- 
OPKA) was crossed with a MATa  DAF2-2 strain. The double 
mutant (ste2::LEUZ DAF2-2) segregants derived  from tetrad 
dissections were identified as follows: Leu2+ (s te2)   MATa 
strains, transformed with the STEB gene  on  a URA3-marked 
plasmid, were screened for a-factor resistance on “ura 
plates; resistant segregants were scored as DAF2-2, and 
sensitive segregants as DAF2+.  The plasmid was then lost by 
nonselective growth. Such strains were retransformed with 
the vector, or with  plasmid containing STE2 or the super- 
sensitive allele STE2-T326 (KONOPKA, JENNESS and HART- 

ste4-3 and ste5-3 strains [ste4-3 and ste5-3 are  temperature 
sensitive alleles (HARTWELL 1980)l  (provided by  L. HART- 
WELL) were crossed to DAF2-2 strains, and tetrads dissected. 
The presence of the ste4-3 or ste5-3 alleles was scored in 
tetrads by complete sterility in either mating type at  34” 
(HARTWELL 1980) (DAFZ-2 reduces mating efficiency by 
only 10-100-fold, and only in MATa strains). DAF2-2 was 
scored by a-factor resistance at 20” (a permissive tempera- 
ture for ste4-3 and ste5-?). 

ste4::LEU2,  ste5::URAj (provided by V. MACKAY, 
ZymoCenetics) and stel8::URA? (provided by M. WHITE- 
WAY) transplacements were introduced  into DAF2+ and 
DAF2-2 haploid strains. The Leu+ or Ura+ transformants 
were found  to be sterile as expected, whereas control trans- 
formations  carried out in parallel with episomal vector plas- 
mids never resulted in sterility. The  structure of the disrup- 
tions was not confirmed by Southern blotting; however the 
results confirm the results with the point mutants in ste4 
and ste5, and I assume that targeting was correct.  Two 
independent  transformants were analyzed in  all experiments 
(four  for s te l8: :URAj) .  

DAF2-2  scgl::LACZ6-LEU2 strains were constructed by 
transforming  a MATalMATa  DAF2-2/DAF2+ diploid (X3 13) 
with a plasmid provided by C. DIETZEL (DIETZEL and KUR- 
JAN 1987b), followed by tetrad analysis. The lethal strains 
had the scgl -  phenotype described by DIETZEL and KURGAN 
(1987b),  and the LEU2 marker was centromere-linked in 
these strains, as expected (by comparison with T R P l )  (MOR- 
TIMER et al. 1989). The lethal phenotype was complemented 
by plasmid-borne S C G l ,  and suppressed by the MATa/MATa 
cell type as expected (DIETZEL and KURJAN 1987b). For 
these reasons it seemed very probable that  the transformants 
had scgl::LEU2 inserted  at the SCGl  locus; however this was 
not confirmed b Southern blotting. 

DAF2-2 STE4’P‘ double  mutants were constructed as fol- 
lows. A MATa strain carrying the STE4”p‘ allele and  the 
MATa gene  on  a plasmid (strain provided by D. JENNESS) 
(BLINDER, BOUVIER and JENNESS 1989) was crossed with 
MATa DAF2-2 or DAF2+ strains. [The M A T a  gene on the 
plasmid is required  to  protect the strain  from STE4Hp‘ le- 
thality (hence  the name Hpl, for “haploid-lethal”]. For mat- 
ing  to  occur, this plasmid  must  be lost). Following tetrad 
dissection, approximately half  of the expected MATa segre- 

WELL 1989). 

TABLE 1 

Resistance to a-factor-induced division arrest of DAF2 strains 

Percent  unbudded cells 

-a-Factor  +a-Factor 

Strain Genotype 3 hr 6 hr 3 hr 6 hr 

180-1A DAF2+ 4 9 f 4  4 9 + 6  97-CO 9 7 + 0  
K23-1D DAF2-2 4 9 2 5  4 7 + 0  56-C 1 4 6 2  1 

Both strains  tested were MATa burl .  Two  parallel  cultures of 
each strain were grown  overnight in YEPD at 30” to early-mid log 
phase, and a-factor was added to IO” M to one half. At 3 and 6 hr,  
aliquots were harvested, fixed in 10% formalin, transferred to PBS, 
sonicated, and the percentage of unbudded G1 cells (PRINGLE and 
HARTWELL 1981) analyzed by phase microscopy. From 100 to 200 
cells were counted for each determination. Data show the mean + 
half the range for the duplicate cultures assayed. 

gants from the DAFZ+/DAFZ+ cross were inviable, whereas 
significantly higher viability  of MATa segregants was ob- 
served with the DAFZ-Z/DAFZ+ cross (see below). Among 
the a-factor-resistant (DAF2-2)   MATa segregants  from the 
latter cross, approximately half were much reduced in mat- 
ing efficiency compared  to DAF2+ or DAF2-2 strains. These 
sterile segregants were considered likely to  be DAF2-2 
STE4”P’ double  mutants. To confirm this, two such strains 
and two fertile MATa strains from  the same cross were 
crossed to  a M A T a   D A F T   S T E 4 +  strain and progeny were 
analyzed (see below). 

A ste5-3  DAF2-2 segregant was mated to a ste5-3  STE4HP’ 
strain  (provided by D. BLINDER). The cross was sporulated, 
and tetrads were dissected and germinated at 34”  (nonper- 
missive temperature  for ste5-3) to  prevent lethality in 
STE4’’P‘ strains (ste5-3 is epistatic to STE4”p‘) (BLINDER, 
BOUVIER and JENNESS 1989). The pattern of  division arrest 
upon shiftdown to 2 3  O was tested in the progeny to  further 
test suppression of STE4Hp‘ by DAF2-2. 

a-Factor resistance was assayed by replica-plating as de- 
scribed (CROSS 1988)  for burl  strains (CHAN and OTTE 
1982) and by streaking  for colony formation  on  a-factor 
plates for BAR1 strains. Tests  for  mating and  pheromone 
production were as described (CROSS 1988). 

RNA hybr id iza t ion:  Cells were grown overnight in 
YEPD to an OD660 of approximately 0.4 (mid-log phase). 
A  portion of the  culture was harvested; a-factor was added 
to varying concentrations to  the remainder, and  the cultures 
were incubated  for 2 0  min to 3 hr,  and harvested by chilling 
on ice and collection by centrifugation. RNA was isolated 
as described (SHERMAN, FINK and HICKS 1989) except that 
ethanol precipitation was substituted  for lithium precipita- 
tion of RNA. The RNA concentration was determined by 
O D 2 6 0  and confirmed by gel electrophoresis and ethidium 
bromide  straining (see figures). Northern blot analysis was 
performed using GeneScreen nylon membrane  (DuPont) 
and a FUSl RNA probe (MCCAFFREY et al. 1987). 

RESULTS 

Isolation of DAFZ-2: Four  dominant  a-factor  re- 
sistance mutations isolated in a  screen previously de- 
scribed (CROSS 1988) were  found  to  be linked to each 
other  (data  not shown). Although no wild-type recom- 
binants were obtained in a series of crosses, the  data 
are  not  adequate to  place the mutations within 1 CM 
of each other (probably about one  gene’s  length; 
MORTIMER et al. 1989) with greater  than  95% confi- 
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rRNA nom - + - t - + - + - + - + - + - + a - f a c t o r  

FIGL'RE I.-Analysis of the  effects of sle5-3 on FUSI RNA in 
D,.\F2-2 and D,4F2' strains. MATa burl  strains of  the indicated 
ge~~oty lws  a t  STE5 and DAF2 were  constructed by mating  and 
tetrad analysis as described i n  Materials and  Methods. T h e  cultures 
were  grown at 34" (nonpermissive  temperature  for ste5-3) (HART- 
WELL 1980). T w o  strains o f  each  genotype  were  analyzed  for FUSI 
RNA induction by IO-' M cr-factor for 2 0  min.  Ethidium  bromide 
staining of  the  RNA  samples  run  on a parallel gel is shown  at  the 
top (rRNA). A par;lllel blot was also hybridized  with a STE5 probe 
(bottom). 

dence.  Therefore only one mutation in this linkage 
group was chosen for  detailed  characterization. The 
mutant  gene was named DAF2-2 (for  dominant  alpha- 
+ctor resistant). In tetrad analysis, DAF2-2 segregates 
as  a single Mendelian gene (two mutant: two wild-type 
in four-viable-spore tetrads),  and it is not closely linked 
to DAFl ,   MAT,   BARI ,   SST2 ,   STE2 ,   STE4 ,   STE5 ,  
STE18,  R A M I ,  S C G l  or CDC39,  nor is it closely cen- 
tromere-linked  (data not shown). 

a-Factor  resistance: The fraction of unbudded cells 
in liquid culture following a-factor  addition can be 
used to evaluate sensitivity to G1  arrest by a-factor, 
since G1 cells are unbudded  (PRINGLE  and HARTWELL 
1981).  A small transient  increase in the fraction of 
unbudded cells following a-factor  addition was ob- 
served in DAF2-2 cultures,  under  conditions  where 
wild-type  cells are >95% arrested  (Table 1). 

DAF2 and  gene  expression in MATa and MATa 
cells: The FUSl mRNA is highly induced by a-factor 
(TRUEHEART, BOEKE and FINK 1987, MCCAFFREY et 
al. 1987). DAF2-2 cells express FUSl aberrantly. The 
baseline uninduced level is higher  than wild type, but 
this level changes at most threefold with a-factor 
addition, so that  the level  in a-factor-induced wild- 
type cells is higher  (Figures 1 and 2). In  contrast to 
the results with MATa cells, MATa  DAF2-2 cells 
showed a FUSI phenotype very similar to  that of 
MATa  DAF2+ cells: low baseline expression and a- 
factor  induction to a  high level (data not shown). 

The expression of one haploid-specific gene (FIELDS 
and HERSKOWITZ 1985), STE5,  was assayed  in DAF2+ 
and DAF2-2 cells, and  no substantial difference was 
observed  (Figure 1). 

I DAF2' I DAF2' I DAF2-2 1 DAF2-2 I 

- + - + - + - + - + - + - + - + a - f a c t o r  

rRNA 1 3 
FIGURE  2.-Analysis of'the  effects  of sfe18::URA3 on FUSI RNA 

in DAF2-2 and DAF2+ strains. MATa burl strains,  either DAF2-2 or 
DAFP+. were  transformed to the  genotype stelR::URA3 using a 
plasmid provided by M .  WHITEWAY.  These strains  and  isogenic 
vector-transformed  controls  were  analyzed  for FUSI RNA induc- 
tion by IO-' M a-factor  for 20 min.  Two isolates of  each  genotype 
were  tested. 

ste4,  ste5 and stel8 are  epistatic  to DAF2-2 The 
functions of a number of STE genes are required  for 
both baseline and pheromone-induced expression of 
FUSl (MCCAFFREY et al. 1987). Therefore, if the 
constitutive FUSI expression observed in DAF2-2 mu- 
tants  derives  from  partial  constitutive activation of the 
pheromone signaling pathway, mutations in such 
genes  might  be  expected to suppress  constitutive FUSl 
expression (see above). 

DAF2-2  ste5-3 double  mutants were constructed by 
mating and  tetrad dissection. The double  mutants 
were indistinguishable from DAF2+  ste5-3 controls: 
little or no FUSI RNA was detected with or without 
a-factor  (Figure 1). 

DAF2-2  stel8 double  mutants, and DAF2+  stel8 
controls, were constructed by gene  transplacement 
with a stel8::URA3 construction (WHITEWAY et al. 
1989). The results (Fig. 2) were essentially the same 
as for ste5-3. Essentially identical results were obtained 
for ste4-3, for ste4::LEU2, and  for ste5::URA3, as  for 
ste5-3 and stel8::URAjr (data  not shown). 

These results implied that DAF2-2 induced consti- 
tutive FUSI expression by partial stimulation of the 
pheromone  response pathway at some point at or 
before  the action(s) of Ste4,  Ste5  and Stel 8 proteins. 

DAF2-2 is epistatic  to ste2: T o  test the involvement 
of the  a-factor  receptor (STE2 product) in the consti- 
tutive FUSI expression observed with DAF2-2, I con- 
structed  a  strain with the genotype DAF2-2 
ste2::LEU2. The FUSl level in this strain was similar 
to the baseline level in congenic DAF2-2  STE2+ strains 
in the presence or absence of a-factor,  and higher 
than  the levels  in steP::LEU2  DAF2+ strains  (data  not 
shown). A supersensitive allele of STE2,  ste2-T326, has 
been described (KONOPKA, JENNESS and HARTWELL 
1988). ste2-T326  DAF2-2 double  mutants were still a- 
factor  resistant, and  had baseline and induced FUSl 
levels similar to those  of STE2+  DAF2-2 strains  (data 
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not shown). Thus the constitutivity of FUSl caused by 
DAF2-2 is not caused by partial activation of the STE2 
product. 

DAF2-2 is epistatic to scgl: Disruption of the SCGI 
gene results in a  phenotype similar to constitutive 
pheromone signaling. An scgl::LEU2 disruption 
(DIETZEL and KURJAN 1987b) was introduced  into  a 
MATaIMATa DAF2-2/DAF2+ diploid strain. Trans- 
formants were sporulated,  and  tetrads were dissected. 
Most tetrads  from DAF2+/DAF2+  scgl::LEU2/SCGl+ 
diploids yielded two viable leu2 and two inviable or 
very slow-growing spore colonies [putative scgl::LEU2 
(DIETZEL and KURJAN 1987b); the exceptions yielded 
one  or zero viable spore colonies, presumably due  to 
random  spore inviability]. Congenic diploids hetero- 
zygous for DAF2-2 yielded a  pattern of inviability 
consistent with DAF2-2 suppressing the mitotic defect 
only  in MATa cells (Table 2). The only Leu+ viable 
segregants were MATa, and these were all resistant to 
a-factor. The MATa leu2 segregants were a  mixture 
of a-factor-resistant and sensitive strains. 

scgl mutations in a DAF2+ background  result in 
nearly full induction of FUSl ( i e . ,  comparable to that 
obtained by a-factor  addition  to wild-type cells) [where 
the scgl strain was kept alive for analysis by a condi- 
tional allele of scgl (JAHNG, FERGUSON and REED 
1988), or by suppression by DAFI-1 (CROSS 1989)l. 
The level of FUSI in DAF2-2 scgl strains was instead 
similar to  the  intermediate level observed in DAF2-2 
SCG+ strains induced with a-factor  (data  not shown). 
DAF2-2 therefore blocks the signal transduction  path- 
way at a  point  after  a-factor  binding to its receptor 
and  the inactivation of Scgl (see Introduction). 

DAF2-2 is epistatic to STE4? The STE4Hp‘ allele 
acts like a  dominant  constitutive signaling mutation, 
resulting in lethal arrest  (BLINDER, BOUVIER and JEN- 
NESS 1989). In a  control cross of a DAF2+ strain to a 
STE4Hpi strain  (provided by D. JENNESS), all MATa 
segregants showed high viability, although  about  one- 
half  of the MATa segregants  were slow growing,  large 
cells  with a  reduced  mating ability. These putative 
STE4Hp’ MATa segregants were initially arrested in an 
unbudded  “shmooed”  state  after dissection, but over- 
came this arrest within 24-48 h  after dissection, form- 
ing small colonies by 5 days after dissection (these 
dissections were done  at 23 ”). In  contrast,  about  one- 
half of the presumed MATa segregants were inviable, 
showing an  unbudded  shmooed  morphology;  these 
segregants failed to recover to  form even tiny colonies 
even after 7 days. Thus in these  experiments STE4Hp’ 
is only lethal in a MATa background;  however, initial 
arrest is observed in both MATa and MATa segregants 
(BLINDER, BOUVIER and JENNESS 1989).  When  a simi- 
lar cross (x408) was performed  mating  a DAF2-2 strain 
to  the DAFP STE4Hp‘ strain, significantly higher via- 
bility  of MATa segregants was observed (Table 3), 

TABLE 2 

DAF2-2 suppresses scgl inviability in M A T a  but not in M A T a  
cells 

Tetrad  configuration 
at MAT and SCGI 

Diploid genotype PD T NPD 

DAF2+ MATa/MATa  scgl::LEU2/SCGl+ 
MATa:MATa: inviable 2:2:0 0 0 0  

2:l:l 0 0 0  
1:2:l 0 0 0  
1:1:2 0 16 0 
2:0:2 4 0 0  
0:2:2 0 0 1  

MATa:MATa: inviable 2:2:0 0 0 0  
2:l:l 0 23 0 
l:2:1 0 0 3  
1:1:2 0 21 0 
2:0:2 3 0 0  
0:2:2 0 0 5  

DAF2-2/DAF2+  MATaIMATa  scgl::LEU2/SCGl+ 

Tetrad analysis from diploids of genotype MATa/MATa 
scgZ::LEU2/SCGI+  leu2/leu2. In the upper (control) cross the diploid 
was homozygous DAF2+; in the lower (experimental) cross the 
diploid was heterozygous DAF2-2/DAF2+. Where  the  spore was 
inviable the genotype was determined by assuming 2:2 segregation 
of MAT and SCGI .  PD: 2 MATa SCGI, 2 M A T a  scgZ::LEUZ. T:  1 
MATa S C G I ,  1 MATa scgZ::LEU2, 1 M A T a  SCGI,  1 M A T a  
scgl::LEU2. NPD: 2 MATa  scgl::LEU2, 2 M A T a  SCGI .  “Inviable” 
means that  the  spore did not give rise to a colony; however in  many 
cases microcolonies were observed containing large ‘shmooed’ cells 
(as described by DIETZEL and KURJAN 1987b). The table includes 
data for dissections from the diploids following transformation with 
URA3-containing  plasmids containing suppressors of scgZ lethality 
(SCGI ,  DAFl- I ,  or M A T a )  (DIETZEL and KURJAN 1987b; MIYAJIMA 
et al. 1987; CROSS 1988, 1989). In these cases,  inviability was scored 
as the inability to lose the plasmid  as judged by sensitivity to 5-FOA 
(BOEKE, LACROUTE and FINK 1983). Two tetrads from the control 
and five tetrads from the  experimental cross  with one  or zero viable 
spores are excluded from the analysis. The viability  of Leu+ spores 
from the control cross was 0124 and 0118 for MATa and M A T a  
segregants, respectively. The viability of Leu+ spores from the 
experimental cross was 26/60 and 0150 for MATa and M A T a  
segregants, respectively. These numbers are consistent with DAF2- 
2 suppressing scgl::LEU2 lethality in MATa cells ( P  > 0.1) but not 
consistent with DAF2-2 suppressing scgZ::LEU2 lethality in both 
mating types ( P  << 0.005). 

implying that DAF2-2 suppressed STE4Hp‘ lethality in 
MATa cells. Consistent with this conclusion, a novel 
class  of segregants was obtained  from this cross: MATa 
segregants with very low mating efficiency. Such se- 
gregants were not  obtained  from  the  control cross, 
nor  from crosses with DAF2-2 heterozygous but lack- 
ing STE4Hp1; thus  these  sterile  segregants  were  puta- 
tive DAF2-2 STE4Hp‘ segregants. To confirm this idea, 
two MATa strains with very low mating efficiency 
(putative DAF2-2 STE4Hp‘) and two fertile MATa 
strains  (putative STE4’) from  x408 were crossed to a 
MATa DAF2+ STE+ strain. Tetrad analysis of the  first 
two crosses yielded results similar to  the results from 
x408  (Table 3). The progeny were a  mixture of MATa 
shmoos that failed to recover (MATa DAF2+ STEdHP‘), 
MATa strains  that  were nearly sterile (MATa DAF2-2 
STE4Hp’), MATa strains  that were transiently shmooed 
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TABLE 3 

Ste4"f" lethality  is  suppressed  by DAF2-2 

Cross 

MATa:MATa:inviable in tetrads 

2:z:o 2:I:l 1:Z: l  1:1:2 0:2:2 Other 
~ ~~ ~~~ ~~ 

STE4"pf/+ (x406) 
~~ 

3 0 14 3 9 1 Observed 

P > 0.5 
DAF2-2/+ STE4""/+ (x408) 16  2 8 7 0 0 Observed 

3.8 0.8 17.6 3.9 6.6 1.9 Expected 

3.3  0.7  15.3 3.3 5.7 1.7 Expected 

P << 
0.005 

DAF2-2/+ STE4Hp'/+ (backcrosses) 12 2 8  2 0 0 Observed 
(see text) 2.6 0.6 12.2 2.6 4.6 1.4 Expected 

P << 
0.005 

Segregants were tested for genotype at MAT. The data were analyzed for fit to a model in  which MATa segregants and MATa S T E P  
segregants were viable, whereas MATa STE4"!" segregants were not. MAT and STE4Hp' are assumed to segregate 2:2, and  to be unlinked to 
each other. (In  addition, random inviability  of 10% was assumed for all  classes;  this  level  of  inviability is approximately what I observe in a 
range of crosses). The data  for x406 fit this model well  by x' test ( P  > 0.5); the data  for  x408 are inconsistent with this model ( P  << 0.005). 
The increase i n  x' value derived primarily from increased viability of MATa segregants in x408 compared to x406. The viability of MATa 
segregants increased from 0.38 in x406 to 0.77 in x408. These values do not differ significantly from  the theoretical values assuming DAF2- 
2 suppressed STE4Hp' inviability in MATa segregants (and includin 10%  random inviability) of 0.45  (x406) and 0.68 (~408) .  Some segregants 
from x408 were deduced to be of genotype MATa  DAF2-2 and backcrosses  of  two  such strains to a MATa STE+ DAF2+ strain were 
performed (see text). The tetrad  data from these two  crosses were pooled and analyzed in the same way. The results were similar to  the 
results from x408 as expected. 

and  then recovered (MATa  STE4Hp'), and fertile 
MATa and MATa strains (STE4+). Using these  geno- 
typic assignments STE4Hp' segregated 2 STE4Hp': 2 
STE4+ in 21 tetrads  from  these crosses. The second 
two crosses yielded only phenotypically normal MATa 
and MATa strains with high viability; no shmoos were 
observed. These backcross results therefore con- 
firmed  the  presence of STE4Hp' in the two strains  that 
were assigned the genotype DAF2-2  STE4Hp' but  not 
in the two putative STE4+ strains. The level of FUSl 
in MATa  STE4Hp'  DAF2-2 strains was similar to  the 
level observed in DAF2+  STE4+ congenic  strains  (data 
not shown). In  contrast,  introduction of the 
stel8::URA3 mutation  into  a STE4Hp1 strain  suppressed 
haploid lethality and completely eliminated FUSl 
mRNA  (data  not shown). 

Because the above  approach  required  interpreta- 
tion of lethality as indicating the segregation of 
STE4Hp1, a diploid strain was constructed which was 
homozygous for ste5-3, and heterozygous  for STE4Hp', 
MAT, and DAF2-2. Segregants  from this diploid were 
grown at 34" (nonpermissive for ste5-3), which pre- 
vented STE4Hp' lethality (BLINDER, BOUVIER and JEN- 

NESS 1989). Complete  tetrads  from this cross were 
streaked at 23" (permissive for ste5-3) and examined 
microscopically after 24 h for the presence of cells 
with the "shmooed"  morphology.  Among the MATa 
segregants, two phenotypes were observed: (1 )  un- 
shmooed cells (inferred  to  be STE4+, 9 isolates); (2) a 
mixture of unshmooed and shmooed cells (inferred  to 
be STE4Hp'; 5 isolates). Among the MATa segregants, 
four phenotypes  were  observed: (1) unshmooed cells, 

a-factor-sensitive and fertile (DAF2+  STE4+; 3 iso- 
lates); (2) unshmooed cells, a-factor-resistant and  fer- 
tile (DAF2-2  STE4+; 2 isolates); (3) shmooed cells, very 
slow growing and a-factor-sensitive (DAF2+  STE4Hp'; 
4 isolates); (4) unshmooed cells, a-factor-resistant and 
sterile (DAF2-2  STE4Hp'; 5 isolates). Using these  gen- 
otypic assignments STE4Hp' segregated 2:2 in these 
tetrads,  supporting  the  correctness of the assignments. 
These results  support the idea that DAF2-2 suppressed 
STE4Hp' division arrest in MATa cells, since the puta- 
tive DAF2-2 STE4Hp' double  mutants  are unshmooed 
and grow well at 23", unlike DAF2+  STE4Hp1 strains. 

Taken  together  these  genetic results provide  strong 
evidence that DAF2-2 suppresses STE4Hp' lethality in 
MATa strains. 

Residual  mating  in DAF2-2 strains  shows  differ- 
ent  epistasis  relationships  from  the FUSl pheno- 
types:  DAF2-2 strains showed reduced  but significant 
mating ability compared to DAF2+ strains  (about 1-  
10% of wild type). Unlike the FUSl phenotype, which 
was unaffected by the ste2::LEU2 allele, the residual 
mating of DAF2-2 strains was abolished by the ste2 
disruption. Consistent with this result, DAF2-2 strains 
could only mate with MATa strains which produce a- 
factor, even though FUSl levels were  not  much in- 
creased by addition of a-factor. Similarly, DAF2-2 
mating was greatly  reduced by the scgl::LEU2 muta- 
tion and by the STE4Hp' mutation, which had little 
effect on  the constitutive FUSl phenotype of DAF2-2. 

DISCUSSION 

The position o f  DAF2-2 i n  the signal  transduction 
pathway: FUSI expression in DAF2-2 strains is rela- 
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tively independent of a-factor  addition, of STE2 (the 
a-factor  receptor  gene),  and of SCGI,  the  apparent 
Ga-like protein in this system, which by analogy with 
other hormone-response G-proteins would be the im- 
mediately receptor-proximal  component in signal 
transduction. Thus DAF2-2 may partially activate the 
signal transduction pathway, and uncouple it from 
efficient further activation by exogenous  a-factor. 
These effects on  the pathway appear to occur  down- 
stream of the function of SCGl.  

By sequence homology, SCGl appears to encode 
the  Ga subunit of the G  protein in pheromone signal 
transduction  (DIETZEL and KURJAN 1987b; MIYAJIMA 
et al. 1987). Also by sequence homology, STE4 may 
encode  the P subunit of this G  protein,  and STE18 
may encode  the y subunit (WHITEWAY et al. 1989). 
(Consistent with this model, stel8::URA3 suppresses 
STE4Hp’ lethality; see above).  G  proteins  appear to 
work by the receptor-ligand-stimulated dissociation of 
Ga from GP and  Gy.  The epistasis of DAF2-2 to scgl 
suggests that DAF2-2 does  not  act by inhibiting this 
dissociation; the epistasis of s te l8  and ste4 to DAF2-2 
suggests that DAF2-2 acts at  or before  the  action of 
the liberated GP-Gy complex. 

Two results suggest that DAF2-2 may act at  the  step 
carried  out by STE4: (1)  the STE4 requirement  for 
DAF2-2 constitutive FUSl expression suggests that 
DAF2-2 causes constitutive low-level signaling from  a 
point in the signal transduction pathway at  or  before 
the STE4 step. (Similar reasoning places DAF2-2 ac- 
tion at  or  before  the STE18 and STE5 steps.) (2) The 
epistasis of DAF2-2 to  the  dominant  “constitutive sig- 
naling” allele of STE4,  STE4Hp‘, suggests that DAF2-2 
acts at  or  after  the STE4 step. These two results are 
consistent with each other only on  the assumption that 
DAF2-2 directly inhibits the STE4 step. 

This  argument  requires  the premise that DAF2-2 
constitutive FUSl expression and inhibition of a-fac- 
tor-induced division arrest arise from  a single point of 
action in the signal transduction pathway. These two 
rather different  phenotypes could be formally ex- 
plained by supposing that  the DAF2-2 product may 
cause release of Ga from GP-Gy by interacting with 
GB-Gy. For example, the DAF2-2 product could form 
a complex with GP-Gy, competing with Ga. If the 
complex between GP-Gy, and  the DAF2-2 product 
had some limited ability to  interact with the  effector, 
this would explain the  constitutive  intermediate FUSl 
expression. If the complex were not responsive to 
binding of a-factor  to  the  a-factor  receptor, this could 
explain the  failure of added  a-factor to strongly in- 
duce FUSl expression in DAF2-2 cells, and would also 
explain the resistance of DAF2-2 cells to a-factor- 
induced division arrest. Suppression of STE4Hp‘ could 
be  explained in this model by supposing that  the 

STE4Hp‘ protein is unable to bind to  Ga  but is still able 
to  interact with the DAF2-2 product. 

In  another related  model, DAF2-2 might covalently 
modify the GP-G?. complex, with similar conse- 
quences. A specific modification one could consider is 
C-terminal farnesylation: the STEI8 product has a 
consensus sequence  for this modification, and  the 
stel8-1 mutation may prevent this modification 
(WHITEWAY et al. 1989; SCHAFER et al. 1989). How- 
ever, we found  that DAF2-2  s te l8- l  and DAF2+  stel8- 
I strains were similar to STE18+ isogenic controls with 
respect to baseline FUSl RNA levels (data  not shown); 
therefore it appears unlikely that this potential modi- 
fication is specifically relevant to  the DAF2-2 pheno- 
t Y  Pe- 

The normal  function of the DAF2+ product might 
be to aid in recovery from  pheromone  arrest (MOORE 
1984). The SST2 gene has been suggested as a  candi- 
date  for a recovery function (CHAN and OTTE 1982, 
DIETZEL and KURJAN 1987a). DAF2-2 is unlinked to 
SST2, and MATa  DAF2-2  sst2::LEU2 strains are a- 
factor-resistant  (although the cells are large and 
equally slow-growing in the  presence or absence of a- 
factor. In contrast, MATa  DAF2-2  sst2 strains are a- 
factor supersensitive; data  not shown). Therefore, 
DAF2-2 action  does  not  require SST2. BLINDER and 
JENNESS (1 989)  and MIYAJIMA, ARAI and MATSUMOTO 
(1  989)  demonstrated  SST2-independent  recovery; 
perhaps the wild-type DAF2+ product  performs this 
role. 

The analysis  of the position of DAF2-2 inhibition in 
the signal transduction pathway is consistent with the 
order of gene  functions (STE2-SCGI-STE4,  STE18, 
STE5)  inferred by other means (DIETZEL and KURJAN 
1987b; MIYAJIMA et al. 1987; JAHNG, FERCUSON and 
REED  1988;  NAKAYAMA et al. 1988;  BLINDER, Bou- 
VIER andJENNEss 1989; WHITEWAY et al. 1989), since 
the analysis  implies that STE2 and SCGl act  upstream, 
and STE4,   STE5,  and STE18 act at  or downstream of 
DAF2-2 inhibition. 

Why is DAF2-2 a-specific? T o  date  there  are  no 
characterized cell-type-specific components in phero- 
mone  response after  the binding of pheromones  to 
the cell-type-specific surface  receptors (STE2,  the a- 
specific a-factor  receptor, or STE3,  the a-specific a- 
factor  receptor)  (BENDER  and  SPRACUE  1986,  1989). 
SCGI ,  and STE4,  5, 7, I 1  and 12 all appear  to have 
cell-type-nonspecific effects (reviewed by CROSS et al. 
1988). Also, the intracellular second messenger from 
a- and  a-factor binding may be the same (BENDER and 
SPRAGUE  1986). SST2, a  gene involved in modulating 
the level  of response or recovery from  response, also 
functions in both cell types (CHAN and OTTE  1982). 
However, the two cell types may have different  mod- 
ulatory mechanisms. The observation that M A T a  
STE4Hp‘ cells have only a  transitory division arrest 
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compared  to MATa STE4Hp1 cells (see above) suggests 
that MATa  cells  may have a  higher capacity for desen- 
sitization at a  post-receptor level than MATa  cells. 
Similar observations  have  been  made on scgl MATa 
and MATa  cells (D. JENNESS, personal communica- 
tion).  Perhaps the  normal  function of the DAF2+ 
product is  in a-specific intracellular desensitization or 
adaptation (MOORE 1984; see above), and DAF2-2 
performs this function in a hyperactive or abnormal 
fashion. 

Conclusions: Epistasis relationships between DAF2- 
2 and  other mutations  affecting signal transduction 
suggest that DAF2-2  may directly affect the action of 
Ste4. As further genetic and biochemical tests of the 
posited interactions  ofSTE2, SCGI ,  STE4, STE18, and 
other components are  performed, this model can be 
further tested. 
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