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CeUl type specialization in yeast haploids involves the mutually exclusive expression of one of two sets of
genes, the a-specific and a-specific genes. We demonstrated that the products of the STE7, STE]], and STE12
genes were required for the expression of both gene sets. RNA levels transcribed from these gene sets were
significantly decreased but not abolished in haploids containing a nuUl mutation in the STE7, STE]], or STE12
gene. Transcript levels from the a- and a-specific gene sets were not further reduced in strains harboring
mutations in all three STE genes, suggesting that STE7, STEII, and STE12 are required for the same aspect
of tmascription. We further showed that the requirement for these products was not the same for each member
of a particular gene set. However, for any given a- or a-specific gene, the effect on RNA levels of any of the three
ste mutations was similar.

Haploids of the yeast Saccharomyces cerevisiae exist as
one oftwo cell types, mating types a and a. Cells of opposite
cell type are able to mate with each other to form the third
cell type, the a/a diploid. Unlike haploids, diploids are
unable to mate but are capable of undergoing meiosis and
sporulation. Each haploid cell type expresses two sets of
genes. The a-specific gene set is expressed only in a cells,
whereas the a-specific gene set is expressed only in a cells.
The a- and a-specific genes encode proteins that allow cells
of opposite mating type to conjugate. These products include
unique pheromones secreted by cells of each mating type,
specific cell surface receptors to these pheromones, as well
as additional functions required for pheromone biosynthesis
or degradation (2-4, 6, 12, 16, 22, 23, 30, 35, 42). A third set
of genes, denoted haploid specific, are expressed in haploids
of either cell type, but expression is absent or diminished in
diploid cells. Members of each set of genes have been
isolated as cloned DNA and used to demonstrate that control
of this expression occurs at the mRNA level (3, 4, 11, 13,
18-20, 24, 29, 30, 34, 38, 42, 43).
Current understanding of the control of this cell type

specialization has focused on the role of the mating type
locus (MAI), the genetic locus that differs in a and a cells. a
cells carry the MATa allele, a cells the MATa allele, and ala
cells both alleles. Genetic analysis of cells with mutations at
this locus resulted in the following model for cell type
specialization (39; reviewed in references 15 and 37). The
MATa locus encodes two activities: MATal, an activator of
the a-specific genes, and MATa2, a negative regulator of the
a-specific genes. Thus, a cells express a-specific but not
a-specific genes. The MATa allele has no known role in an a
cell. Rather, in these cells, a-specific genes are expressed
due to the absence of the MATa2 repressor, and a-specific
genes are not expressed due to the absence of the MATal
product. In diploid cells, the MATa2 and MATal products
act in concert to repress expression both of the haploid-
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specific genes and of MATal. Thus, in a/a cells, the a-, a-,
and haploid-specific genes are not expressed (see Fig. 5).

This model for mating type regulation proposes that only
the a-specific genes have a MAT-encoded activator; expres-
sion of a-specific genes depends simply on the absence of the
MATa2 repressor. However, the existence of additional
activators for both the a-specific genes and the a-specific
genes is not precluded by this model. Indeed, the possible
existence of additional activators was suggested by the
finding that MAToa, when transcribed from a constitutive
promoter, could promote a-specific gene expression in a
cells but not in a/a cells (1). One explanation for this result is
that a-specific gene expression requires an activator(s)
present in haploids but absent in diploids.
Because mating competence depends on the appropriate

expression of cell-type-specific genes, mutations in genes
encoding activators for expression of the a- or a-specific
gene sets would be expected to lead to a nonmating (sterile)
phenotype. Several genes (STE4, STE5, STE7, STE)), and
STE12) that are required for mating by haploid cells of both
mating types have been identified (14, 24-26). Conditional
mutations in these genes confer not only sterility at the
non-permissive temperature, but failure to produce and
respond to pheromone as well, suggesting a general defect in
cell type expression (14, 24, 25). In addition, stel2 point
mutations lead to a reduction in a- and a-specific transcript
levels (10). We further examine a-, a-, and haploid-specific
gene expression by analyzing null mutations of the STE7,
STE)), and STE12 genes. We demonstrate that RNA levels
of the a- and a-specific genes are reduced in the ste mutants
and that the reduction of any given a- or a-specific transcript
is identical in these mutants. However, the requirement for
the STE genes differs between individual members of both
sets of genes.

MATERIALS AND METHODS
Strains. The strains used in this study are listed in Table 1.

All of the strains used are isogenic to haploid strain EG123
(34). Haploids DC129 and DC130 contain the ste7 deletion,
ste7-A), whereas DC127 carries ste7-A2 (5). These strains
were constructed by substitutive transformation (31) as
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TABLE 1. Strains used in this study

Strain Relevant genotypea Source or
reference

EG123 MATa STE+ 34
DC38b MATa STE+ 5
DC39b MATa stell-Al 5
DC40b MATa stell-Al 5
DC41b MATa STE+ 5
246.1.1 MA Ta STE+ 34
DC127 MATa ste7-A2 This study
DC129 MATa ste7-A] This study
DC130 MATa ste7-AI This study
198 matal- STE+ P. Siliciano
199 MATa STE+ P. Siliciano

MATa STE+
SF167-Sa MATa stel2::LEU2+ 11
SF167-lc MATa stel2::LEU2+ 11
YY408 MATa ste7-AJ stell-AJ This study
YY709 MATa ste-7-Al stel l-Al This study
YY710 MATa ste7-A] stell-Al This study

stel2::LEU2+
YY711 MATa ste7-A] stell-Al This study

stel2::LEU2+
a All strains are isogenic to EG123 (34), carrying the additional mutations

his4-519 Ieu2 trpl ura3 cani-101.
b DC38, DC39, DC40, and DC41 are sister spores from a single tetrad

derived from diploid DC26 (5).

described in Chaleff and Tatchell (5). Their molecular struc-
tures were confirmed by blot hybridization (36) (data not
shown).
The ste7 stel l double mutants YY408 and YY709 and ste7

stell stel2 triple mutants YY710 and YY711 were con-
structed as follows. DC129 was crossed to DC39 after
introducing pSTE7.2 (Table 2) into DC129 and pSTE11.1
into DC39, alleviating the mating defect of each strain.
Mitotic diploid segregants that had lost both plasmids were
identified and subjected to tetrad analysis. A MATa ste7
stell double mutant, YY408, was identified from a tetrad
segregating 2 Ste+:2 Ste- spores; it proved mating compe-
tent only when transformed with both pSTE11.1 and
pSTE7.2. The isogenic derivative, YY709, was constructed
by cotransforming YY408 carrying pSTE7.2 and pSTE11.1
with YEp24 (to allow identification of transformants) and a
linear HindIII fragment containing the MATa allele. The
resultant YY709 transformant (Ste+) secretes a-factor rather
than a-factor, indicating that the MATa allele has been
replaced by MA Ta. YY408 and YY709 cells were cured of all
plasmids to recover the Ste- phenotype and transformed
with a linear SacI-SphI fragment containing the
ste12::LEU2+ mutation (11). That the resultant Leu+ trans-
formants, YY710 (derived from YY408) and YY711 (derived
from YY709), contained the steJ2::LEU2+ mutation was
verified by Southern blot hybridization analysis (36) (data
not shown).

Plasmids. The plasmids used either as radiolabeled probes
or in the double and triple mutant strain constructions are
listed in Table 2.
RNA preparation and analysis. Total and polyadenylated

[poly(A)+] RNA was prepared as described previously (5,
10, 38). RNA was examined by Northern (RNA) blot hybrid-
ization analysis (41) by denaturation in either glyoxal (41) or
6% formaldehyde and 50% formamide (7). Autoradiograms
were scanned by densitometry as described previously (10).
All plasmid probes were radiolabeled with 32P by nick
translation (32).

RESULTS

Conditional (temperature-sensitive) mutations in the
STE7, STE]], and STE12 genes were isolated by Hartwell
(14) on the basis of resistance to the growth-inhibitory effects
on a cells of a-factor, the pheromone secreted by a cells.
Subsequent genetic analysis of these mutants revealed the
requirement of these genes for mating in cells of either
haploid mating type. In addition, the ste7, stell, and stel2
mutants exhibited a pleiotropic phenotype that suggests
defective expression of haploid functions involved in mating
at the restrictive temperature. For example, ste mutants are
partially defective in the synthesis or secretion of phero-
mone, in agglutination, in response to the pheromone se-
creted by cells of the opposite mating type (14), and in the
accumulation of the a-factor receptor (17). In addition, stel2
point mutations, which did not completely abolish mating
and were presumably leaky, led to a 3- to 50-fold decrease in
the level of a- and a-specific transcripts (10).
We used cloned DNA from these three genes to construct

a set of strains of each mating type that contained deletion
mutations for each gene (5, 11). Steady-state levels of a-, a-,
and haploid-specific RNAs were assayed in wild-type and ste
mutants, in a/a diploids, and in matal mutant strains by
Northern blot hybridization (41). In all experiments, each
filter was probed for transcription from a gene (URA3)
whose expression is indifferent to cell type to ensure that
comparable amounts of RNA were applied to each lane.
These control transcripts are shown only for representative
blots.

a-Specific genes are positively regulated by STE7, STE]],
and STE12. Steady-state levels of RNA transcribed from
four known a-specific genes (STE6, STE2, MFal, and MFa2)
were determined. MFal and MFa2 encode a-factor, the
pheromone secreted by a cells (3). The STE6 gene is required
for the biosynthesis of a-factor (6, 42). The STE2 gene
encodes part or all of the receptor for a-factor, the phero-
mone secreted by a cells (16). The amount of STE6 (top
panel, Fig. 1) and STE2 (middle panel, Fig. 1) RNA was
reduced approximately fivefold in the ste7, stell, and stel2
mutants. Significantly lower levels ofRNA from the a-factor
genes were observed in the ste strains: a 15-fold reduction in
MFa2 RNA (bottom panel, Fig. 1) was observed, whereas no
MFal RNA (data not shown) was detected in the three ste
mutants. As expected, no STE6, STE2, MFal, or MFa2
RNA was observed in the wild-type MATa haploid or
MATa/MATTa diploid cells.

TABLE 2. Plasmids used in this study

Plasmid and use Relevant genes Source or reference

Strain constructions
pSTE7.2 STE7, TRPI 5
pSTE11.1 STEl, LEU2 5
pSUL16 stel2::LEU2 11
YEp24 URA3

Probes
pC6L-2 STE6, URA3 43
pC6-17 STE6, URA3 K. Wilson
pAB14 STE2 A. Burkholder
pSM29 MFa2 S. Michaelis
pBH3 MFal 22
pBR-MFa2 MFa2 23
pSL7 STE3, URA3 38
YIp5-BH2 HO, URA3 18
YIp5 URA3
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REGULATION OF YEAST CELL-TYPE-SPECIFIC GENES

a-Specific genes are positively regulated by STE7, STEI1,
and STE12. Expression of three a-specific genes, STE3,
MFal, and MFa2, was assayed. The STE3 gene is believed
to encode the a-factor receptor (2, 12, 30), and MFaJ and
MFo2 encode a-factor (22, 23, 35). Expression of STE3 was
depressed approximately fivefold in the ste7, stell, and
stel2 mutants relative to the MATa STE' control strain (Fig.
2, top panel). A severe reduction in the levels of transcript
from the a-factor genes was observed in the set of ste
mutants. MFal RNA was reduced 40-fold relative to the
MATa STE' control, whereas no MFa2 RNA was detected
in the mutants, corresponding to a reduction of at least
100-fold (Fig. 2, middle and bottom panels, respectively). As
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FIG. 1. Regulation of a-specific genes by STE7, STEII, and

STE12. (Top and middle) Poly(A)+ RNA was isolated from strains
DC41 (lane 1), DC38 (lane 2), 199 (lane 3), DC127 (lane 4), DC40
(lane 5), and SF167-5a (lane 6), denatured by treatment with glyoxal,
fractionated by agarose gel electrophoresis, and blotted to nitrocel-
lulose. (Bottom) Total RNA was isolated from strains 246.1.1 (lane
1), EG123 (lane 2), 199 (lane 3), DC129 (lane 4), DC40 (lane 5), and
SF167-5a (lane 6), denatured in formaldehyde and formamide,
fractionated by agarose gel electrophoresis, and blotted to nitrocel-
lulose. Plasmid probes pC6L-2 (STE6), pAB14 (STE2), pSM29
(MFa2), and YIp5 (URA3) were labeled by nick translation. The
relevant genotype is indicated above each lane. The positions of the
STE6, STE2, URA3, and MFa2 transcripts are indicated on the
right. Although all filters were normalized for the amount of RNA
loaded in each lane by hybridization with a constitutively tran-
scribed gene, URA3, this is displayed only in the STE2 blot.

FIG. 2. Regulation of a-specific genes by STE7, STEJJ, and
STE12. Total RNA was isolated from strains 246.1.1 (lane 1), EG123
(lane 2), 199 (lane 3), DC130 (lane 4), DC39 (lane 5), SF167-lc (lane
6), and 198 (lane 7), denatured in formaldehyde and formamnide, and
analyzed as described in the legend to Fig. 1. Plasmids pSL7 (STE3),
pBH3 (MFal), pBR-MFa2 (MFa2), and YIp5 (URA3) were used as

probes.

expected, no STE3, MFal, or MFa2 RNA was detected in
MATa, matal, or MATalMATTa cells.

Expression of haploid-specific genes in ste7, stell, and stel2
mutants. Several haploid-specific genes, i.e., genes ex-

pressed in haploids of both mating types but not expressed in
a/a diploids, have been identified. The expression of two
such genes, HO (18) and STE5 (25), was measured in the
ste7, stell, and stel2 null mutants. The steady-state level of
RNA transcribed from the HO gene, which encodes an
endonuclease involved in mating type interconversion (21),
was not affected by mutations in the STE7, STEll, or STE12
gene (Fig. 3). The expression of STE5, another gene required
for mating in either haploid cell type (14), was similarly
unaffected (data not shown).

Expression of cell-type-specific genes in triple ste mutants.
The results of the above experiments demonstrated that
while the STE7, STEJJ, and STE12 products were required
for expression of a and a cell-type-specific functions, the
requirement for these gene products was not always abso-
lute. Moreover, the level of reduction of a particular cell-
type-specific RNA was similar in all the ste mutants. To
determine whether these effects were additive, we compared
expression of STE3 and STE6 in ste7 stell stel2 triple
mutants with that in the individual single mutants. The levels
of STE3 (Fig. 4, top panel) and STE6 (Fig. 4, bottom panel)
RNA were identical in the single and triple mutants.

DISCUSSION
The results of these experiments establish the requirement

for the STE7, STEIJ, and STE12 genes in RNA production

MFocl
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FIG. 3. Expression ofHO in ste7, stel l, and stel2 null mutants.
Total RNA from the strains listed in Fig. 2 was denatured in
formaldehyde and formamide and analyzed as described in the
legend to Fig. 1. The filter was hybridized with radiolabeled plasmid
YIp5-BH2 (HO URA3).

from a- and a-specific genes. The results reported here do
not distinguish between transcriptional activation, regulation
at the level ofmRNA processing, or transcript turnover. The
recent observation that sequences upstream of the transcrip-
tion start site of both the STE3 and MFa2 genes are able to
confer STE7, STEJJ, and STE12 dependence to expression
from a heterologous gene strongly suggests that these gene
products regulate transcription initiation (E. Jarvis, G. F.
Sprague, Jr., and S. Fields, unpublished results). We have
shown that the STE genes are not necessary for expression
of the entire haploid-specific gene set: HO and STE5 tran-
scription is independent of STE7, STEJJ, and STE12. By
contrast, expression of other haploid-specific genes, namely
FUSI (28), Tyl, and genes whose expression is under Tyl
control (ROAM mutations), is decreased in strains carrying
point mutations in the STE7, STEJH, and STE12 genes (8, 9).
The requirement for the STE gene products for a- and

a-specific gene expression is not absolute. The effect on
transcript levels observed in strains carrying mutations in
any of the STE genes ranged from a decrease of approxi-
mately 5- to 10-fold (STE3, STE2, and STE6) to an almost
complete absence (MFa2 and MFal), corresponding to a
reduction of at least 100-fold. However, the effect on the
expression of any given member of each cell-type-specific
gene set was similar, if not identical, in each of the three ste
mutants. One explanation for this differential effect is that
the STE7, STEII, and STE12 products optimize the affinity
of the transcription machinery for the promoter elements at
each a- and a-specific gene. In the absence of the STE
products, the transcription machinery has different inherent
affinities for each promoter. That is, in some cases the STE
products increase the affinity by 50-fold, whereas in other
cases the affinity is increased by only a factor of 5. A second
possible explanation is that the a- and a-specific gene pro-
moters each have two components, one of which is sensitive
to regulation by the STE genes, the other of which is
unaffected by the STE products. In this view, the basal
components from different genes would have different ca-
pacities to promote transcription. The lack of an absolute
requirement for the STE products is in contrast to the
complete dependence on the MATaJ product for a-specific
gene expression and suggests that the MATaJ product
functions differently from the STE gene products.
The existence of regulatory functions that are common to

both the a- and a-specific genes provides an additional

regulatory layer in cell type specialization (Fig. 5). The
ability to express either haploid cell type is conferred by
positive regulators that include STE7, STEJJ, and STE12.
Expression of these functions in the absence of MAT-
encoded products leads to a-specific gene transcription.
Superimposed on this level of control in an a cell are the two
regulatory components encoded by the MATot allele. The
MATal protein acts in concert with the STE products to
allow expression of the a-specific genes, whereas the
MATa2 protein represses a-specific gene expression even in
the presence of the STE7, STEJI, and STE12 positive
regulatory factors.
The finding that the levels of STE3 and STE6 transcripts

were identical in the single and triple mutants argues that the
STE7, STEJJ, and STE12 products function in the same
aspect of transcription rather than being required for inde-
pendent steps in this process. One possibility is that the STE
products constitute a linear pathway, with one STE gene
product being required to activate the next; the terminal STE
product in the pathway then affects transcription. A second
possibility is that the STE proteins form a complex that may
be involved in establishing an active chromatin structure or
may act in the transcription process itself. Either possibility
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FIG. 4. Expression of STE3 and STE6 in ste7, stell, and ste12
single and triple mutants. (A) Poly(A)+ RNA from strains DC41
(lane 1), DC130 (lane 2), DC39 (lane 3), SF167-lc (lane 4), YY710
(lane 5), and DC38 (lane 6) was denatured in formaldehyde and
formamide and analyzed as described in the legend to Fig. 1, with
plasmid pSL7 (STE3 URA3) as the probe. (B) Poly(A)+ RNA from
strains DC38 (lane 1), DC129 (lane 2), DC40 (lane 3), SF167-Sa (lane
4), YY711 (lane 5) and DC41 (lane 6) was denatured in formaldehyde
and formamide and analyzed. The filter was probed with pC6-17
(STE6 URA3).
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FIG. 5. Control of cell-type-specific expression in a, a, and a/a
cells. For each panel, the expression of the mating type locus (MAT)
is located on the left, the STE7, STEll, and STE12 genes in the
middle, and the a-, a-, and haploid-specific genes on the right. Gene
expression is indicated by the wavy lines. Solid lines terminating
with arrowheads indicate stimulation of expression; solid lines
terminating with bars indicate inhibition of expression. Abbrevia-
tions: asg, a-specific genes; asg, a-specific genes; hsg, haploid-
specific genes.

must eventually accommodate the recent finding that STE7
encodes a protein kinase (40; D. T. Chaleff, unpublished
results) and that the predicted STEJI protein is also highly
homologous to protein kinases (L. Connell, R. Focht, D. T.
Chaleff, and B. Errede, unpublished results). In the pathway
model, the STE7 and STE] I proteins may function indirectly
in the transcriptional activation of the two cell-type-specific
gene sets by phosphorylating other products (e.g., the STE12
protein). In the second model, the complex of STE products
may activate transcription of cell-type-specific genes by
phosphorylating itself, a transcription factor, or a subunit of
RNA polymerase.
Jenness et al. (17), analyzing temperature-sensitive muta-

tions of STE4, STE5, STE7, STEHJ, and STE12, showed that
their ste7 and stell (but not ste12) mutant strains accumu-

lated significant numbers of a-factor-binding sites at the
restrictive temperature. They thus argue that the severe

inability of these strains to respond to a-factor was due to

defects in postreceptor functions. Our results with null
mutations of STE7, STEJI, and STE12 revealed a fivefold
reduction of expression of the gene encoding the a-factor
receptor. Two explanations can be considered to rationalize
the inability of ste7, stell, and stel2 mutants to respond to
pheromone despite having only a modest reduction in the
expression of the receptor gene. First, STE7, STEII, and
STE12 may be necessary for transcription of other genes that
encode products required for response to pheromone. Tran-
scription of some of these genes may show a strict require-
ment for the STE products, as we have observed for some of
the a- and a-specific genes. Alternatively, the STE products
may act in pheromone response at other levels besides
transcription.
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