MOLECULAR AND CELLULAR BIOLOGY, June 1996, p. 2830-2837
0270-7306/96/$04.00+0
Copyright © 1996, American Society for Microbiology

Vol. 16, No. 6

Ste12 and Mcm1 Regulate Cell Cycle-Dependent
Transcription of FARI

L. J. W. M. OEHLEN, J. D. McKINNEY, anp F. R. CROSS*
The Rockefeller University, New York, New York 10021

Received 19 July 1995/Returned for modification 16 August 1995/Accepted 19 March 1996

The transcripts of many genes involved in Saccharomyces cerevisiae mating were found to fluctuate during the
cell cycle. In the absence of a functional Stel2 transcription factor, both the levels and the cell cycle pattern
of expression of these genes were affected. FUSI and AGAI levels, which are maximally expressed only in
G,-phase cells, were strongly reduced in ste2~ cells. The cell cycle transcription pattern for FARI was changed
in ste12™ cells: the gene was still significantly expressed in G,/M, but transcript levels were strongly reduced
in G, phase, resulting in a lack of Farl protein accumulation. G,/M transcription of FARI was dependent on
the transcription factor Mcm1, and expression of a gene with Mcm1 fused to a strong transcriptional activation
domain resulted in increased levels of FARI transcription. The pattern of cell cycle-regulated transcription of
FARI could involve combinatorial control by Stel2 and Mcml. Forced G, expression of FARI from the GALI
promoter restored the ability to arrest in response to pheromone in ste12™ cells. This indicates that transcrip-
tion of FARI in the G, phase is essential for accumulation of the protein and for pheromone-induced cell cycle

arrest.

Exposure of haploid Saccharomyces cerevisiae cells to the
mating factor secreted by the opposite mating type elicits a
developmental pathway that prepares cells for mating. The
response includes arrest in the G, phase of the cell cycle and
the transcriptional induction of a large set of genes that con-
tribute to successful mating. The mating factor signal trans-
duction pathway includes a seven-transmembrane receptor, a
heterotrimeric G protein, and a series of functionally associ-
ated kinases (for reviews, see references 5 and 43). The last two
of this series of kinases, Kss1 and Fus3, are proteins that are
highly homologous to each other and to other members of the
MAP kinase family. Both Fus3 and Kss1 are able to phosphor-
ylate the transcription factor Stel2 (5, 16). Stel2 can bind to
specific pheromone-responsive elements (PREs) in the pro-
moters of many genes that are involved in mating. Stel2 has
some low levels of activity in the absence of pheromone and
thus supports the basal transcription of these genes. Its activity,
however, is strongly enhanced when cells are exposed to the
mating factor (14, 17, 41 and reviewed in reference 43). Some
stel2 mutants allow normal basal transcription but are defec-
tive in pheromone-induced transcriptional activation (25). The
failure of cells with these mutant ste/2 alleles to mate shows
that transcriptional induction is essential for conjugation.

Pheromone efficiently arrests cells at a specific point in G,
phase, called START, and thus prevents the transition from G,
to S phase. In the absence of pheromone, this transition is
catalyzed by a kinase which consists of a stable catalytic subunit
(encoded by the CDC28 gene) and an unstable stimulatory
subunit (encoded by one of the three known CLN genes,
CLNI, CLN2, and CLN3). There is accumulating evidence
that pheromone arrests the cell cycle at START by interfering
with the activity of the Cln-Cdc28 kinase(s). Critical compo-
nents for cell cycle arrest are encoded by the FUS3 and FARI
genes (8, 15). Fus3 phosphorylates Farl in response to pher-
omone (37, 45), and phosphorylated Farl can associate with
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and has been reported to inhibit Cln1-Cdc28 and Cln2-Cdc28
kinase complexes (37, 38, 45). This is likely to be part of the
mechanisms by which pheromone interferes with the execution
of START.

Mating appears to be a highly regulated developmental
pathway, which occurs only in G,-phase cells: cells arrest very
specifically at START in response to pheromone, and when
cells are forced to arrest outside of G;, they fail to mate (39).
This specificity is presumably required to ensure the correct
ploidy of the zygote. Mechanisms that may contribute to
achieve the G, specificity for pheromone-induced arrest in-
clude the cell cycle regulation of Farl levels (32, 33) and the
repression of pheromone signal transduction activity as cells
execute START (35). Although maximal FARI transcript lev-
els are found both in pre-START G;- and G,/M-phase cells,
the accumulation of significant Farl protein levels is restricted
to G, phase, at the time at which its function is required for
pheromone-mediated cell cycle arrest (32). It has been found
that Farl is stable in G,-phase cells and unstable at other cell
cycle positions (32, 33) making it likely that regulated instabil-
ity of Farl contributes to the regulation of FARI function. In
this study we investigated the mechanism and functional sig-
nificance of the transcriptional control of FARI and other
genes involved in mating.

MATERIALS AND METHODS

Yeast strains and plasmids. The genotypes of the strains used in this study are
given in Table 1. Most strains were isogenic to BF264-15D (trpl la leu2-3,112
ura3 adel his2). Strains K2944 (provided by K. Nasmyth) and K3080 and GA231
(provided by G. Ammerer) are isogenic to W303. Strains were constructed by
standard techniques (4). The ste]2::LEU2 disruption allele and the GALI-VP16-
MCM1 construct were as described previously (1, 19). For some experiments the
auxotrophic marker was switched to another auxotrophic marker (URA3 or
TRPI) by using swap plasmids that will be described elsewhere. Other mutant
alleles for various loci and constructs for overexpression of CLN3 and FARI have
been described previously (33, 35).

Growth conditions and synchronization procedures. Cells were grown in YEP
medium or synthetic dropout medium as described previously (35) at 30°C,
unless indicated otherwise. Cell cycle synchronization was achieved by several
different protocols. cdc15-2 cells and clnl~ cIn2™ cIn3~ cells with a functional
cyclin gene expressed from the GALI promoter were synchronized as described
previously (35). Selection of cells at different cell cycle positions based on cell
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TABLE 1. Strains used

Strain®

Genotype

BF264-15D derivatives
1608-21C...
1316-1A ...

.............. MATa barl clnl::TRPI cin2A cin3A leu2::LEU2::GALI::CLN3

.MATa barl trpl::TRP1::GALI1-VP16-MCM1

.MATa barl stel2::LEU2

.MATa barl stel2::LEU2 trpl::TRPI1::GALI-VP16-MCM1
.MATa barl farl::URA3 leu2::LEU2::GALI::FARI

.............. MATa barl stel2::URA3 leu2::.LEU2::GALI::FARI

.MATa

...MATa stel2::LEU2

...MATa clb3::TRPI clb4::HIS3 meml1::LEU2 GAL-UbiR-MCM1-98::URA3
.MATa clbl ™ clb3::TRPI clb4::HIS3 clb2-VI

MATa clbl™ clb3::URA3 clb4::HIS3 clb2-VI trpl::TRP1::GAL1-VP16-MCM1
.MATa barl::ura3-ns cdcl5-2

¢ Strains are isogenic derivatives of BF264-15D (trpl-1a leu2-3,112 ura3 adel his2) or W303-1a (MATa ade2-1 trpI-1 canl-100 leu2-3,112 his3-11,15 ura3 ssdl).

size was accomplished by centrifugal elutriation (11). In short, cells grown in
YEPD medium (4) (1 liter; optical density at 660 nm of ~1.0) were quickly
cooled by the addition of crushed ice (~0.5 liter). Cells were then harvested by
centrifugation and resuspended in ice-cold phosphate-buffered-saline solution
(PBS). The suspension was sonicated to disperse clumps and then pumped, at a
pump speed of 50 ml/min, into a 4°C Beckman JES5.0 elutriator rotor spinning at
3,500 rpm. Cells in the rotor were equilibrated for 10 min with ice-cold PBS and
subsequently 400-ml fractions in ice-cold PBS were collected at the indicated
flow rates between 70 and 210 ml/min. A portion of the cells was filtered
(cellulose-acetate, 45-mm diameter, 0.45-um-pore size) and resuspended in 15
ml of ice-cold PBS. Samples were then taken for Northern (RNA) analysis and
microscopic examination. Cell size was determined electronically with a Coulter
counter.

Northern and Western blot (immunoblot) analysis. Procedures for mRNA
analysis were carried out as described previously (32). DNA restriction fragments
excised from low-melting-point agarose gels or fragments generated by PCR
were used as probes. Probes were labeled by random-prime labeling with a
Prime-It kit (Stratagene). Fragments for making probes were, for 4GA1, a 0.5-kb
Spel-Miul fragment from plasmid pAGA1 (provided by P. Lipke) (40); for
STEI12, an ~0.6-kb SacI-BamHI fragment (19); for SST2, a 745-bp PCR frag-
ment (with ATCCAGATTCTGAGTCGCACA and TAGTAGGAAAGTGT
TCCGATA as PCR primers); for STE2, a 715-bp Sall-EcoRV fragment; for
MFA2, a PCR fragment containing almost the entire open reading frame (with
ATGCAACCGATCACCACT and CAGTTCAAAACTCTCCAC as PCR prim-
ers [34]); and for H24, an ~0.4-kb PCR fragment (with CCGGTGGTAAAG
GTGGTAAAG and TGGCAGACTTCTTTGGCAACA as primers [36]). Other
fragments used in hybridizations have been described previously (9, 32).

Sample preparation, gel electrophoresis, and electroblotting for Western anal-
ysis were done as described previously (32). Blots were blocked with a blocking
solution containing PBS, 5% Nonidet P-40 detergent, 0.1% Tween 20 detergent,
0.5% bovine serum albumin, and 2.3% dried low-fat milk. Incubation with crude
anti-Farl antiserum (32) and washes of the blots were done in PBS with 0.2%
Tween 20. Proteins were detected by the enhanced chemiluminescence method
according to the manufacturer’s instructions (Amersham).

RESULTS

Transcription of many genes involved in mating is cell cycle
regulated. It has been shown previously that the basal expres-
sion of FARI, FUSI (involved in cell fusion), and STE2 (the
a-factor receptor) is cell cycle regulated (32, 35, 46). In order
to see whether cell cycle regulation is a general property for
genes involved in mating, we looked at the transcript levels of
a number of other genes that affect different aspects of the
mating response, such as mating-factor production (MFA2
[34]), agglutination (AGAI [40]), and recovery from arrest
(SST2 [12]). For this purpose, cells with a temperature-sensi-
tive (ts) cdcl5 allele were grown at the permissive temperature,
arrested in late M phase by a shift to a restrictive temperature,
and then released from the block by being shifted back to the
permissive temperature. The transcript levels for many genes

were found to fluctuate during the cell cycle (Fig. 1). Although
there were some differences in the strength and timing of cell
cycle-regulated transcription, a general pattern of expression
was that transcript levels were high in late M/early G, phase
followed by a decrease as cells entered S phase (indicated by
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FIG. 1. Transcription of several genes involved in mating is cell cycle regu-
lated. MATa cdcl5-2 cells (K2944-1B) were grown to early log phase at 25°C and
then arrested in late M phase by shifting the culture to 36°C for 3 h. Synchronous
growth was started by shifting the culture back to 25°C, and samples for Northern
analysis were taken at the time of this shift and every 12 min thereafter.
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FIG. 2. Stel2 deficiency affects the cell cycle regulation of genes involved in mating. STE12* (1255-5C) and stel2~ (1255-5C stel12::LEU2) cells were grown to
exponential phase and then quickly chilled on ice. After concentration and sonication, cells were loaded into an elutriator rotor, and fractions were collected at the
indicated flow rates. Fractions were analyzed for morphology (A) and various transcripts (B to F). Transcripts were quantified with a PhosphorImager system with
TCM] transcripts as a loading control (data for TCM1 are not shown). (B to F) Autoradiograph and quantified data for each transcript. The peak expression level in
STEI2™" cells was arbitrarily chosen as 100 U of activity (A.U.), and other levels are expressed in relation to this value. Samples of STEI2* and stel2™ cells were run
on the same gels, and the intensities of signals are directly comparable. Open circles, STE12* cells; closed circles, stel2~ cells.

H2A transcription). In another method of synchronization, we
used clnl ™ cln2” cIn3™ cells that were kept alive by expression
of CLN1, CLN2, CLN3, or CLB5 from the GALI promoter.
Such cells were synchronized by conditional cyclin expression
as described previously (35). With these different synchroniza-
tion procedures, essentially the same pattern of transcription
was observed for FARI and the other genes involved in mating
as for the synchronized cdcl5 cells shown in Fig. 1 (data not
shown). Although not all genes involved in mating were found
to fluctuate (e.g., transcripts of STEI8, which encodes the
v-subunit of the heterotrimeric G protein, were virtually con-
stant throughout the cell cycle [data not shown]), it appears
that cell cycle-regulated transcription is a common property of
genes involved in mating.

STE12 affects the cell cycle regulation of genes involved in
mating. The promoters of many genes involved in mating con-
tain Stel2-binding PREs, which are implicated in their tran-
scriptional induction by pheromone (27). The mechanism un-
derlying the common patterns for cell cycle-regulated
transcription of these genes might also involve PREs. To test
the potential involvement of Stel2 and PRE:s in the transcrip-
tional cell cycle regulation, we looked at the cell cycle pattern
of transcription in cells which were devoid of Stel2. For that
purpose asynchronous populations of STE12* and stel12™ cells
were fractionated according to cell size by centrifugal elutria-
tion, and transcript levels were analyzed for the different size
fractions.

The average volume of the cell population in each fraction

increased with increasing flow rate (data not shown). Fractions
isolated at low flow rates contained almost exclusively unbud-
ded G,-phase cells, and fractions collected at higher flow rates
were enriched in budded cells (Fig. 2A). On the basis of this
and the H2A transcript levels (Fig. 2B), the isolated fractions
represent successive stages of the cell cycle. The results from
this separation process were very similar for STEI2* and
stel2™ cells (Fig. 2A and B). As expected from the data pre-
sented above, the transcripts for various genes involved in
mating were cell cycle regulated in STEI2" cells: FUSI and
AGAI levels were high in unbudded G,-phase cells and low at
later cell cycle positions (Fig. 2C and D); FARI and STE2
levels were high in unbudded cells, reduced in post-START
S-phase cells, and high again later in the cycle, presumably in
G,/M-phase cells (Fig. 2E and F). Inste12~ cells, the FUSI and
AGAI levels were strongly reduced to almost undetectable
levels (Fig. 2C and D), and the STE2 and FARI levels dropped
also but less severely (Fig. 2E and F). The reduction in STE2
levels seemed to be about the same at all cell cycle positions
(Fig. 2F). The overall reduction in FARI levels in asynchro-
nous stel2™ cells was about threefold (Fig. 2E and data not
shown), an effect which was considerably less strong than the
effect reported previously (8). An interesting change in the
pattern of FARI transcription was observed in stel2 cells:
levels were markedly reduced in G;-phase cells (about 10-fold)
but only weakly in G,/M-phase cells (about 2-fold) (Fig. 2E).
This altered pattern for FARI transcription and the regulation
of FUSI and AGA1 transcripts are consistent with the idea that
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FIG. 3. G, expression of Farl is Stel2 dependent. MATa cin-GALI::CLN3
cells with and without a functional STE12 gene were grown to exponential phase
on galactose medium and then shifted to raffinose medium. After 2.5 h, more
than 95% of the cells were arrested as unbudded cells. A portion of the culture
was treated with a-factor for 30 min (0.1 pM) before samples for Western and
Northern analysis were taken. The numbers below the FARI lanes reflect quan-
titated transcript levels, expressed in relation to the level in nonstimulated
wild-type cells at the block (lane 1), which was arbitrarily chosen to represent 100
U. Phosphorylated Farl protein is indicated with an asterisk. The strains used
were 1608-21C (WT) and 1316-1A (stel27).

G, expression of FARI and other genes involved in mating is
dependent on Stel2 and that the G,/M expression of FARI is
dependent on another transcription factor, which cannot stim-
ulate AGAI and FUSI transcription.

Accumulation of Farl is STE12 dependent. To further test
this hypothesis, we first looked at the expression levels of cells
with and without STE12 which were arrested in late G, phase
by CLN deprivation. As shown in Fig. 3, FARI transcript levels
in G,-arrested stel2 cells were about 10-fold lower than those
in STE12™ cells. Protein levels were reduced to undetectable
levels in steI2™ cells, whereas G,-arrested STEI2" cells con-
tain high levels of Farl (Fig. 3) (32). Similar transcription
results were found in STEI2" cdc28-4 and stel2~ cdc28-4 cells
arrested at START by a temperature shift (data not shown). A
strong reduction in Farl protein levels was also observed in
asynchronous ste/2™ cells (data not shown). These data con-
firm that G,-specific transcription of FARI is Ste12 dependent
(Fig. 2E) and indicate that G, expression is important for the
accumulation of Farl protein.

G,/M expression of FARI is MCM1 dependent. In addition
to various PRE elements (8), the FARI promoter contains a
potential Mcml1 binding site (28). Since MCM1 has been im-
plicated in the transcription of genes expressed in G,/M phase
(1, 26, 29, 30) and since Mcm1 binds to the Mcm1 binding site
in the FARI promoter in vitro (10), we wanted to test the
involvement of Mcm1 in FARI transcription. For that purpose
mcml ™~ cells, kept alive by MCM1 expression from the GALI
promoter, were switched to raffinose medium to deplete
MCM1 function. To promote quick depletion of the usually
stable Mcm1, an unstable form of Mcm1 was expressed from
the heterologous promoter (1). In ¢/b3™ clb4~ cells, Mcm1
shutoff resulted in a first-cycle arrest in G,/M phase (1). As
shown in Fig. 4A, FARI expression in such cells was strongly
reduced (lanes 5 and 6). Similar observations were made for
STE?2 transcription, which is known to be affected by Mcm1
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(Fig. 4A) (24). When galactose-grown wild-type cells were
switched to raffinose medium, a drop in FARI transcription
was observed (data not shown). This effect could account for
only about one-third of the drop of FARI transcription in the
Mcml-depleted cells, making it likely that the reduction of
FARI transcription is largely the result of reduced Mcm1 ac-
tivity (data not shown). High levels of FARI were observed
when wild-type cells were arrested in G,/M by using the mi-
crotubule poison nocodazole (Fig. 4A, lanes 1 and 2). In agree-
ment with the data presented above (Fig. 2), stel2™ cells ar-
rested in G,/M by nocodazole also contained significant FARI
transcript levels (Fig. 4A, lanes 3 and 4). Interestingly, cells
arrested in G,/M by CLB deprivation (by using a c/bl~ clb3~
clb4™ clb2-ts strain [3]) also had reduced FARI transcript lev-
els, consistent with a positive role of CIb proteins in the func-
tion of Mcm1 and in FARI transcription (Fig. 4A, lanes 7 and
8).

Since the depletion of Mcml1 function results in decreased
transcription of CLBI and CLB2 (1) and since FARI transcrip-
tion is reduced in cells devoid of Clbl to Clb4 activity, we
tested whether the decrease of FARI transcription in Mcml-
depleted cells was an indirect result of Clb inactivation. We
found that continued CLB2 expression from either the S. cer-
evisine ADH1 promoter or the Schizosaccharomyces pombe adh
promoter did not result in increased FARI transcription in
Mcm1-depleted cells (data not shown). This indicates that the
observed reduction in FARI transcription is not an indirect
result of Clb inactivation and supports the idea that Mcml
activity is directly required for G,/M transcription of FARI.

To further test the involvement of Mcm1 in FARI transcrip-
tion, we used a VP16-Mcm1 fusion protein expressed from the
GALI promoter (1), which has been shown to promote Mcm1-
specific transcription of CLB1, CLB2, and other Mcm1-depen-
dent genes (1, 30). VP16-Mcm1 markedly increased the ex-
pression of FARI in cells which were arrested by depletion of
Clb1 to Clb4 activity (Fig. 4B) and in asynchronously dividing
wild-type and stel2” cells (Fig. 4C). These data most likely
reflect a direct interaction of Mcm1 with the FARI promoter.
The use of promoters in which Mcm1 binding sites are mutated
should further clarify whether the interaction is direct, but at
present our observations, taken together with the data on
Mcml depletion, strongly implicate Mcm1 directly in tran-
scription of FARI.

Ectopic expression of FARI in ste12~ cells restores cell cycle
arrest in response to mating factor. Cells lacking STE12 are
deficient in pheromone-induced transcription and cell cycle
arrest. It has been observed, however, that some components
of the pheromone signal transduction pathway can be activated
in the absence of STEI2; in stel2~ cells, the MAP kinase
homolog Ste7 and the MAP kinase homolog Fus3 are phos-
phorylated in response to pheromone (20, 47), and the level of
Fus3 kinase activity seems to be similar to that in wild-type
cells (16). The signal transduction pathway, at least up to the
level of the Fus3 kinase, therefore seems to be fairly normal in
ste]2~ cells. Given the strong effect of Stel2 depletion on
FARI transcript and protein levels, and given the fact that
farl™ cells do not arrest in response to pheromone, we wanted
to test whether the failure of ste72™ cells to arrest in response
to pheromone could be due to a lack of FARI. For that pur-
pose we forced stel2™ cells to express FARI in G, phase by
driving FARI expression from the constitutive GALI pro-
moter, and we tested whether these cells would arrest in re-
sponse to pheromone. The GALI::FARI construct does not
result in strong overexpression of transcript and protein levels,
compared with peak levels of normal expression (33; and data
not shown). Cells expressing FARI from the GALI promoter
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FIG. 4. G,/M expression of FARI is Mcm1 dependent. (A) Transcript levels in G,/M-blocked cells. MATa cells of the indicated genotypes were grown under
permissive conditions to early exponential phase in YEP-galactose medium, and a portion of the culture was then arrested in G,/M by imposing restrictive conditions
for 3 h. Wild-type and stel2™ cells were treated with nocodazole (NZ; 15 pg/ml) (lanes 1 to 4). mcml1~ GALI::MCM] cells were shifted to YEP-raffinose medium (lanes
5 and 6). The clb-ts cells, which were grown at 25°C, were shifted to 37°C (lanes 7 and 8). Samples for Northern analysis were taken for permissive conditions
(odd-numbered lanes) and for arrested cells (even-numbered lanes). The numbers below the FARI lanes reflect quantitated RNA transcript levels, expressed in relation
to the level in wild-type cells at 30°C (lane 1), which was arbitrarily chosen to represent 100 U. The strains used were W303-1a (wild type [WT]), W303-1a stel2:LEU2
(ste127), GA231 (memlI-GALI1:MCMT), and K3080 (clb-ts). (B) VP16-Mcm1 expression stimulates FARI expression in Clbl- to Clb4-depleted cells. Wild type, clb-ts
and clb-ts cells with a GALI-driven VP16-MCM1 fusion construct were grown to exponential phase in YEP-raffinose medium at 25°C and switched to 37°C. After 2
h, galactose was added to a final concentration of 3%, and samples for Northern analysis were taken 3 h after the addition of galactose. RNA transcript levels were
quantitated and expressed in relation to the level in wild-type cells (lane 1), which was arbitrarily chosen to represent 100 U. The strains used were W303-1a (WT),
K3080 (clb-ts) and K3080 VP16-MCM1 (clb-ts GAL-VP16-MCM1I). (C) VP16-Mcm1 expression stimulates FARI expression in wild-type and stel2™ cells. Wild-type
and ste]2~ cells with and without a GAL1-driven VP16-MCM!1 fusion construct were grown to exponential phase in YEP-galactose medium, and samples for Northern
analysis were taken. The numbers below the FARI lanes reflect quantitated RNA transcript levels, expressed in relation to the level in wild-type cells (lane 1), which
was arbitrarily chosen to represent 100 U. The strains used were 1255-5C (wild type [WT]), 1255-5C VP16-MCM1 (wild type GAL-VP16-MCM1), 1255-5C stel2™

(ste127), and 1255-5C ste12~ VP16-MCM1 (stel2~ GAL-VP16-MCM]T).

are large, and the population contains a higher percentage of
unbudded cells than in cells that do not express GAL1::FARI
(Fig. 5A) (33). Unlike normal stel2™ cells, ste12~ GALI::FARI
cells arrested in response to pheromone as large unbudded
cells (Fig. 5A), with a 1 N content of DNA (Fig. 5B). It is
noteworthy that the cells arrested without the formation of the
typical mating projections, called shmoos, suggesting that this
response requires the Stel2-dependent induction of other
genes. As shown in Fig. 6A, the arrest caused by pheromone in
the stel12™ GALI::FARI cells was not permanent, indicating
that prolonged arrest also requires transcriptional induction of
other Stel2-dependent factors. Our observation that expres-
sion of FARI from the GALI promoter could not restore the
ability to mate to stel2~ cells (tested by a qualitative patch
assay [42] [data not shown)]) is consistent with the idea that this
Stel2-dependent transcriptional induction is essential for suc-
cessful mating (25). Reduced FARI transcript levels were
found not only in stel2 cells but also in cells lacking a func-
tional STE4 gene or lacking both MAP kinase homologs KSS1
and FUS3 (data not shown). We found that ste4 ™ GALI::FARI
and kss1~ fus3™ GALI::FARI cells did not show G, arrest in
response to pheromone (data not shown). These results indi-
cate that both a functional signal transduction pathway and the
G, expression of FARI are required for this response.

We tested pheromone sensitivity by incubating cells with

different doses of a-factor for 3 h and scored the percentage of
unbudded cells. The sensitivity of ste12~ GAL1::FARI cells for
pheromone was similar to that of STE12™ cells with or without
GALI::FARI (Fig. 6B). Taken together, these data indicate
that the Ste12-mediated transcription of FARI in the G, phase
of the cell cycle and the resulting accumulation of Farl protein
are critical for cell cycle arrest in response to pheromone.

DISCUSSION

Stel2-dependent G, expression of genes involved in mating.
The transcription factor Stel2 plays a key role in the basal and
pheromone-induced transcription of many genes involved in
mating. This notion is based on the observations that several
mating genes are very poorly expressed and cannot be induced
by mating pheromone in cells lacking Ste12 activity (13, 18, 22,
31, 41). In this report we show that the basal transcripts of
various genes involved in mating are cell cycle regulated, with
peak levels of expression in G, phase and reduced expression
as cells enter S phase. Given the fact that basal expression of
several of these genes (e.g., FUSI and AGAI) is strongly Ste12
dependent, this finding suggests that the activity of Stel2 to
support basal transcription is cell cycle regulated. Our finding
that loss of Stel2 has the strongest effect on FARI transcrip-
tion specifically in the G, phase is fully consistent with this
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FIG. 5. Ectopic expression of FARI restores pheromone-induced cell cycle arrest to ste]2~ cells. Cells of the indicated genotypes were grown to early exponential
phase in YEP-galactose medium and then treated with 0.1 uM a-factor for 3 h. (A) Cell morphology was examined by differential interference contrast microscopy.
The morphologies for untreated cells (left panels) and a-factor-treated cells (right panels) are shown. All photomicrographs are shown at the same magnification. (B)
Analysis of the cellular DNA content as determined by flow cytometry for untreated cells (left) and pheromone-treated cells (right). The strains used were STEI2™
(1255-5C), ste12~ (1255-5C ste12:LEU2), STEI12" GALI::FARI (1255-5C GALFAR]1), and stel2~ GALI::FARI (1255-5C ste12:L>U GALFAR1).

idea. It may be relevant that the level of this Stel12-mediated
transcription activity is high during the G, interval of the cell
cycle, the only phase in which cells are mating competent (39).
Cell cycle-regulated transcription has been observed for a va-
riety of genes, and coordinated transcription is thought to be
important for several cell cycle transitions (reviewed in refer-
ence 26). Ste12 could be a key component in a novel pattern of
cell cycle-regulated transcription, which might promote the
transition from a pheromone-sensitive and conjugation-com-
petent phase in early G, phase to a pheromone-resistant and
mating-incompetent stage as cells execute START and enter S
phase.

Transcriptional regulation and FARI function. Cell cycle
arrest caused by pheromone is remarkably specific and occurs
only in G,-phase cells. It has been shown that Farl is stable
only in the G, phase of the cell cycle and unstable at other cell
cycle positions (33). It is likely that this cell cycle-regulated
instability of Farl helps to ensure G;-specific Farl accumula-

tion and that this contributes to confine pheromone-induced
cell cycle arrest to the G, phase. Our observation here, that a
reduction in Stel2-dependent G-specific transcription of
FARI results in strongly reduced Farl levels, indicates that
transcriptional regulation also contributes to the control of
FARI function.

There are some interesting similarities in the transcriptional
regulation of STE2 and FARI. Both can be induced by the
mating factor (8, 22), and both are transcribed in G,/M- and
G,-phase cells. The transcription factor Mcml1 can bind to the
STE?2 and FARI promoters (2, 6, 10, 24), and it has been shown
that mutations in the STE2 Mcm1 binding site eliminate Mcm1
binding and reduce transcription (24). We describe here that
high G,/M transcription of both FARI and STE2 requires
Mcml. It is most likely that the G,/M expression of these genes
is mediated by Mcml. FARI and STE2 may thus resemble
SWI5 (29), whose transcription is stimulated by Mcml1 at this
cell cycle stage. This set of genes also includes CLBI and CLB2
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FIG. 6. Arrest kinetics and dose response for a-factor-induced cell cycle arrest. Wild-type and stel2~ cells with and without GALI::FARI were grown on
YEP-galactose medium to early exponential phase. (A) The percentage of unbudded cells was monitored in cultures treated with 0.1 WM a-factor at time zero. (B)
Cells were incubated at different concentrations of a-factor for 3 h, and the percentage of unbudded cells was then scored. Closed circles, wild type (strain 1255-5C);
open circles, ste12~ (1255-5C ste12:LEU2); closed triangles, STE12* GALI::FARI (1255-5C GALFARL1); open triangles, ste12~ GALI::FARI (1255-5C ste12:L>U

GALFARI).

(1, 21, 30, 44), which are thought to stimulate their own tran-
scription through a positive feedback loop (3) that could in-
volve Mcm1. The reduction of FARI and STE2 transcripts in
cells lacking Clbl- and CIb2-Cdc28 kinase activities might
therefore be the result of a failure of the CIb-Cdc28 kinase to
fully activate Mcml.

Mcm1 is known to interact with various transcription factors.
In combination with «l, it activates a-cell-type-specific tran-
scription; with a2, it represses a-cell-type-specific expression in
a cells; with Stel2, it controls the expression of a-specific
genes; with SFF, it controls the cell cycle regulation of SWI5
transcription and possibly CLBI and CLB2 (1, 7). The data
presented here suggest that interactions between Mcm1 and
Ste12 may also play a role in the proper cell cycle regulation of
FARI and other genes involved in mating. Further study of the
cell cycle regulation of FARI transcription may give more
insight into the exact nature of these interactions and into how
two transcription factors combine to control a G,/M/G, pat-
tern of transcription like that of FARI.

FARI-mediated cell cycle arrest of steI2~ cells. Mutants in
STE12 were originally identified by their failure to arrest,
mate, and induce agglutinin synthesis in response to mating
pheromone (23). Pheromone-induced transcription is depen-
dent on the presence of functional Ste12 and has been found to
be a prerequisite for mating (25). However, both Ste7 and Fus3
are phosphorylated in response to pheromone in cells lacking
Stel2 (20, 47), and pheromone-treated stel2~ cells seem to
have a level of Fus3 kinase activity and a spectrum of endog-
enous substrates similar to those of wild-type cells (16). Cells
lacking Stel2 therefore appear to have a fairly normal level of
signal transduction activity, at least up to the level of the Fus3
kinase. It has been unclear, then, why cells lacking Ste12 do not
arrest in response to pheromone. Our findings indicate that the
failure of stel2~ cells to accumulate Farl may largely account
for their inability to arrest in response to pheromone. Mutants
in FARI and FUS3 that fail to arrest in response to pheromone
but show normal transcriptional induction have been isolated
(8, 15). This finding was taken as an indication that transcrip-
tion and cell cycle arrest are separate responses to pheromone.

Here we present a case in which the reverse is observed: stel2™
GAL::FARI cells are able to arrest in response to pheromone,
without being able to induce transcript levels of mating genes,
thus supporting the notion that cell cycle arrest and transcrip-
tional induction (with the possible exception of FAR! induc-
tion) are separate phenomena. The observation that these cells
are deficient in mating, shmoo formation, and prolonged arrest
in response to pheromone is in agreement with the idea that
these responses require transcriptional induction by phero-
mone (25). Our data indicate that the cell cycle-regulated
transcription of FARI is under combinatorial control by the
transcription factors Stel2 and Mcm1 and that the Ste12-me-
diated transcription of FARI in the G; phase of the cell cycle
is essential for the accumulation of sufficient Farl protein to
allow the mating factor-induced cell cycle arrest at START.
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