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ABSTRACT Kssl1, a yeast mitogen-activated protein kinase
(MAPK), in its unphosphorylated (unactivated) state binds
directly to and represses Stel2, a transcription factor necessary
for expression of genes whose promoters contain filamentous
response elements (FREs) and genes whose promoters contain
pheromone response elements (PREs). Herein we show that two
nuclear proteins, Digl and Dig2, are required cofactors in
Kss1-imposed repression. Digl and Dig2 cooperate with Kss1 to
repress Stel2 action at FREs and regulate invasive growth in a
naturally invasive strain. Kss1-imposed Dig-dependent repres-
sion of Stel2 also occurs at PREs. However, maintenance of
repression at PREs is more dependent on Digl and/or Dig2 and
less dependent on Kss1 than repression at FREs. In addition,
derepression at PREs is more dependent on MAPK-mediated
phosphorylation than is derepression at FREs. Differential
utilization of two types of MAPK-mediated regulation (binding-
imposed repression and phosphorylation-dependent activation),
in combination with distinct Stel2-containing complexes, con-
tributes to the mechanisms by which separate extracellular
stimuli that use the same MAPK cascade can elicit two different
transcriptional responses.

Cells respond to developmental cues and environmental stimuli
by altering gene expression. Often, transmission of different
upstream signals involves common components yet elicits distinct
(but appropriate) outcomes. Numerous agonists activate mito-
gen-activated protein kinase (MAPK) cascades (1), which stim-
ulate a relatively limited set of transcription factors (2, 3) yet
evoke diverse responses. In Drosophila melanogaster, the rolled
MAPK functions downstream of several receptor-tyrosine ki-
nases that specify different cell fates (4, 5). Even in the same cell
type, the same MAPK cascade can be recruited for distinct
purposes, for example, mitogenesis or differentiation in mamma-
lian cell lines (6, 7). How specificity from signal to cellular
response is maintained in such cases is not well understood.
Differences in signal strength, duration, or frequency can lead to
distinct outputs (6, 8). Also, transcriptional regulators that are
tissue-specific, or modulated by parallel pathways, can influence
which genes are controlled by signal-dependent activation of
more ubiquitous transcription factors (2, 3, 5). Most likely,
multiple mechanisms are required to achieve the requisite fidel-
ity.
In the yeast Saccharomyces cerevisiae, two developmental op-
tions—mating and invasive (filamentous) growth—are regulated
by the same MAPK cascade (9). Elements of this cascade include
the MAPK kinase, Ste7, and its target MAPKSs, Kss1 and Fus3 (9,
10). The Stel2 transcription factor (11), and its associated neg-
ative regulators, Digl and Dig2 (also called Rst1 and Rst2) (12,
13), act downstream of the MAPKs in both developmental
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processes. Despite this overlap in key regulatory components,
mating and invasive growth are discrete end points. Cells exposed
to mating pheromone cease growth and prepare to fuse with an
appropriate nearby partner (for review, see ref. 14), whereas cells
undergoing invasive growth continue to divide, forming filaments
that can adhere tightly to and penetrate beneath an agar sub-
stratum (9, 15). Moreover, Stel2-regulated filamentation re-
sponse elements [FREs (16)] are constitutively expressed in
haploids, yet Stel2-regulated pheromone response elements
[PREs (14)] in many mating-specific genes, such as FUS!, are not
expressed in the absence of pheromone stimulation. Conversely,
pheromone stimulation does not hyperactivate FREs (17).

The Stel2 DNA-binding domain is a distant relative of the
homeodomain (18). Stel2 forms homooligomers to regulate
genes, such as FUS1, forms heterooligomers with a MADS-box [a
conserved DNA-binding and dimerization domain shared by a
variety of transcription factors from different kingdoms (includ-
ing yeast Mcm1, plant Agamous, plant Deficiens, and mammalian
serum-response factor)] transcription factor, Mcml, to regulate
STE?2, and associates with both Mcm1 and another homeodomain
protein, Matal, to regulate MFal (19, 20). All three classes of
elements are pheromone-inducible. At FREs, Stel12 forms hete-
rooligomers with the TEA/ATTS-family [a group of transcrip-
tion factors from different kingdoms that share a conserved
DNA-binding motif (including mammalian TEF-1, yeast Tecl,
and Aspergillus nidulans AbaA/mold AbaA, mammalian TEF-1,
yeast Tecl, D. melanogaster scalloped )] transcription factor, Tecl
(16, 21). Thus, combinatorial interactions of Stel2 with other
regulatory proteins may confer some of the specificity for mating
versus invasive growth responses.

Differential interactions of the MAPKs with Stel2-
containing complexes may provide additional specificity. Kss1
and Fus3 are positive regulators of Stel2 function at phero-
mone-induced promoters. Furthermore, their catalytic (phos-
photransferase) activity is essential for this purpose (22, 23),
presumably because they phosphorylate Stel2 (24) and/or
Digl and Dig2 (12, 13). In contrast, at FREs, the MAPKs
control Stel2 function by an unexpected and previously un-
known mode of protein kinase-mediated regulation (25, 26).
Unphosphorylated Kss1 binds directly to Stel2 and potently
represses FRE-driven transcription (27). Fus3 binds much less
strongly to Stel2 (27) and is, correspondingly, a weaker
repressor (26). Phosphorylation of Kssl by Ste7 weakens
Kss1-Stel2 binding, consequently relieves Kssl-imposed re-
pression, and simultaneously activates Kss1 catalytic activity
(27). Activated Kss1 has a positive function at FREs that may
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correspond to its positive role at pheromone-inducible pro-
moters (25, 26). Whether unphosphorylated Kss1 plays a role
in repressing PRE-containing promoters had not heretofore
been examined.

Although direct binding of Kssl to Stel2 is required for
Kss1-imposed repression at FREs (27), it seemed likely that Kss1,
which contains no sequence features outside of its protein kinase
domain, might require the help of cofactors to repress Stel2.
Herein we show that Digl and Dig2, two nuclear proteins that
bind directly to both Kssl and Stel2 (12), are required for
Kssl-imposed repression of Stel2. We also demonstrate that
Kssl-imposed Dig-dependent repression of Stel12 occurs at pher-
omone-inducible elements. These findings suggest a model that
accounts for much of the regulatory specificity observed in
mating and invasive growth.

MATERIALS AND METHODS

Yeast Strains, Media, and Genetic Procedures. Growth media
and culture conditions were as described (28). Table 1 lists the
yeast strains used in this work. The digl-Al::HIS3 and
stel2A:LEU2 (12), ste7A::URA3 (26), and kssIA:hisG and
fus3-6::LEU2 alleles (23) are described in the citations given. The
dig2-AI::URA3 allele was generated by the PCR using plasmid
pRS306 (29) as template and primers 103-KO1 and 103-KO2
(12). These alleles were introduced by the method of one-step
gene replacement (30). JCY600 and JCY300 were derived from
JCY100. JCY500 was derived from JCY300. JCY501 is a spon-
taneous Ura~ and S5-fluoroorotic acid-resistant derivative of
JCY500. YLB507 and JCYS512 were derived from JCYS501.
YDM200 and YDM600 (gifts from Doreen Ma, this laboratory)
were derived from YPH499. JCY101 and JCY502 were derived
from JCY100 and JCYS501, respectively, by HO-induced mating-
type switching (31). JCY102 and YLB503 were generated by
mating the appropriate haploid progenitors (see Table 1). All
gene replacements were confirmed by Southern blot hybridiza-
tion and/or PCR analysis of genomic DNA. Genotype was
further confirmed by complementation of the mutant phenotype
by introduction of the corresponding wild-type gene on a CEN
plasmid.

Reporter Genes. Reporter (lacZ) constructs used in this study
are representative of genes expressed during mating and invasive
growth. Their level of expression correlates well with the phe-
notypic effects of manipulations that alter mating proficiency and

Table 1. S. cerevisiae strains used in this study
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invasiveness, respectively (26, 27). YEpU-FTyZ and YEpL-FTyZ
contain FRE™!-lacZ on a 2-um DNA plasmid (26, 27). Plasmid
pJD11 contains eight tandem PREs (dimeric Ste12-binding sites)
(32). To construct YEpU-FUS1Z (gift from Iain Cheeseman, this
laboratory), the FUSI promoter was amplified by PCR using
primers IMC-FUS-1 (5'-GCGCGCGCTAGCTGCAG-
GATCGCCCTTTTTGACG-3') and IMC-FUS-2 (5'-
GCGCGCGGATCCTGCTACCATTTTGATTTTAGAAAC-
3"). The resulting fragment was digested with BamHI and Nhel
and used to replace the BamHI-Nhel fragment (containing the
CYCI promoter) of plasmid pLG669-Z (33). The URA3 gene was
excised from YEpU-FUS1Z by digesting with Sse83871 and Xmal
and replaced with the TRPI gene on a Pstl-Xmal fragment
excised from pJJ281 (34), to yield YEpT-FUSIZ. Reporter gene
expression was quantitated as described (26).

Other Plasmids. Plasmids YEpU [YEplac195 (35)], YEp-
KSS1, and YEpGAL-KSS1 (23), and pGAL-DIG1 (12) are de-
scribed in the citations given. YCpU, YCpU-KSSI, YCpU-
kss1(Y24F), YCpU-kss1(AEF), YCpU-kssI(Aloop), and YCpU-
kss1(Y231C) are described elsewhere (27). pDIGI carries a
genomic DNA fragment containing DIG! in a low-copy (CEN)
vector harboring the LEU2 gene (36). To construct YCpLG (a
CEN-based, LEU2-marked, galactose-inducible expression vec-
tor), a 0.68-kb EcoRI-BamHI fragment containing the bidirec-
tional GAL1/10 promoter was excised from plasmid pMTL4 (gift
from Stephen Johnston, Univ. of Texas Southwestern Medical
Center, Dallas, TX) and inserted into the corresponding sites of
YCplacl1l (35). A BamHI-Sphl fragment carrying the entire
KSSI coding sequence was excised from YEpGAL-KSS1 and
inserted into YCpLG, yielding YCpLG-KSS]!.

Bioassays for Pheromone Response and Invasive Growth.
Bioassays for pheromone response were performed as described
(28). For assessment of diploid pseudohyphal development, syn-
thetic low ammonia/dextrose plates, supplemented with histidine
and uracil as required, were prepared as described elsewhere (37).
Diploid strains were transformed with YCplac22 and YCplacl11
(35), as required, to confer prototrophy for growth on tryptophan
and leucine, respectively, because these compounds can serve as
nitrogen sources for S. cerevisiae. In the original assay for invasion
(9), the agar plate was held under a stream of running water to
remove noninvasive cells. Two classes of cells remain after
washing: those that have penetrated the agar and those adhering
to cells of the first class [because some of the genes involved in a

Strain Relevant genotype

Source or ref(s).

Haploid strains derived from the %1278b lineage

JCY100 MATa his3A:hisG leu2A::hisG trpl A::hisG ura3-52 25, 26
JCY101 MATa otherwise isogenic to JCY100 This work
JCY107 JCY100 ste7A::ura3 26
JCY137 JCY100 ste7A::ura3 kss1A::hisG fus3A::TRPI 26
JCY300 JCY100 dig2-A1::URA3 This work
JCYS500 JCY100 digl-Al::HIS3 dig2-Al::URA3 This work
JCY501 JCY100 digl-Al::HIS3 dig2-Al::ura3 This work
JCY502 MATa otherwise isogenic to JCY501 This work
YLB507 JCY100 ste7A::URA3 digl-Al1::HIS3 dig2-Al::ura3 This work
JCY512 JCY100 digl-Al::HIS3 dig2-Al::ura3 stel2A::LEU2 This work
JCY600 JCY100 stel2A::LEU2 This work
Diploid strains derived from the X%1278b lineage
JCY102 MATa/MATao (JCY100 X JCY101) This work
YLB503 MATa/MAT« digl-Al::HIS3 /digl-Al::HIS3 This work
dig2-Al:ura3/dig2-Al::ura3 (JCY501 X JCY502)
Haploid strains derived from the S288C lineage

YPH499 MATa ade2-101°¢ his3-A200 leu2-Al lys2-8014" trp1-A63 ura3-52 29

JCYS YPH499 digl-Al::HIS3 dig2-Al::TRP1 12
YDM200 YPH499 fus3-6:LEU2 This work
YDM230 YPH499 kss1A::hisG fus3-6:LEU2 23
YDMO600 YPHA499 kss1A::hisG This work
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cell-cell adhesion process termed flocculation also function in
invasive growth (38—40)]. Rubbing the agar plate with a latex-
gloved finger removes the superficially adherent cells, leaving
behind only those that have penetrated the agar. This latter step
permits assessment of agar penetration per se.

Other Methods. Metabolic labeling, immunoprecipitation, and
immunostaining of Kssl have been described (23, 27). Kssl
expression levels were determined by immunoblotting of serial
dilutions using known quantities of Kss1 as a standard.

RESULTS

Digl and Dig2 Regulate Invasive Growth in Naturally Fila-
mentous Strains. Invasive growth is typical of strains of S.
cerevisiae isolated from the wild (39) and in pathogenic strains
recovered from immunocompromised patients (41). This capac-
ity has been lost, however, in many common laboratory stocks,
due to several incompletely characterized genetic changes (39).
Deletion of both DIG1 and DIG?2 confers invasiveness to other-
wise noninvasive strains (12, 13). Whether DIGI and DIG2
regulate invasive growth in normally invasive strains had not
heretofore been examined. To determine whether Digl and Dig2
regulate invasive growth in strains of the %1278b lineage normally
used to study filamentation, a dig] A/digl A dig2A/dig2 A homozy-
gous diploid (YLB503) was constructed in this background.
Compared with its otherwise isogenic parental diploid, the strain
lacking Digl and Dig2 displayed a hyperfilamentous phenotype.
This enhancement was most obvious after 2 to 3 days of growth
on low nitrogen medium, when the wild-type cells were only just
beginning to extend filaments (pseudohyphae) (Fig. 1 Ab versus
Aa). In addition, the dig] A /dig] A dig2A/dig2A diploid was able to
form pseudohyphae in the absence of a nitrogen limitation signal,
unlike the wild-type cells (Fig. 1 Ad versus Ac). To determine
whether the absence of Digl and Dig?2 resulted in deregulation of
Ste12/Tecl-dependent transcription, we used the FRE from the
Tyl transposon to drive expression of a reporter gene (lacZ). As
shown in Fig. 1B, FRE-driven expression increased by almost
20-fold in the absence of Digl and Dig2.

To determine the role of Digl and Dig2 in haploid invasive
growth, an isogenic set of haploid strains of the 31278b lineage
was constructed: JCY501 (MATa digl A dig2A), YLB507 (MATa
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Fic. 1. Digl and Dig2 regulate filamentous growth in naturally
invasive diploids. (4) Loss of DIG1 and DIG2 enhance diploid pseudohy-
phal development. Strain JCY102 (MATa/MATa DIG*) (a and ¢) and
its otherwise isogenic derivative, YLB503 (MATa/MATa diglA/digl A
dig2A/dig2A) (b and d), were assayed for filament formation on plates
containing either low nitrogen (low N) (a and b) or high nitrogen (high
N) (c and d). Representative colonies, photographed after 3 days (low N)
or 1 day (high N) of growth at 30°C, are shown. (B) Expression of the
FRE™acZ reporter. The strains described in 4 were transformed with
plasmid YEpU-FTyZ and grown on low nitrogen plates for 48 hr at 30°C,
and B-galactosidase specific activity (nmol per min per mg of protein) was
measured. Values represent the average of measurements, made in
duplicate, on protein extracts prepared from at least three transformants
of each strain. Error bars indicate the standard deviation. Comparable
results were obtained on high nitrogen plates (data not shown).
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ste7A digl A dig2A), and JCY512 (MATadigl A dig2A ste]2A). The
properties of these strains were compared with the wild-type
parental strain and to otherwise isogenic ste7A and ste7A kss1A
fus3A strains. As previously observed (26), the inability of a
Ste7-deficient cell to grow invasively (Fig. 24) or to support
FRE-driven transcription (Fig. 2B) was completely alleviated
when both Kss1 and Fus3 were also removed. Informatively, both
of these same phenotypes of the ste7A cells were also reversed by
elimination of Digl and Dig2 (Fig. 2). In the dig/A dig2A cells,
both invasiveness (Fig. 24) and FRE-driven transcription (Fig.
2B) were elevated compared with either wild-type cells or the
ste7A kss1A fus3A strain. Hyperinvasiveness of cells lacking Digl
and Dig2 was most clearly manifested by using a modification of
the standard invasive growth assay that achieves a more stringent
test for agar penetration of the adherent cells (Fig. 2 Ac). The
digl A dig?A cells also exhibited efficient agar penetration on
synthetic medium (data not shown), a condition in which wild-
type cells of the 21278b lineage show only a weak invasive growth
response (9). The behavior of Digl- and Dig2-deficient cells was
not significantly altered by the absence Ste7 (Fig. 2), as expected
if Digl and Dig2, like Kss1, act downstream of Ste7. In contrast,
the enhanced invasiveness and enhanced FRE-driven transcrip-
tion of Digl- and Dig2-deficient 21278b cells was totally depen-
dent on the presence of Stel2 (Fig. 2), indicating that these
phenotypes are due largely or solely to derepression of Stel2.
DIG1 or DIG2 Function Is Required for Kssl-Imposed Re-
pression at FREs. Repression of Stel2-dependent FRE-driven
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FiG.2. Digl and Dig2 cooperate with Kss1 to inhibit invasive growth.
(A) Loss of DIGI and DIG2 enhance haploid invasive growth. Strain
JCY100 (MATa STE* DIG™) and its otherwise isogenic derivatives,
JCY107 (ste7A), JCY137 (ste7A kssIA fus3A), JCY501 (diglA dig2A),
JCYS512 (diglA dig2A stel2A), and YLB507 (ste7A diglA dig2A), were
streaked onto YPD plates and assayed for surface growth (a), invasive
growth (b), and agar penetration (c) after 3 days at 30°C. (B) Effect of
Kss1 or Digl overproduction on expression of the FRE™!4<Z reporter:
Digl and Dig2 are required for Kssl-imposed repression. The strains
described in 4 were transformed with plasmid YEpU-FTyZ or YEpL-
FTyZ. JCY137 was also transformed with either YCpLG-KSS7 (pGAL-
KSS1) or pGAL-DIG1, for overproduction of Kss1 or Digl, respectively,
from the GALI promoter. YLB507 was also transformed with YCpLG-
KSSI (pGAL-KSSI) or pDIG1, for overproduction of Kss1 or endoge-
nous-level expression of Digl, respectively. Strains were grown on plates
containing 2% galactose and 0.2% sucrose as the carbon source for 24 hr
at 30°C, and B-galactosidase specific activity was measured as in Fig. 1.
Values are normalized to that observed for JCY100 (11, 300 nmol per min
per mg of protein).
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transcription observed in a Ste7-deficient cell is reversed by
removing both Kss1 and Fus3 (Digl and Dig?2 still present) or by
removing both Digl and Dig2 (Kssl and Fus3 still present),
suggesting that the MAPKSs and the Dig proteins operate inter-
dependently to repress Stel2. To gain further insight into this
relationship, the consequences of overproducing Kss1 or Digl in
these strains was examined. Expression of KSS/ from its own
promoter (27) or overexpression from the GALI promoter (Fig.
2B) sufficed to repress FRE-driven transcription in strain
JCY137 (MATa ste7A kssIA fus3A), which contains Digl and
Dig2. Overexpression of DIGI from the GALI promoter also
repressed FRE-driven transcription in this same strain (Fig. 2B),
indicating that, when overproduced, Dig1 is capable of repressing
Ste12 even in the absence of the MAPKs (and Ste7). In contrast,
overexpression of KSS7 from the GALI promoter had little or no
repressive effect in the Digl- and Dig2-deficient strain JCYS507
(MATa ste7A digl A dig2A), whereas expression of DIG! from its
own promoter fully restored repression of FRE-driven transcrip-
tion in this strain (Fig. 2B). Thus, in the absence of Digl and Dig2,
Kssl is unable to effectively repress Stel2.

Kss1-Imposed Repression Occurs at Pheromone-Induced
Genes. To determine whether MAPK-imposed repression also
occurs at pheromone-inducible promoters, basal and phero-
mone-induced transcription driven by the FUSI promoter was
examined (using a FUSI-lacZ reporter) in a wild-type strain and
isogenic cells lacking either Kss1 or Fus3 or both (Fig. 3). As
expected, there was essentially no expression of this reporter in
cells lacking both MAPKs (data not shown). FUSI-lacZ expres-
sion in unstimulated cells lacking Fus3 was not significantly
different from wild-type cells. In marked contrast, FUSI-lacZ
expression was reproducibly increased (approximately 7-fold
compared with wild-type) in unstimulated cells lacking Kss1. This
result was observed in two different strain backgrounds: normally
noninvasive S288C (Fig. 3) and normally invasive %1278b (data
not shown). Hence, Kss1 plays a role in maintaining low basal-
level expression of pheromone-inducible genes.

To examine the mechanism of Kssl-dependent repression of
basal FUSI expression, a series of kssI alleles, expressed from the
endogenous KSSI promoter on a low-copy (CEN) vector, was
introduced into a strain lacking Kss1 (Fig. 3). Vector alone had
no effect. However, repression was restored by plasmid-borne
wild-type Kss1, by an unactivatable Kss1 mutant (Ksslagr that

Relative -gal. activity

FiG. 3. Unphosphorylated Kssl represses Stel2 action at a phero-
mone-inducible promoter. Strain YPH499 (MATa) and its otherwise
isogenic derivatives, YDM600 (kss/A) and YDM200 (fus3A), were
transformed with plasmid YEpU-FUSIZ, grown to midexponential
phase, and incubated in the absence (—) and presence (+) of 1 uM
a-factor mating pheromone (aF) for 90 min, and B-galactosidase specific
activity was measured. Also, strain YDM600 was cotransformed with
YEpT-FUSIZ and empty vector YCpU (—), YCpU-KSSI (w.t.), YCpU-
kss1(AEF), YCpU-kss1(Y24F), YCpU-kssl(Aloop), or YCpU-
kss1(Y231C); streaked on plates selective for plasmid maintenance; and
grown for 48 hr at 30°C. B-Galactosidase-specific activity was then
measured. Values are normalized to that observed for YPH499 treated
with pheromone (250 nmol per min per mg of protein).
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cannot be phosphorylated by Ste7), and by a catalytically inactive
variant (Ksslyo4r). Hence, neither phosphorylation of Kssl by
Ste7 nor the resultant activity of Kss1 is required for repression.
In contrast, two derivatives (Ksslaoop and Ksslyzsic) that we
have shown (27) exhibit decreased binding to Stel2 (but undi-
minished binding to Ste7, Digl, or Dig2) displayed a correspond-
ingly reduced ability to repress Stel2 function at the FUS!
promoter (Fig. 3). Hence, binding of Kss1 to Ste12 is required for
Kssl to effectively repress Ste12 function at pheromone-inducible
promoters, as demonstrated for FREs (25, 27).

Kss1l Overproduction Inhibits Pheromone-Induced Tran-
scription and Mating. Upon pheromone stimulation, the tran-
scriptional response of cells containing only Kss1, or only Fus3,
was not significantly different from that of cells containing both

A YDM200(fus34)
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FiG. 4. Kssl overproduction inhibits pheromone-induced transcrip-
tion and Digl and Dig2 are required for this Kss1-imposed repression. (4)
Strain YDM?200 (MATa fus3A) was cotransformed with plasmid pJD11
containing a PRE-driven lacZ reporter and an empty vector, YEpU (bars
1 and 2), a multicopy plasmid, YEp-KSS7 (bars 3 and 4), or a GAL-driven
multicopy plasmid, YEpGAL-KSS!I (bars 5 and 6); grown to midexpo-
nential phase in medium containing 2% galactose and 0.2% sucrose; and
incubated in the absence (—) and presence (+) of 6 uM a-factor mating
pheromone (aF) for 2 hr. p-Galactosidase specific activity was then
measured. Values are normalized to that observed for the pheromone-
induced control cells (point 2; 4,500 nmol per min per mg of protein). (B)
The strains described in A were labeled with either 3°S (Upper) or 32P
(Lower), incubated with or without 6 uM a-factor for 15 min, lysed,
subjected to immunoprecipitation with polyclonal anti-Kss1 antiserum,
resolved by SDS/PAGE, and analyzed by fluorography, all as described
elsewhere (23). (C) Strain YPH499 (MATa DIG*) and its otherwise
isogenic derivative, JCYS5 (digl A dig2A), were cotransformed with YEpU-
FUSIZ and either an empty vector YCpLG (—) or YCpLG-KSS!
(GAL-KSS1) (+), grown to midexponential phase in medium containing
2% galactose and 0.2% sucrose, and incubated in the absence (—) and
presence (+) of 1 uM a-factor for 90 min. B-Galactosidase specific
activity was then measured. The values for vector-containing YPH499 not
treated with pheromone (1.5 relative units for both points), which should
lie below the abscissa, are shown as a bar just above the line to increase
the clarity of presentation. Values are normalized to that observed for
vector-containing YPH499 treated with pheromone (198 nmol per min
per mg of protein). Standard deviations (data not shown) were less than
10% of the mean in all cases.
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MAPKs (Fig. 3). When Kss1 was present at its endogenous level
[approximately 5,000 molecules per cell (28)], stimulation with
mating pheromone induced the expression of the pheromone-
regulated reporter by approximately 100-fold (Fig. 44). In con-
trast, when KSSI was overexpressed approximately 20-fold from
its own promoter on a multicopy plasmid, pheromone-induced
expression was reduced by ~50% (Fig. 44). Correspondingly,
mating efficiency was reduced by ~75% (data not shown). When
Kss1 was overproduced approximately 100-fold from the strong
GALI promoter, pheromone-induced expression was reduced by
~95% (Fig. 44), and mating efficiency was comparably reduced
(data not shown). To rule out the possibility that this effect was
caused by any sort of competition between overproduced Kssl
and endogenous Fus3, these experiments were performed in a
fus3A strain (Fig. 44); comparable results were obtained in a
FUS3™ strain (data not shown and Fig. 4C).

The level and state of phosphorylation of Kss1 were monitored
by metabolic labeling and immunoprecipitation (Fig. 4B). Kssl
migrates as a doublet on polyacrylamide gels, where the faster-
migrating species is activated Kss1 (23). In naive cells, endoge-
nous Kss1 was mostly unactivated, and a prominent shift was seen
upon pheromone stimulation (Fig. 4B Upper). Overproduction of
Kss1 elevated the absolute amount of activated Kss1, as indicated
by the increase in both 33S-label (Fig. 4B Upper) and 32P-label
(Fig. 4B Lower) associated with the faster-migrating band. How-
ever, the increase in activated Kss1 was only 3- to 5-fold, despite
20- to 100-fold overproduction of total Kssl (Fig. 4B). Ste7
[<1,000 molecules per cell (28)] is presumably limiting under
these circumstances; indeed, cooverproduction of Ste7 partially
reversed the effects of Kss1 overproduction (data not shown).
Because overproduction primarily increased the amount of un-
activated Kss1, the ability of unactivated Kssl to repress Stel2
(25, 27) presumably accounts for the inhibition of pheromone-
induced transcription observed.

DIG1 or DIG2 Function Is Required for Kss1-Imposed Re-
pression at Pheromone-Inducible Genes. The effect of Kssl
overproduction on pheromone-induced transcription was com-
pared in the presence or absence of Digl and Dig2 (Fig. 4C). As
found by others (13), FUSI-acZ expression was significantly
derepressed in a strain lacking Digl and Dig2. Kss1 overproduc-
tion substantially repressed pheromone-induced transcription in
the wild-type strain but was ineffective at repressing pheromone-
induced transcription in the Dig-deficient strain (Fig. 4C). Im-
munoblot analysis using specific anti-Kss1 antiserum (23) indi-
cated that Kss1 was overproduced to equivalent levels (~50-fold)
in both the wild-type and Dig-deficient cells (data not shown).
These data indicate that, as in the case of FREs (Fig. 2), Digl and
Dig2 are required for effective Kssl-imposed repression at pher-
omone-inducible promoters.

DISCUSSION

The regulation of gene expression by protein kinase-mediated
phosphorylation is well established (2, 3). Repression imposed by
direct binding of a protein kinase, so far demonstrated only in
yeast (25, 27), is likely to be found in other protein kinase
signaling pathways that act as developmental switches. In this
study, we compared MAPK-imposed repression of the Stel2
transcription factor at genes involved in mating and invasive
growth and revealed a function for the Digl and Dig2 proteins as
cofactors in this process. We also further examined the role of
Digl and Dig2 in regulating invasive growth.

We showed herein that deletion of both KSSI and FUS3 or
deletion of both DIGI and DIG2 was sufficient to derepress
Stel2, indicating that the Digl and Dig2 proteins and the Kssl
and Fus3 MAPKS act cooperatively to repress Stel2 action at
FREs. Absence of Digl and Dig2 conferred a markedly hyper-
invasive phenotype, including abolishing the requirement for a
nitrogen-limitation signal in diploids. Conversely, when overpro-
duced, Digl was able to repress FREs even in the absence of the
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MAPKs. In contrast, substantial overproduction of Kss1 had no
markedly repressive effect in the absence of the Dig proteins.
These data suggest that the Dig proteins directly repress Stel2,
whereas Kss1 acts primarily to potentiate Dig-mediated repres-
sion, perhaps by stabilizing Dig-Ste12 interaction by virtue of its
ability to bind to both proteins (12, 13, 25, 27) (Fig. 54). The
mechanism(s) by which Digl and Dig2 repress Stel2 [e.g.,
short-range masking or squelching versus long-range or active
repression (42, 43)] remains to be determined. Digl and Dig2 are
homologous to each other but not to other repressors in current
databases.

Digl and Dig?2 regulate Ste12 function in naturally filamentous
and invasive S. cerevisiae. At least one prominent fungal pathogen
of humans, Candida albicans, contains a Ste12 homolog (Cphl)
important for hyphal formation and virulence (44). Moreover, a
small region of Stel2 sufficient for its interaction with Digl and
Dig2 in the two-hybrid assay is conserved between Stel2 and
Cphl (11). Also, a Ste7 homolog and a Kss1 homolog have been
shown to regulate hyphal development in C. albicans (45-47).
Hence, Dig homologs, in cooperation with MAPKs, may regulate
dimorphism, filamentation, and invasiveness in other fungi.

Having established that Digl and Dig2 are required for
Kss1-imposed repression of Ste12 at FREs, we sought to gain

Pheromone-inducible genes

FiG. 5. Model for differential control of FREs and PREs by
MAPK- and Digl/2-mediated regulation. (4) At both elements,
unphosphorylated MAPK [principally Kss1 (25-27)] binds directly to
Stel2 and to Digl (and Dig2), thereby stabilizing Digl/2-Stel2
complexes and potentiating Dig-mediated repression of Stel12. (B) At
FREs, phosphorylation of Kssl by Ste7, in response to upstream
signals, weakens its association with Stel2, consequently promoting
dissociation of Dig proteins from Ste12-Tecl complexes, permitting
substantial derepression (27). Ste7-dependent phosphorylation of
Kss1 may also attenuate its binding to Ste12 at pheromone-inducible
promoters, but this event is not sufficient for effective derepression,
presumably because Dig proteins are bound more stably to Stel12-
Ste12 homooligomers. (C) At FREs, phosphorylated (activated) Kssl1
reinforces the transition, presumably by phosphorylating Digl/2 (12,
13) and/or Stel2 and/or Tecl (25, 27). Phosphorylation of these
targets may prevent their reassociation, stimulate the transactivator
activity of Ste12 and/or Tecl, or both. However, the level of Kssl
activation that results from the signals promoting invasive growth are
insufficient to achieve derepression at PRE-bound complexes. In
contrast, when more fully activated by pheromone, the MAPKs
[principally Fus3 (25, 48)] derepress pheromone-inducible promoters,
again presumably by phosphorylating Digl/2 and Stel2 (11, 12, 13,
24). FRE-bound complexes are apparently insensitive to Fus3 action,
perhaps because Fus3 cannot gain access to these complexes or
phosphorylate them appropriately.
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insight into the potential role of both regulators in the control
of Stel2 function at pheromone-inducible promoters. Funda-
mentally, both elements (FREs and PREs) are not expressed
until derepressed in response to a signal transmitted by the
MAPK cascade. Mechanistically, we found two key similarities
in regulation. (i) Dig function is absolutely required for
repression at both types of elements. (i) Kss1-imposed repres-
sion, mediated by direct Kss1-Ste12 binding, operates at both
elements. However, with regard to the latter, there is a
significant difference in degree. As shown herein, in the
absence of Kssl, expression of FUS! increases about 7-fold
above its normal basal level but only to ~7% of its pheromone-
induced level. In contrast, expression of FREs in the absence
of a signal (in ste7A cells) is substantially elevated, to ~60% of
its normally derepressed level, by removing Kss1 alone and
fully derepressed by removing both MAPKs (26). Therefore,
at PREs, Dig binding to Ste12 is presumably less dependent on
Kssl (Fig. 5B).

At PREs, absence of both MAPKs prevents pheromone-
induced derepression, whereas at FREs, absence of both MAPKs
results in constitutive derepression. The most likely explanation
for this apparent paradox relies on the demonstrated ability of the
activated MAPKs to phosphorylate both Stel2 and the Dig
proteins (12, 13, 25, 27) (Fig. 5C). Full derepression at phero-
mone-induced promoters presumably requires two steps: Ste7-
dependent phosphorylation of the MAPKs and subsequent phos-
phorylation of substrates (Stel2 and Digl) by the activated
MAPKSs. We have shown that derepression of FR Es requires the
first step but not the second (26, 27). In principle, then, the level
of activated Kss1 could be set so that mating genes are not
expressed even though FREs are expressed.

When the MAPK pools are more fully activated in response to
pheromone stimulation, both classes of elements are derepressed
(but the mating program exerts some dominance over the invasive
growth program). Thus, flux through the MAPK cascade may
dictate the response as follows: low signal, FREs on and PREs
off; high flux, both on. Additional mechanisms also contribute to
response specificity. Genetic data suggest that Fus3-mediated
phosphorylation can promote derepression at pheromone-
inducible promoters but not at FREs, whereas Kssl-mediated
phosphorylation can act at both classes of element (L.B., unpub-
lished observations). In haploids, Fus3 may not be efficiently
activated by invasive-growth promoting signals. Also, competi-
tion between Fus3 and Kss1 for their activator, Ste7, and/or for
the Ste5 scaffold protein may prevent full activation of Kss1 by
pheromone, so that FREs are not hyperinduced in response to
pheromone (25, 48). In diploids, which display robust filamenta-
tion, genes required for mating (including FUS3 and STES) are
not expressed, and Stel2 expression is reduced (10, 19).

The difference in sensitivity between FREs and PREs to
MAPK-imposed and Dig-dependent repression presumably lies
in the architecture and stability of the nucleoprotein structures
(49) formed around Stel2-Tecl heterooligomers and around
Ste12-Ste12 homooligomers, respectively. The interactions oc-
curring in these structures may be extensive. It has been shown,
for example, that the Dig proteins can associate with themselves,
with Ste12, and with the MAPKSs (12, 13). Hence, for instance, the
Ste12-Dig complexes bound at the multiple PREs found in the
FUS1 promoter (50) may assemble into a higher-order structure
that is more stable in the absence of the MAPKs than the complex
formed at the single Ste12-binding site in the Tyl FRE (Fig. 5).

Many of the hallmarks of the transcriptional controls manifest
in the mating and invasive growth responses of yeast are also
displayed in the responses of animal cells to growth factors and
differentiation inducers, including repression and combinatorial
regulation, threshold responses to a graded signal, and discrim-
ination between distinct signals transduced by overlapping com-
ponents (5, 6, 43, 51, 52, 53). Hopefully, molecular mechanisms
for these processes revealed by study of experimentally accessible
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model organisms, such as yeast, will continue to be generally
applicable.
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