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The yeast Saccharomyces cerevisiae transcription factor Ste12p is responsible for activating genes in response
to MAP kinase cascades controlling mating and filamentous growth. Ste12p is negatively regulated by two
inhibitor proteins, Dig1p (also called Rst1p) and Dig2p (also called Rst2p). The expression of a C-terminal
Ste12p fragment (residues 216 to 688) [Ste12p(216–688)] from a GAL promoter causes FUS1 induction in a
strain expressing wild-type STE12, suggesting that this region can cause the activation of endogenous Ste12p.
Residues 262 to 594 are sufficient to cause STE12-dependent FUS1 induction when overexpressed, and this
region of Ste12p was found to bind Dig1p but not Dig2p in yeast extracts. In contrast, recombinant glutathione
S-transferase–Dig2p binds to the Ste12p DNA-binding domain (DBD). Expression of DIG2, but not DIG1, from
a GAL promoter inhibits transcriptional activation by an Ste12p DBD-VP16 fusion. Furthermore, disruption
of dig1, but not dig2, causes elevated transcriptional activation by a LexA–Ste12p(216–688) fusion. Ste12p has
multiple regions within the C terminus (flanking residue 474) that can promote multimerization in vitro, and
we demonstrate that these interactions can contribute to the activation of endogenous Ste12p by overproduced
C-terminal fragments. These results demonstrate that Dig1p and Dig2p do not function by redundant mech-
anisms but rather inhibit pheromone-responsive transcription through interactions with separate regions of
Ste12p.

Ste12p activates signal-responsive transcription in Saccharo-
myces cerevisiae. In haploid yeasts, Ste12p is required for the
response to mating pheromone produced by the opposite mat-
ing type and for invasive growth, possibly in response to lim-
iting nutrients (13). In diploids, Ste12p regulates pseudohyphal
development in response to nitrogen starvation (13). In each
case, Ste12p induces the transcription of genes necessary to
produce the appropriate cell cycle progression and morpho-
logical alterations. Since Ste12p is necessary for responses to
separate signals that cause substantial changes in the organism,
its activity must be tightly regulated. Part of the differential
function of Ste12p in regulating separate classes of genes is
mediated through interactions with different DNA-binding
partners. Ste12p binds cooperatively with itself, Mcm1p, and
a1p to regulate pheromone-responsive genes (36, 37, 42, 43)
and with Tec1p to activate genes required for filamentous
growth (22).

Regulation of Ste12p’s function in pheromone and filamen-
tous responses appears to involve overlapping signaling mech-
anisms that control the MAP kinases Fus3p and Kss1p, respec-
tively (23). In response to mating pheromone, Fus3p is thought
to phosphorylate substrates that mediate the activation of
pheromone-responsive transcription and cause the transient
G1 cell cycle arrest required for mating. Downstream targets of
Fus3p may include Ste12p (9, 16, 38), the two inhibitors of
Ste12p encoded by DIG1 (also called RST1) and DIG2 (also
called RST2) (3, 40), and Far1p, which inhibits Cdc28-G1 cyclin
complexes and promotes pheromone-responsive cell cycle ar-
rest (9, 26, 41). The unactivated form of Fus3p has also been

shown to inhibit inappropriate activation of Kss1p by the pher-
omone response pathway (23). Similarly, the unactivated form
of Kss1p inhibits filamentous response element-dependent
transcription, while active Kss1p is required for the expression
of filamentous response genes (2, 23). Like Fus3p, Kss1p is
known to phosphorylate Dig1p and Dig2p (5), but the func-
tional significance of these phosphorylations has not been de-
termined.

Two inhibitors of Ste12p encoded by DIG1 and DIG2 were
identified in two-hybrid screens with Kss1p (5) and Cln1p and
Cln2p (40) and have been shown to be present in complexes
that also contain Ste12p and Kss1p and/or Fus3p (5, 40). Dig1p
and Dig2p appear to negatively regulate the function of Ste12p
in both filamentous growth and pheromone response (3, 5, 40).
Pheromone treatment causes phosphorylation of Dig1p and
Dig2p (40), and it has been suggested that the activation of
Ste12p may be mediated through inhibition of the function of
these negative regulators (40). Consistent with this model, a
minimal pheromone-responsive segment of Ste12p was shown
to interact with Dig1p and Dig2p in a two-hybrid analysis (27).
Dig1p and Dig2p are 22% identical over their entire sequences
and share a 60-amino-acid segment with 64% similarity. Dis-
ruption of DIG1 or DIG2 individually has no apparent effect
on cell morphology or pheromone response, but yeasts bearing
disruptions of both dig1 and dig2 form extensive filaments and
show elevated expression of pheromone-responsive genes (5,
30, 40). Because of their sequence similarity and apparent
phenotypic redundancy, these two inhibitors have generally
been considered to have similar, if not identical, functions (3,
5, 40). However, DIG1 is expressed constitutively, whereas
DIG2 has a cluster of upstream pheromone response elements
and is induced approximately twofold in response to phero-
mone (5, 30).

Because an understanding of Ste12p regulation is compli-

* Corresponding author. Mailing address: Biochemistry and Molec-
ular Biology, 2146 Health Sciences Mall, Vancouver, British Columbia
V6T 1Z3, Canada. Phone: (604) 822-4524. Fax: (604) 822-5227. E-
mail: sadowski@interchange.ubc.ca.

4199



cated by its interaction with multiple regulatory proteins and
DNA-binding partners, we have sought to simplify analysis of
the functions of Dig1p and Dig2p by examining their effects on
the pheromone-responsive gene FUS1, which Ste12p can acti-
vate on its own (14). We have found that Dig1p and Dig2p bind
to separate regions of Ste12p; Dig1p interacts directly with the
Ste12p central region (residues 309 to 547), while Dig2p inter-
acts with the DNA-binding domain (DBD) (residues 21 to
195). These interactions are necessary to inhibit pheromone-
responsive transcription by Ste12p in vivo. These results dem-
onstrate that Dig1p and Dig2p are not mechanistically redun-
dant but rather must inhibit Ste12p function through
independent mechanisms.

MATERIALS AND METHODS

Plasmids, yeast strains, and yeast techniques. The yeast strains used for these
experiments are listed in Table 1. WHY4 is an SY2585 derivative in which ste12
was disrupted by use of plasmid pSUL16 (11). The dig1D173 disruption was
produced with pIS173, which is a URA3 two-step disruption plasmid that re-
moves DIG1 nucleotides 2125 to 11050. The ste12D12 disruption was generated
similarly with plasmid pAO012, which deletes nucleotides 2493 to 1640. Dis-
ruptions were confirmed by PCR and Southern blotting. Plasmids pJL1 and
pYe/STE12DXba, which express GAL-inducible wild-type (WT) Ste12p and
Ste12p without the DBD (Ste12pDDBD) (residues 216 to 688), respectively, have
been described previously (16). Ste12p deletion mutants (see Fig. 2A) were
produced by amplification in vitro using the oligonucleotides listed in Table 2
and cloned into pYeDP8-1/2 (7) as KpnI/EcoRI fragments. Plasmids p10, p11,
and p12 were constructed by subcloning BamHI deletion fragments from p2 into
p5, p1 into p5, and p3 into p6, respectively. The LEU2 GAL-STE12 deletion
plasmids pIS222 (residues 216 to 688), pIS224 (356 to 688), and pIS225 (216 to
500) contain a LEU2 BglII fragment (made blunt) inserted into the EcoRV site
of URA3 in their respective parents described above. His6-Ste12p DBD expres-
sion plasmids were produced by cloning EcoRI/BamHI fragments produced by
amplification with combinations of the oligonucleotides indicated in Table 2 into
pRSET-A. pAO003, which expresses Ste12p DBD from a GAL promoter, con-
tains an EcoRI/BamHI fragment from pRSET-A (residues 1 to 215) subcloned
into pYeDP8-1/2. The Ste12p DBD-VP16 fusion was created by cloning a DBD-
encoding fragment from pSTE12-7 (16) into the EcoRI site of pM3VP16 (31).
An Ste12p DBD-VP16 XhoI/HindIII fragment was then made blunt with PolIK
and cloned into the BamHI (made blunt) site of pYeDP8-1/2 to produce pSTVP/
235. pG4-DBD, for expression of His6-Gal4p DBD (residues 1 to 147) in Esch-
erichia coli, contains a HindIII/EcoRI fragment from pMA241 (21) in pRSET-B.
Plasmids for the expression of Dig1p and Dig2p from GAL promoters in yeasts
(pG1T and pG2T, respectively) and as glutathione S-transferase (GST) fusions
in E. coli (pT580 and pT581, respectively) were as described previously (40).
GST-Ste12p E. coli expression plasmids pGT11 (residues 216 to 594), pGT12
(216 to 500), pGT16 (262 to 688), pGT14 (356 to 688), and pGT15 (450 to 688)
contain KpnI/EcoRI fragments as described above cloned into pGT10, which is
pGEX4-T3 with a KpnI linker inserted into the BamHI (made blunt) site.
pMHLex and pIS181 are TRP1 ARS-CEN plasmids expressing LexA from the
ADH1 promoter, followed by multiple cloning sites (39). LexA-Ste12p yeast
expression plasmids pIS196 (residues 1 to 688) and pIS182 (215 to 688) contain
an EcoRI fragment and pIS183 (215 to 473) contains an EcoRI/BamHI fragment
from corresponding Gal4 fusion plasmids (38) cloned into pMHLex. LexA-
Ste12p expression plasmids pIS184 (residues 216 to 500), pIS187 (262 to 688),

pIS188 (356 to 688), pIS189 (403 to 688), and pIS194 (450 to 688) contain
KpnI/EcoRI fragments as described above in pIS181. His6-Gal4p (residues 1 to
93) fusions were expressed in E. coli using pRJR1 (29).

Unless indicated otherwise, cells were grown in minimal selective medium to
an optical density at 600 nm of 0.8 and induced with 2% galactose or 2 mg of
a-factor (Sigma) per ml. b-Galactosidase activity in permeabilized cells was
determined as described previously (1). RNA was extracted by the phenol-freeze
technique (35), and specific transcripts were measured by Northern blotting (1).

Recombinant proteins and antibodies. GST and His6 fusion proteins were
expressed in E. coli and batch purified with glutathione-agarose (Sigma) and
Ni-agarose, respectively (1). Extracts from E. coli RR1 expressing TRPE-Ste12p
from plasmid pTES216 (16) were prepared as described previously (34). A
recombinant baculovirus for expressing native WT Ste12p was produced by
cotransfection of Autographa californica nuclear polyhedrosis virus (AcMNPV)
DNA into SF9 cells with pBVS12, which contains the STE12 open reading frame
cloned into the EcoRV/BamHI sites of pACYM1 (25). Extracts from infected
cells were produced by Dounce homogenization in SF9 lysis buffer (20 mM
Tris-HCl [pH 8], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 1 mM phenylmethylsulfonyl fluoride [PMSF], 3 mM dithiothreitol
[DTT], 0.7 mM leupeptin, 2 mM pepstatin, 2 mM benzamidine, 2 mg of chymo-
statin per ml, 100 mg of tolylsulfonyl phenylalanyl chloromethyl ketone [TPCK]
per ml) and clarified by centrifugation at 12,000 3 g for 20 min. For measuring
interactions between recombinant proteins, 5 mg of GST-Gal4 or His6-Gal4
fusion protein was mixed in GST lysis buffer (1 mM DTT, 0.1% Nonidet P-40,
250 mM NaCl, 50 mM NaF, 5 mM EDTA, 50 mM Tris [pH 7.5], 1 mM PMSF,
1 mg of pepstatin per ml, 1 mg of leupeptin per ml, 10 mg of soybean trypsin
inhibitor per ml, 10 mg of TPCK per ml, 0.6 mM dimethylaminopurine) with
His6-Ste12p DBD, His6-Gal4p DBD, or 100 mg of E. coli lysates containing
TRPE-Ste12p or was mixed in GST lysis buffer supplemented with 1 mg of
bovine serum albumin per ml and 100 mg of total protein from infected SF9
extracts expressing WT Ste12p. Recombinant GST fusions and associated pro-
teins were recovered with glutathione-agarose as described below and analyzed
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and Western blotting. Rabbit anti-histidine tag antibodies were purchased
from Santa Cruz. Rabbit anti-Gal4p and anti-Ste12p (residues 216 to 688)
[Ste12p(216–688)] antibodies have been described previously (33). Rabbit anti-
Ste12p DBD antibodies were produced against His6-Ste12p(1–215) using stan-
dard techniques (15).

Metabolic labeling, immunoprecipitation, and protein affinity precipitation.
Cells bearing GAL1-STE12 expression plasmids were starved for 20 min in
Met-negative medium prior to labeling at 30°C with 1.2 mCi of [35S]methionine
per ml in the presence of 2% galactose for 2 h. Immunoprecipitation with
anti-Ste12p polyclonal antibody was done as described previously (16). Labeled
lysates used to assay interactions with recombinant fusion proteins were pre-
pared in GST lysis buffer as for immunoprecipitation. The lysates were pre-
cleared by incubation with 20 mg of GST and 50 ml of glutathione-agarose per ml
for 1 h at 4°C, followed by microcentrifugation at 2,000 3 g for 2 min. Clarified
lysates were incubated with 5 mg of recombinant GST, GST-Dig1p, or GST-
Dig2p for 1 h on ice. Following the addition of 25 ml of glutathione-agarose, the
samples were incubated for an additional 1 h at 4°C with gentle agitation. The

TABLE 1. Yeast strains

Strain Genotype Source

SY2585 MATa leu2 trp1 ura3 ade2
mfa2D::FUS1-LacZ his3::FUS1-HIS3

C. Boone

WHY4 MATa leu2 trp1 ura3 ade2
mfa2D::FUS1-LacZ his3::FUS1-HIS3
ste12::LEU2

This study

ISY37 MATa ade2 his3 leu2 trp1 ura3 can1
dig1D173

This study

W303-1A MATa leu2 trp1 ura3 ade2 his3 can1 H. Ronne
YCN7 MATa leu2 trp1 ura3 ade2 his3 can1

ste12D12 dig1D173 dig2::HIS3
This study

MT1147 MATa leu2 trp1 ura3 ade2 his3 can1
dig2::HIS3

40

MT1154 MATa leu2 trp1 ura3 ade2 his3 can1
dig1::TRP1

40

TABLE 2. Oligonucleotides

Name
Ste12p
amino
acida

Sequence (59 to 39)

AO1 215F GGTACCATGTCTAGAAGACCATCTAGTACAACA
AO7 262F GGTACCATGCCCTCTCAAATTAATGATTTTATT
AO8 309F GGTACCATGGACTATTTTCTTGTATCTGTTGAA
AO9 351F GGTACCATGTCTCTTCTTAATAGATACCCCTAT
AO10 403F GGTACCATGGACCCTACCAGCTACATGAAGTAT
AO11 450F GGTACCATGCAATCTTACCCAAACGGAATGGTT
AO12 500R GAATTCTCATTGTGGATACAGCATATTGTTATC
AO13 547R GAATTCTCACTGCATGGAATTTGAACTTTGCAT
AO14 594R GAATTCTCAATTTCCTTGTGAAGACTTCATTCC
AO15 641R GAATTCTCAAGAATCTTCGTCACCAGCACTTGG
AO4 688R GAATTCTCAGGTTGCATCTGGAAGGTTTTTATC
VT1 1F CTGGATCCATGAAAGTCCAAATAACCAATAGT
SBD1 21F CTGGATCCATGGAAAACGATGAAGTCAGTAAAGCT
AO29 45F CTGGATCCATGTTCTTTTTAGCCACAGCG
VT2 215R TCGAATTCTCATCTAGAATCTAAATGTTGAAGTAA
SDB2 195R TCGAATTCTCATGAAAAAGATAAGGCGGGCTCATT
AO27 170R TCGAATTCTCATTCCAACGCATCCG

a Terminal Ste12p amino acid residue encoded by amplified DNA fragments
produced with the indicated oligonucleotide. Priming direction: F, forward; R,
reverse.
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beads were washed three times with GST lysis buffer, and bound proteins were
eluted by incubation for 30 min in GST lysis buffer plus 5 mM glutathione.
Labeled proteins were resolved by SDS–10% PAGE and detected by autoflu-
orography.

RESULTS

Overexpression of Ste12p C-terminal fragments causes the
induction of a pheromone-responsive gene in the absence of
pheromone. The ability of Ste12p to activate transcription is
inhibited in the absence of pheromone by at least two negative
regulators, Dig1p and Dig2p (5, 40). To identify the region(s)
of Ste12p that is necessary for inhibition by these proteins, we
initiated a strategy similar to that used to examine the regula-
tion of Gal4p by the inhibitor Gal80p. The overproduction of
Gal4p C-terminal fragments containing the major region of
interaction with Gal80p causes the induction of GAL transcrip-
tion in the absence of galactose by competing for the binding
of Gal80p with endogenous WT Gal4p (17, 20). Consistent
with previous results (38), we found that the overexpression of
WT Ste12p from a galactose-inducible promoter in either WT
or ste12 yeast caused elevated transcription from a pheromone-
responsive promoter (FUS1-LacZ) in the absence of phero-
mone (Fig. 1). Also, similar to the results obtained with Gal4p,
we found that FUS1-LacZ transcription could be induced in
the absence of pheromone by overexpression of a truncated
Ste12p derivative [Ste12p(216 to 688)] lacking the DBD in
yeast cells expressing endogenous WT STE12 (Fig. 1A) but not
in cells bearing an ste12 disruption (Fig. 1B). This result dem-
onstrates that endogenous Ste12p can be activated in the ab-
sence of pheromone by overproduction of the Ste12p C termi-
nus (residues 216 to 688). In view of our original rationale, one
interpretation of this result is that the Ste12p C terminus might
bind one or more inhibitors and that its overproduction causes
induction by competing for the binding of inhibitors with en-
dogenous Ste12p. However, we demonstrate below that the
Ste12p C terminus has several segments that can promote
multimerization. Therefore, overexpression of residues 216 to

688 likely causes activation by a mechanism involving a direct
interaction with endogenous Ste12p, in addition to competi-
tion for the binding of negative regulatory proteins.

To identify the region of Ste12p necessary for causing the
induction of FUS1-LacZ expression when overproduced, we
expressed a set of C-terminal deletions from the GAL1 pro-
moter (Fig. 2A). We found that sequences C terminal to res-
idue 594 or N terminal to residue 262 could be deleted from
overexpressed Ste12p without preventing the elevation of
FUS1-LacZ reporter gene expression (Fig. 2B). In contrast,
overexpression of Ste12p fragments bearing C-terminal trun-
cations to residues 547 and N-terminal truncations to 309 did
not cause a significant elevation of FUS1-LacZ transcription
(Fig. 2B). Consistent with these results, expression of a frag-
ment spanning residues 262 to 594 (Fig. 2B, p10) caused the
activation of FUS1-LacZ expression, whereas a smaller frag-
ment spanning residues 309 to 547 had no effect (Fig. 2B, p12).
These observations indicate that endogenous Ste12p can be
activated in the absence of pheromone by overproduction of a
C-terminal Ste12p fragment spanning residues 262 to 594.

Dig1p and Dig2p interact with separate regions of Ste12p.
Dig1p and Dig2p are present in complexes with Ste12p and
Kss1p or Fus3p in vivo (5, 40). Since overexpression of Ste12p
residues 262 to 594 causes activation of endogenous Ste12p, we
determined whether Dig1p or Dig2p interacts directly with this
region. We examined whether Ste12p deletion fragments (Fig.
2A) could be recovered from labeled total yeast extracts by
protein affinity precipitation with recombinant GST-Dig1p
and GST-Dig2p. As shown previously (16), WT Ste12p and
Ste12pDDBD are readily detected by immunoprecipitation
with polyclonal anti-Ste12p antibodies when expressed from a
galactose-inducible promoter in [35S]methionine-labeled cells
(Fig. 3A, lanes A). Recombinant GST-Dig1p mixed with
[35S]methionine-labeled extracts prepared from ste12 cells and
recovered with glutathione-agarose bound a single labeled pro-
tein of approximately 80 kDa (Fig. 3A, vector, lane 1), while
similarly treated GST-Dig2p bound two labeled proteins of

FIG. 1. Overexpression of Ste12p residues 216 to 688 causes STE12-dependent activation of FUS1-LacZ transcription. Yeast strains SY2585 (STE12) (A) and
WHY4 (ste12) (B) bearing plasmids pYeDP8-1/2 (vector), pJL1 (WT Ste12p), and pYe/STE12DXba (Ste12pDDBD) were induced with galactose, and FUS1-LacZ
expression was determined by measurement of b-galactosidase (b-gal) activity at the indicated times.
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approximately 80 and 92 kDa (Fig. 3A, vector, lane 2). The
identities of these 80- and 92-kDa proteins are unknown. Using
this technique, we found that WT Ste12p could be recovered
from labeled extracts by affinity precipitation with both GST-
Dig1p and GST-Dig2p (Fig. 3A, WT Ste12p, lanes 1 and 2,
respectively). In contrast, we found that the Ste12pDDBD de-
rivative could be recovered from extracts with GST-Dig1p but
not GST-Dig2p (Fig. 3A, Ste12pDDBD, compare lanes 1 and
2). These results demonstrate that recombinant Dig1p and
Dig2p specifically interact with Ste12p plus several additional
proteins in labeled yeast extracts. Furthermore, we found that
both Dig1p and Dig2p bound WT Ste12p but that only Dig1p
was capable of interacting with the Ste12pDDBD derivative.
This result indicates that these inhibitors must bind to different
regions of Ste12p. Dig2p requires the DBD (residues 1 to 215)
for interaction with Ste12p, whereas Dig1p can interact with
residues 216 to 688.

To identify the region of Ste12p that binds GST-Dig1p, we
examined interactions with the Ste12p C-terminal deletion
fragments (Fig. 2A) by protein affinity precipitation from la-
beled yeast extracts. We found that Ste12p C-terminal trunca-
tions p1 (215 to 641) and p2 (215 to 594) were efficiently
recovered from labeled yeast extracts with GST-Dig1p but not
GST-Dig2p, while p3 (215 to 547) was recovered slightly less
efficiently with GST-Dig1p (Fig. 2B, C, and D). In contrast, the
C-terminal truncation p4 (215 to 500) did not interact with
GST-Dig1p or Dig2p (Fig. 3E). Similarly, the Ste12p N-termi-
nal truncations p5 (262 to 688) and p6 (309 to 688) were also
recovered by GST-Dig1p (Fig. 3F and G), but the smaller
N-terminal truncations p7 (356 to 688) (Fig. 3H) and p8 (403
to 688) and p9 (450 to 688) (data not shown) did not interact
with either GST-Dig1p or GST-Dig2p. These results indicate
that residues 309 to 547 of Ste12p are required for the most

efficient interaction with recombinant Dig1p. Furthermore, the
fact that none of the truncated Ste12p C-terminal fragments
interacted with Dig2p supports the conclusion that the two
inhibitors interact with separate regions of Ste12p.

Ste12p is known to interact with other proteins in addition to
Dig1p and Dig2p, including the transcription factors Mcm1p
(10), a1p (43), and Tec1p (22) and the MAP kinases Kss1p and
Fus3p (2, 3, 5, 40). We also observed at least two additional
proteins, of 80 and 92 kDa, interacting with GST-Dig2p and
one protein, of 80 kDa, interacting with GST-Dig1p in protein
affinity precipitations of labeled yeast extracts (Fig. 3A).
Therefore, it was necessary to determine whether Dig1p and
Dig2p were capable of direct interactions with separate regions
of recombinant Ste12p in the absence of additional yeast pro-
teins. To examine whether GST-Dig2p interacts directly with
the Ste12p DBD, we expressed this fragment (residues 1 to
215) in E. coli as a His6-tagged fusion (Fig. 4A, lane 4). We
found that His6-Ste12p DBD is bound efficiently by GST-
Dig2p (Fig. 4A, lane 1) but not significantly by GST-Dig1p
(lane 2). Neither GST fusion protein interacted with His6-
Gal4p DBD (Fig. 4A, lanes 5 to 8). Further deletion analysis
demonstrated that residues 21 to 195 of Ste12p comprise the
minimal Dig2p-binding region. GST-Dig2p interacted with
His6-Ste12p(21–195) (Fig. 4B, lane 6) but not smaller frag-
ments containing residues 21 to 170 or 45 to 195 of Ste12p (Fig.
4B, lanes 9 and 12). This result indicates that Dig2p binds to
Ste12p at the same region required for DNA binding (42)
(data not shown). GST-Dig1p did not interact with any of the
Ste12p DBD deletion constructs (data not shown).

Full-length recombinant WT Ste12p was also produced by
expression in insect cells using a baculovirus vector (Fig. 4C,
lane 7). Consistent with the results shown above (Fig. 3A), we
found that recombinant WT Ste12p could be recovered from

FIG. 2. Ste12p residues 262 to 594 cause elevated FUS1 transcription when overexpressed in STE12 yeast. (A) Strain SY2585 (STE12) bearing plasmids expressing
Ste12p fragments from a GAL promoter or pYEDP8-1/2 (vector) were grown to mid-log phase and induced with galactose for 2 h. (B) Relative FUS1-LacZ
transcription was measured by assaying b-galactosidase activity.
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infected insect cell extracts with both GST-Dig1p (Fig. 4C, lane
1) and GST-Dig2p (lane 3). These results demonstrate that
Dig1p and Dig2p are able to interact with Ste12p in the ab-
sence of other yeast proteins. However, since the unactivated
form of Kss1p has been shown to bind and inhibit Ste12p (2),
an effect that appears to require Dig1p or Dig2p (3), interpre-
tation of the latter result may be complicated by the fact that
insect cells express MAP kinases. To determine whether Dig1p
interacts directly with the Ste12p central region, we used a
recombinant TRPE–Ste12p(216–688) fusion produced in E.
coli (16) (Fig. 4D, lane 1). Consistent with the results shown
above, we found that TRPE–Ste12p(216–688) was bound by
GST-Dig1p (Fig. 4D, lane 2) but not by GST-Dig2p (lane 4).
These results demonstrate that Dig1p and Dig2p interact di-
rectly with separate regions of Ste12p. Dig2p binds to the
Ste12p DBD (residues 1 to 215), while the strongest interac-
tion of Dig1p with Ste12p requires a region spanning residues
309 to 547 (Fig. 3).

Dig1p and Dig2p inhibit Ste12p by separate interactions in
vivo. Since Dig1p and Dig2p interact with separate segments of
Ste12p in vitro, we examined whether we could dissociate their

inhibitory effects on Ste12p in vivo. We expressed the Ste12p
DBD on its own (residues 1 to 215) and as a fusion to the
strong transcriptional activation domain of herpes simplex vi-
rus type 1 VP16 (32) (Ste12p DBD-VP16) from GAL promot-
ers. Ste12p DBD produced on its own caused a slight elevation
of FUS1-LacZ transcription relative to the vector control (Fig.
5A), suggesting that the DBD might possess a weak transcrip-
tional activation function. However, the Ste12p DBD-VP16
fusion activated FUS1-LacZ expression approximately 25-fold
more than Ste12p DBD (Fig. 5A). We found that simultaneous
expression of Dig2p but not Dig1p from a GAL promoter
inhibited the activation of FUS1-LacZ expression by the
Ste12p DBD-VP16 fusion (Fig. 5A). We also examined the
effect of Ste12p DBD and Ste12p DBD-VP16 on the expres-
sion of the endogenous FUS1 gene by Northern blotting. Con-
sistent with the results of Fig. 5A, we found that Ste12p DBD-
VP16 strongly activated FUS1 transcription and that this effect
could be inhibited by simultaneous overexpression of DIG2 but
not DIG1 (data not shown). These results demonstrate that
Dig2p inhibits Ste12p in vivo by its direct interaction with the
DBD.

FIG. 3. Dig1p and Dig2p interact with different regions of Ste12p in yeast extracts. Strain WHY4 (ste12) bearing Ste12p expression plasmids pJL1 (A, WT Ste12p),
pYe/STE12DXba (A, Ste12pDDBD), and control pYeDP8-1/2 (A, vector) or plasmids expressing Ste12p deletions p1 (B), p2 (C), p3 (D), p4 (E), p5 (F), p6 (G), and
p7 (H) was labeled with [35S]methionine in the presence of galactose. Labeled extracts were immunoprecipitated with Ste12p(216–688) polyclonal antibodies (lanes
A) or analyzed by protein affinity precipitation with recombinant GST-Dig1p (lanes 1) or GST-Dig2 (lanes 2). Recovered proteins were resolved by SDS-PAGE and
visualized by autofluorography. Migration of WT Ste12p and Ste12pDDBD is indicated by arrowheads labeled A and B, respectively, in panel A. Migration of the Ste12p
C-terminal fragments in panels B to H is indicated by an arrowhead. MW, molecular weight (in thousands).
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To examine whether Dig1p inhibits Ste12p by interaction
with the central region, we examined activation by LexA-
Ste12p fusions in dig1 and dig2 yeast strains (Fig. 5B). Consis-
tent with previous observations (38), we found that LexA-
Ste12p(1–688) and LexA-Ste12p(216–688) fusions were weak
activators in the absence of pheromone (Fig. 5B), but activa-
tion could be stimulated by pheromone treatment in WT cells
(data not shown). However, we found that activation by LexA-
Ste12p(216–688) in the absence of pheromone was elevated in
dig1 yeast cells relative to WT cells but not in dig2 yeast cells
(Fig. 5B). In contrast, activation by the LexA–full-length
Ste12p fusion [LexA-Ste12p(1–688)] was unaffected by disrup-
tion of either dig1 or dig2 in unstimulated cells (Fig. 5B). These
results indicate that in the absence of pheromone, LexA-
Ste12p(1–688) must be negatively regulated by both Dig1p and
Dig2p, whereas LexA-Ste12p(216–688) is only inhibited by
Dig1p. Together with the above results, these observations
support the view that Dig1p and Dig2p inhibit Ste12p through
interactions with separate regions.

Overexpression of Ste12p(216–688) does not cause the ac-
tivation of endogenous Ste12p solely by competing for the
binding of Dig1p. As indicated above, we initially examined the
effect of overexpressed Ste12p C-terminal fragments with the
rationale that they should cause the activation of endogenous
Ste12p by competing for binding of the inhibitor proteins.

However, several observations indicate that overexpressed
Ste12p(216–688) cannot cause activation merely by competi-
tion for Dig1p. First, as shown above, overproduction of
Ste12p(262–594) is required to cause the activation of FUS1
transcription by endogenous Ste12p (Fig. 2); in contrast, a
smaller segment (residues 309 to 547) seems to be necessary
for efficient interaction with Dig1p (Fig. 3). Second, Ste12p
(216–688) does not interact directly with Dig2p (Fig. 3 and 4),
yet overexpression of this region can activate endogenous
Ste12p in a WT (DIG2) strain (Fig. 1). Furthermore, simulta-
neous overexpression of DIG2 inhibited transcriptional activa-
tion by both WT Ste12p and Ste12pDDBD as efficiently as
overexpression of DIG1 (Fig. 6A). We also directly examined
whether Dig1p was required for the activation of FUS1 tran-
scription by overexpressed Ste12p(216–688) (Fig. 6B). We
found that overexpression of residues 216 to 688 caused much
more extensive induction of FUS1 transcription in both dig1
and dig2 yeast cells than in WT cells (Fig. 6B, compare lanes 6
and 9 with lane 3). In contrast, overexpression of the Ste12p
DBD (residues 1 to 215) on its own caused approximately
equivalent levels of activation of FUS1 transcription in mutant
cells and in WT cells (Fig. 6B, lanes 2, 5, and 8). This result
demonstrates that overexpression of Ste12p(216–688) cannot
cause FUS1 induction simply by competing with endogenous
Ste12p for Dig1p.

FIG. 4. Dig1p and Dig2p interact with separate parts of recombinant Ste12p in vitro. (A) Recombinant His6-Ste12p DBD (lanes 1 to 4) and His6-Gal4p DBD (lanes
5 to 8) were mixed with GST-Dig2p (lanes 1 and 5), GST-Dig1p (lanes 2 and 6), or GST (lanes 3 and 7). Bound proteins were recovered with glutathione-agarose,
resolved by SDS-PAGE, and detected by immunoblotting with anti-His6 tag antibodies. One-twelfth the input amount of His6-Ste12p DBD and His6-Gal4p DBD was
analyzed directly by SDS-PAGE (lanes 4 and 8), and their migration is indicated as A and B, respectively. (B) Recombinant His6-Ste12p (DBD) fragments spanning
residues 1 to 215 (lanes 1 to 3), 21 to 195 (lanes 4 to 6), 21 to 170 (lanes 7 to 9), or 45 to 195 (lanes 10 to 12) were assayed for interaction with GST (lanes 2, 5, 8,
and 11) or GST-Dig2p (lanes 3, 6, 9, and 12). An equivalent amount of input Ste12p DBD was loaded in lanes 1, 4, 7, and 10. (C) Extracts from SF9 cells infected with
WT Ste12p-expressing baculovirus (1, odd lanes), or control AcMNPV (2, even lanes) were analyzed directly by SDS-PAGE (lanes 7 and 8) or mixed with GST-Dig1p
(lanes 1 and 2), GST-Dig2p (lanes 3 and 4), or GST (lanes 5 and 6). Bound proteins were recovered with glutathione-agarose and analyzed by SDS-PAGE and
immunoblotting with Ste12p(216–688) antibodies. (D) E. coli lysates containing TRPE–Ste12p(216–688) (input, lane 1) were mixed with GST (lane 2), GST-Dig1p (lane
3), or GST-Dig2p (lane 4), and bound proteins were analyzed by SDS-PAGE and immunoblotting with Ste12p(216–688) antibodies. MW, molecular weight (in
thousands).
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The overproduced Ste12p C terminus causes transcriptional
activation through an interaction with endogenous Ste12p.
Since the activation of FUS1 transcription by overproduced
residues 216 to 688 requires endogenous Ste12p (Fig. 1), we
imagined that this effect might be mediated by direct interac-
tion of this fragment with WT Ste12p. To examine this possi-
bility, we determined whether a region(s) in the Ste12p C
terminus could promote multimerization in vitro (Fig. 7). We
found that recombinant WT Ste12p can interact in vitro with
the Ste12p C terminus (residues 216 to 688) fused to the Gal4p
DBD (Fig. 7A, lane 1) in coimmunoprecipitation experiments.
Smaller Ste12p fragments, spanning residues 216 to 473 (Fig.
7A, lane 2) and 474 to 688 (lane 4), fused to Gal4p also
interacted with WT Ste12p in vitro, indicating that multiple
sites flanking residue 473 must be able to promote multimer-
ization. We also examined the interaction of recombinant WT
Ste12p with GST-Ste12p fusion proteins in vitro (Fig. 7B).
Consistent with the results of Fig. 7A, we found that WT
Ste12p interacted with GST fused to various Ste12p C-terminal
fragments (Fig. 7B, lanes 3 to 7) but not with GST alone (lane
2). GST fused to Ste12p C-terminal fragments containing res-
idues 216 to 500 (Fig. 7B, lane 4) or residues 450 to 688 (lane
7) interacted efficiently with WT Ste12p. Combined with the
results of Fig. 7A, these results indicate that multiple segments
within the Ste12p C terminus must promote multimerization.

We examined whether overexpression of the Ste12p C ter-
minus could cause activation by multimerization with WT
Ste12p in vivo by using a modified two-hybrid system. For this
purpose, we first needed to identify Ste12p C-terminal frag-
ments that are incapable of activating transcription for use as
bait fusions. We found that Ste12p(216–688) fused to LexA

caused strong activation of transcription of a LexA-responsive
reporter gene in untreated ste12 dig1 dig2 yeast cells (Fig. 8A,
216 to 688). Deletion of residues C terminal to Ste12p amino
acid 474 did not prevent activation by LexA fusions (Fig. 8A,
216 to 474). However, deletion of residues N terminal to amino
acid 356 prevented activation by LexA-Ste12p (Fig. 8A, 356 to
688). These results are consistent with previous observations
(38) and indicate that the major activating segment of Ste12p
resides between amino acids 216 and 356.

We next determined whether Ste12p(216–688) could cause
the activation of reporter gene expression in the presence of
LexA-Ste12p fusions which are incapable of activating tran-
scription on their own but which contain segments that can
promote Ste12p multimerization. For this purpose, we used
LexA fused to Ste12p(356–688) and Ste12p(450–688), two
fragments that can interact with WT Ste12p in vitro as GST
fusions (Fig. 7B, lanes 6 and 7). Consistent with the above
results, coexpression of Ste12pDDBD caused the activation of
reporter gene expression in the presence of both LexA-Ste12p
C-terminal fusions but not with LexA produced on its own
(Fig. 8B, Ste12p Prey 216–688). In contrast, Ste12p(356–688)
did not cause the activation of transcription when coexpressed
with the LexA-Ste12p fusions (Fig. 8B, Ste12p Prey 356–688),
indicating that the Ste12p activating region (Fig. 8A) is neces-
sary for activation by overexpressed Ste12p C-terminal frag-
ments. Additionally, coexpression of Ste12p(216–500) also
caused much weaker activation in the presence of the LexA-
Ste12p fusions (Fig. 8B, Ste12p Prey 216–500), a result which
might reflect less efficient multimerization of this derivative in
vivo. Note that Ste12p(216–500) can activate transcription ef-
ficiently when fused directly to LexA (Fig. 8A) but not when

FIG. 5. Dig1p and Dig2p inhibit Ste12p through interactions with different regions in vivo. (A) Strain WHY4 bearing plasmids pYeDP8-1/2 (vector), pAO003
(Ste12p DBD), and pSTVP/235 (Ste12p DBD-VP16) was cotransformed with YEplac112 (control), pG1T (GAL-DIG1), and pG2T (GAL-DIG2). Cells were grown to
mid-log phase, and FUS1-LacZ expression was measured by assaying b-galactosidase (b-gal) activity 2 h after galactose addition. (B) Yeast strains W303-1A (WT),
ISY37 (dig1), and MT1147 (dig2) bearing plasmid pSH18-34 (LexA ops-LacZ) were cotransformed with pMHLex (LexA), pIS196 [LexA-Ste12p(1–688)], or pIS182
[LexA-Ste12p(216–688)]. Transcriptional activation by LexA fusions was assayed by measuring b-galactosidase activity in cells grown to mid-log phase.
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coexpressed with the LexA-Ste12p fusions in Fig. 8B or when
produced in cells expressing WT Ste12p (Fig. 2, p4). These
observations indicate that overexpression of Ste12p C-terminal
fragments likely causes the activation of FUS1 transcription
(Fig. 1 and 2) by forming complexes with endogenous Ste12p.
In this view, the “activating” fragment must contain both the
transcriptional activation region (residues 262 to 356) and suf-
ficient C-terminal sequences to promote multimerization with
endogenous WT Ste12p (residues 356 to 594).

Our observation that residues 309 to 547 of Ste12p are
required for interaction with Dig1p (Fig. 3) are at odds with
previous results indicating that a much smaller segment (resi-

dues 301 to 335) is sufficient for interaction with Dig1p in
two-hybrid experiments (27). Because Ste12p appears to have
C-terminal segments that can promote multimerization (Figs.
7 and 8), we wondered whether this discrepancy results from
the fact that the Gal4p DBD forms a stable dimer (4, 24). If
Dig1p interacts most efficiently with Ste12p multimers, then
interactions in our experiments (Fig. 3) would require seg-
ments that can promote efficient multimerization in addition to
the region of direct contact between these proteins. In con-
trast, since the Gal4p DBD itself forms a dimer, interactions of
Ste12p fragments with Dig1p in a two-hybrid experiment
should require only the region necessary for direct interaction.
Consistent with this possibility, we found that GST-Dig1p
could bind recombinant Gal4-Ste12p(216–473) in vitro (Fig.
8C, lane 3); in contrast, GST-Dig2p was unable to interact with
recombinant Gal4-Ste12p(216–473) (lane 4). Considering that
GST-Dig1p is unable to interact with Ste12p fragments lacking
residues C terminal of residue 547 when produced as native
fragments in yeast cells (Fig. 3), these observations suggest that
Dig1p prefers to bind Ste12p multimers under the conditions
of our experiments and previous two-hybrid analyses (27).

DISCUSSION

Ste12p is a transcriptional activator whose function involves
interactions with multiple DNA-binding partners and that is
negatively regulated by several inhibitory proteins (Fig. 9). In
this work, we have examined the relationship between the
regulators Dig1p and Dig2p and Ste12p’s function in activating
transcription of the pheromone-responsive gene FUS1. Al-
though Dig1p and Dig2p have generally been considered to
have overlapping, if not redundant, functions (2, 3, 5, 40), we
demonstrate that they must regulate Ste12p by separate mech-
anisms. Dig1p binds directly to a central region of Ste12p
(residues 309 to 547), while Dig2p binds to the Ste12p DBD
(residues 1 to 215) (Fig. 9). These different interactions can
account for their inhibitory effect on Ste12p in vivo. Overpro-
duction of Dig2p but not Dig1p inhibits activation by an Ste12p
DBD-VP16 fusion protein. In contrast, deletion of dig1 but not
dig2 causes constitutive activation by a LexA-Ste12p(216–688)
fusion. These observations demonstrate that Ste12p activity is
regulated by two inhibitory proteins that function separately.
Like Dig1p and Dig2p, the MAP kinases Kss1p and Fus3p
were also initially thought to have redundant functions in the
pheromone response (8) until it was recognized that these
enzymes have inhibitory effects in their unactivated state (2,
23) and that Kss1p is preferentially required for regulation of
the filamentous growth response (19).

Dig1p and Dig2p inhibit Ste12p through interactions with
separate regions. A previous report indicated that both Dig1p
and Dig2p interact with residues 301 to 335 of Ste12p, termed
the pheromone induction domain (27). This region was shown
to confer pheromone inducibility to Gal4p DBD fusions and to
interact with Dig1p and Dig2p in two-hybrid assays. We found
that a larger region of Ste12p, spanning residues 309 to 547,
was required for an efficient interaction with GST-Dig1p. Fur-
thermore, this region of Ste12p did not interact directly with
Dig2p in our experiments (Fig. 3 and 8C). These discrepancies
are likely related to the fact that Ste12p C-terminal segments
can promote multimerization (Fig. 7 and 8). For example, the
apparent interaction of Dig2p with the pheromone-responsive
domain in previous two-hybrid analyses might be mediated
through an interaction with endogenous Ste12p, since these
experiments were performed with WT cells (27). Additionally,
we found that GST-Dig1p could interact efficiently with
Ste12p(216–474) fused to the Gal4p DBD in vitro (Fig. 8C) but

FIG. 6. Activation of endogenous Ste12p by the overexpressed C terminus
does not require DIG1. (A) Strain SY2585 (STE12) bearing Ste12p expression
plasmid pJL1 (WT Ste12p), pYe/STE12DXba (Ste12pDDBD), or control
pYeDP8-1/2 (vector) was cotransformed with pG1T (GAL-DIG1), pG2T (GAL-
DIG2), or Yeplac181 (control) (12). Cells were grown to mid-log phase, and
FUS1-LacZ expression was measured by assaying b-galactosidase (b-gal) activity
2 h after galactose addition. (B) W303-1A (WT, lanes 1 to 3), MT1147 (dig2,
lanes 4 to 6), and MT1154 (dig1, lanes 7 to 9) were transformed with pYeDP8-1/2
(vector, lanes 1, 4, and 7), pAO003 [GAL-Ste12p(1–215), lanes 2, 5, and 8], or
pYe/STE12DXba [GAL-Ste12p(216–288), lanes 3, 6, and 9]. Cells were grown to
mid-log phase and induced with galactose. RNA was extracted 2 h postinduction
and analyzed by Northern blotting with FUS1 (top) and ACT1 (bottom) probes.
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not to Ste12p216–547 expressed on its own in yeast cells (Fig.
3). Considering that several regions in the Ste12p C terminus
can cause multimerization (Fig. 7 and 8), this difference may be
a consequence of the fact that the Gal4p DBD forms stable

dimers (4, 24). One implication of this hypothesis is that Dig1p
must preferentially interact with Ste12p multimers. However,
since the stoichiometry of Ste12p and Dig1p-Ste12p complexes
in uninduced and induced conditions has not been established,

FIG. 7. Ste12p C-terminal regions cause multimerization in vitro. (A) WT Ste12p SF9 extracts (input, lane 5) were incubated with extracts from E. coli expressing
His6-tagged Gal4p DBD (6H-G4, lane 4) or 6H-G4 fused to Ste12p residues 216 to 688 (lane 1), 216 to 473 (lane 2), or 474 to 688 (lane 3). Gal4p fusions were recovered
by immunoprecipitation with GAL4 DBD monoclonal antibody, and the interacting Ste12 protein was detected by Western blotting with Ste12p(1–215) antibodies
(top). Input 6H-G4 fusion protein was detected by Western blotting with Gal4p DBD antibodies (bottom). (B) WT Ste12p-containing extracts (input, lane 1) were
incubated with recombinant GST (lane 2) or GST fused to residues 216 to 594 (lane 3), 216 to 500 (lane 4), 262 to 688 (lane 5), 356 to 688 (lane 6), or 450 to 688 (lane
7) of Ste12p. Bound WT Ste12p recovered with glutathione-agarose was analyzed by SDS-PAGE and immunoblotting with Ste12p DBD antibodies. (C) Extracts from
E. coli expressing His6-Gal4p fused to Ste12p(216–473) (input, lane 1) were incubated with recombinant GST (lane 2), GST-Dig1p (lane 3), or GST-Dig2p (lane 4).
Bound 6H-G4–Ste12p recovered with glutathione-agarose was detected by immunoblotting with Gal4p DBD antibodies.
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it is difficult to predict whether this apparent requirement for
Dig1p interaction has any significance for the regulation of
Ste12p. Nevertheless, in combination with the previous two-
hybrid analyses (27), our results suggest that Dig1p directly
interacts with residues 301 to 335 but that further C-terminal
sequences to 547 contribute to the interaction, perhaps because
they are necessary for multimerization (Fig. 9).

Our finding that Dig1p and Dig2p interact with separate
regions of Ste12p (Fig. 9) suggests that they inhibit transcrip-
tion through independent mechanisms. Because Dig2p binds
to the DBD and inhibits activation by an Ste12p DBD-VP16
fusion, the simplest model is that this inhibitor modulates the
ability of Ste12p to bind to the pheromone response element.
In support of this hypothesis, we found that binding of the
Ste12p DBD (residues 1 to 215) to a pheromone response
element is inhibited by equimolar amounts of recombinant
GST-Dig2p but not GST-Dig1p in vitro (data not shown).
Furthermore, in vivo footprinting analysis suggests that pher-
omone treatment causes filling of pheromone response ele-
ments on a multicopy FUS1 reporter template (not shown).
These results suggest that some Ste12p may be sequestered in
a complex with Dig2p prior to pheromone treatment, although
we found that Dig2p was produced at considerably lower levels
than Dig1p in unstimulated cells (not shown). It is also possible
that Dig2p inhibits through a mechanism other than or in
addition to prevention of Ste12p DNA binding. Dig1p, in con-
trast, interacts with a region spanning residues 309 to 547 of
Ste12p (Fig. 8). This region also overlaps sequences that are
necessary for transcriptional activation (38) (Fig. 8A). There-
fore, one possibility is that Dig1p functions in a manner similar
to that of Gal80p, which binds directly to the major activation
domain of Gal4p and inhibits transcriptional activation in the
absence of galactose (20). In this model, we would expect
Dig1p to interact with DNA-bound Ste12p to prevent tran-
scriptional activation in the absence of pheromone. However,
the precise mechanism by which Dig1p inhibits Ste12p remains
to be elucidated and, like that for Dig2p, may require an
understanding of the involvement of Kss1p and Fus3p.

The MAP kinase gene KSS1 was initially identified in a
multicopy suppressor screen for its ability to promote recovery
from pheromone-induced growth arrest (6). It was discovered
more recently that the unactivated form of Kss1p functions as
a negative regulator of Ste12p’s function in the filamentous
response (5, 23). The inhibitory effect on filamentous response
element-dependent transcription was shown to involve the di-
rect binding of Kss1p to Ste12p (2). Unactivated Kss1p also
inhibits the transcription of pheromone-responsive genes, in a
manner which appears to be more dependent on Dig1p and
Dig2p than on the inhibition of filamentous response element-
dependent transcription (3). These observations suggest that
the full inhibitory effect of Dig1p and Dig2p on pheromone-
responsive transcription might require interactions with the
unactivated MAP kinases Kss1p and Fus3p. Perhaps the inter-
actions that we observed between Dig1p, Dig2p, and Ste12p
are stabilized in vivo by the MAP kinases (3).

FIG. 8. The Ste12p C terminus can cause activation by multimerization in vivo. (A) Yeast strain YCN7 (ste12 dig1 dig2) bearing pSH18-34 (LexA ops-LacZ) was
transformed with pMHLex expressing LexA (vector) or the LexA-Ste12p expression plasmids pIS182 (216 to 688), pIS184 (216 to 500), pIS183 (216 to 474), pIS187
(262 to 688), pIS188 (356 to 688), pIS189 (403 to 688), and pIS194 (450 to 688). Transcriptional activation by LexA fusions was assayed by measuring b-galactosidase
(b-Gal) activity in cells grown to mid-log phase. (B) Yeast strain YCN7 bearing pSH18-34 and the LexA-Ste12p bait plasmids (as in panel A; LexA-Ste12p Bait) was
cotransformed with vectors producing residues 216 to 288, 356 to 688, or 216 to 500 of Ste12p from a GAL promoter (Ste12p Prey). Cells were grown to mid-log phase,
and expression from the LexA-responsive reporter was measured by assaying b-galactosidase activity 2 h after galactose addition.

FIG. 9. Ste12p interacts with multiple transcription factors and regulatory
proteins. Regions of Ste12p required for binding the pheromone response ele-
ment (DNA binding) and for transcriptional activation are indicated by black
bars. Several separate segments flanking residue 473 can promote multimeriza-
tion (dashed grey bar). Regions required for interactions with Mcm1p, Kss1p,
Dig2p, and Dig1p are indicated by black bars. An additional segment contributes
to an interaction with Dig1p by causing Ste12p multimerization (dashed grey
bar).
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Regulation of Ste12p activity by pheromone-stimulated
signaling. Of the transcription factors that have been charac-
terized to date, Ste12p may be unique in being negatively
regulated by two proteins that inhibit through separate mech-
anisms. Our finding that Dig1p and Dig2p inhibit by nonre-
dundant mechanisms is not surprising, considering the central
role that Ste12p plays in coordinating cell fate in response to
physiological signaling. Ste12p activity may be induced in re-
sponse to pheromone through Fus3p-mediated phosphoryla-
tion of the inhibitors and/or Ste12p (5, 9, 16, 38, 40). However,
since Dig1p and Dig2p inhibit Ste12p by interacting with dif-
ferent regions, it is likely that the full activation of Ste12p
involves multiple mechanisms. It should also be noted that the
induction of Ste12p activity may not necessarily require disso-
ciation of these inhibitors. Most recent experiments investigat-
ing Gal4p indicate that GAL induction may occur without
dissociation of the negative regulator Gal80p (18, 28). There-
fore, elucidation of the mechanisms regulating pheromone-
responsive transcription will require a better understanding of
the interactions between Dig1p, Dig2p, and Ste12p as well as
the MAP kinases.
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