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The yeast pheromone response pathway is mediated by two G protein-linked receptors, each of which is
expressed only in its specific cell type. The STE3DAF mutation results in inappropriate expression of the
a-factor receptor inMATa cells. Expression of this receptor in the inappropriate cell type confers resistance to
pheromone-induced G1 arrest, a phenomenon that we have termed receptor inhibition. The ability of STE3

DAF

cells to cycle in the presence of pheromone was found to correlate with reduced phosphorylation of the
cyclin-dependent kinase inhibitor Far1p. Measurement of Fus3p mitogen-activated protein (MAP) kinase
activity in wild-type and STE3DAF cells showed that induction of Fus3p activity was the same in both strains
at times of up to 1 h after pheromone treatment. However, after 2 or more hours, Fus3p activity declined in
STE3DAF cells but remained high in wild-type cells. The level of inducible FUS1 RNA paralleled the changes
seen in Fus3p activity. Short-term activation of the Fus3p MAP kinase is therefore sufficient for the early
transcriptional induction response to pheromone, but sustained activation is required for cell cycle arrest.
Escape from the cell cycle arrest response was not seen in wild-type cells treated with low doses of pheromone,
indicating that receptor inhibition is not simply a result of weak signaling but rather acts selectively at late
times during the response. STE3DAF was found to inhibit the pheromone response pathway at a step between
the Gb subunit and Ste5p, the scaffolding protein that binds the components of the MAP kinase phosphory-
lation cascade. Overexpression of Ste20p, a kinase thought to act between the G protein and the MAP kinase
cascade, suppressed the STE3DAF phenotype. These findings are consistent with a model in which receptor
inhibition acts by blocking the signaling pathway downstream of G protein dissociation and upstream of MAP
kinase cascade activation, at a step that could directly involve Ste20p.

Extracellular signals often impinge on cells through a central
pathway that acts on different substrates to generate the cel-
lular responses. In the yeast Saccharomyces cerevisiae, the re-
sponses to extracellular pheromone include cell cycle arrest,
transcriptional induction and repression, and morphological
changes that result in projection formation (reviewed in refer-
ence 49). These responses all depend on a signaling pathway
that is activated by binding of pheromone to a G protein-linked
receptor, which causes dissociation of its associated heterotri-
meric G protein and activation of a mitogen-activated protein
(MAP) kinase cascade (16). The targets of this signaling path-
way that carry out the specific responses include Ste12p, a
transcription factor that mediates the induction of pheromone-
inducible genes (14, 53), and Far1p, a cyclin-dependent kinase
inhibitor that mediates cell cycle arrest (2, 40, 41). Little is
known about potential differences in the requirements of in-
dividual target proteins for the central signal.
Yeast cells that contain the MATa allele normally express

the a-factor receptor, Ste2p, and secrete a-factor, encoded by
the MFA1 and MFA2 genes. We have recently described a
phenomenon in whichMATa cells that inappropriately express
the a-factor receptor display resistance to pheromone-induced
cell cycle arrest. This process, termed receptor inhibition, was
originally uncovered by a screen for dominant mutations that
eliminated pheromone-induced arrest in MATa cells (7). The
DAF2 mutation (called DAF for dominant alpha-factor resis-
tance) is an allele of STE3, the a-factor receptor gene, that
results in its inappropriate expression in MATa cells (26). The

STE3DAF allele has a rearranged 59 flanking region containing
a repetitive element that causes it to be expressed in all cell
types. The level of STE3 RNA transcribed from the inserted
promoter is similar to the normal level of this RNA in a cells,
so the DAF phenotype is not the result of overexpression of the
receptor. We have been characterizing the process of receptor
inhibition to provide information about this novel receptor
function and to yield insights about normal signaling processes.
The two classes of proteins known to interact with G pro-

tein-linked receptors are Ga subunits and kinases involved in
desensitization (31). Our genetic results indicate that the Ste3p
pheromone receptor can interact, either directly or indirectly,
with components of the signaling pathway other than Ga. This
conclusion comes from the observation that STE3DAF blocks
the constitutive cell cycle arrest phenotype caused by deletion
of the GPA1 gene, which encodes the Ga subunit (7, 26).
Therefore, STE3DAF does not exert its effect by uncoupling the
Ste2p receptor from its associated Ga subunit, as occurs during
desensitization of mammalian G protein-linked receptors (22).
In fact, STE3DAF is capable of inhibiting the constitutive cell
cycle arrest phenotype of a Dgpa1 strain that contains a dele-
tion of the STE2 gene, indicating that the a-factor receptor is
not involved in this process. These findings demonstrate that
receptor inhibition by STE3DAF must act downstream of the
Ga subunit to decrease the amount or type of signal generated
by another component of the pathway.
In the study described here, we show that STE3DAF causes a

late inhibition of the signaling pathway that results in a nearly
complete block cell of cycle arrest. These effects correlate with
the fact that Fus3p MAP kinase activity increases at the same
rate in both wild-type and STE3DAF cells for about 1 h of
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pheromone treatment, after which Fus3p activity remains high
in wild-type cells but declines in STE3DAF cells. Genetic anal-
ysis showed that the late decrease in activity conferred by the
receptor acts on the pathway at a step after G protein disso-
ciation but at or before the Ste5p step.

MATERIALS AND METHODS

Plasmid construction. Null alleles of the MFA1 and MFA2 genes disrupted
with HIS3 were constructed from existing LEU2 and URA3 disruption alleles
(37) as follows. For the MFA1 disruption, the HIS3 gene on a 1.7-kb SalI-SmaI
fragment from pUC18::HIS3 was cloned into the XhoI-HpaI sites of pSM86 to
create pmfa1-D3::HIS3. For the MFA2 disruption, pSM35 was digested with
SmaI and EcoRV and religated to remove the URA3 gene, and then the HIS3
gene on a 1.7-kb BamHI fragment from pUC18::HIS3 was cloned into the
BamHI site of pSM35 to create pmfa2-D2::HIS3. To construct a URA3 version of
pGA1903, which contains a myc-tagged FUS3 gene under control of the TPI1
promoter (55), a 1.2-kb XbaI fragment containing the URA3 gene from
pAC100-2 was cloned into the XbaI site in the TRP1 gene of pGA1903 to
produce pGA1903-U. To construct a URA3 disruption of FAR1, a 1.2-kb
HindIII-BamHI fragment from pAC100-2 was cloned into the HindIII-BamHI
sites of FAR1 in pJM306 (36) to produce pfar1-U1. To construct a LEU2
disruption of CLN1, a 2.9-kb BglII fragment from YEp13 was cloned into the
BglII sites in the HIS3 portion of the cln1::HIS3 gene in pMT256 (51) to produce
pcln1-L2. To construct a plasmid containing the STE5Hyp allele (21) under the
control of the GAL promoter, a 3.2-kb PstI-DraI fragment from pDJ174 (kindly
provided by D. Jenness) containing the STE5Hyp gene was first cloned into the
PstI-SmaI sites of Bluescript, and then the 3.2-kb BamHI fragment from this
construct was cloned into the BamHI site of pBM272 to create pGAL-STE5H.
To construct a LEU2 plasmid containing the GAL-STE20 gene, a fragment
creating a myc-tagged STE20 was generated by PCR (9) with oligonucleotide
primers oSTE20-1 (59-CCTCTAGAAATGGAGCAAAAGCTCATTTCTGAA
GAGGACTTGAATAGCAATGATCCATCT-39) and oSTE20-2 (59ACTGCTT
CTAGAGATTTG-39). The template used for PCR was plasmid pDH166, which
contains the entire coding region of STE20 under the control of the GAL
promoter (kindly provided by M. Whiteway). The SpeI-XbaI N-terminal frag-
ment of pDH166 was then replaced with the myc-tagged STE20 PCR fragment
digested with XbaI to produce pMSTE20. The XhoI-SacII fragment from
pMSTE20 was subcloned into the XhoI-SacII sites of pRS315 (47) to create
pMSTE20-L2.
Strains and media. Strains used in this study are listed in Table 1. STE3DAF

alleles were made from the integrating plasmid piDAF2m-5, which contains the
STE3DAF2-2 gene (26). The TRP1::STE3DAF2.5 allele was made by linearizing
piDAF2m-5 with XbaI to direct integration into TRP1; STE3DAF2.5 was made by
linearizing piDAF2m-5 with SalI to direct integration into STE3. Disruptions of
the a-factor genes were made by transformation with a 3.8-kb EcoRI-XbaI
fragment from pmfa1-D3::HIS3 to create mfa1-D3::HIS3 and by transformation
with a 3.2-kb EcoRI fragment from pmfa2-D2::HIS3 to createmfa2-D::HIS3. The
sst1::hisG allele was constructed by transformation with a 5.7-kb EcoRI-SalI
fragment from pJGSST1 to create sst1::URA3 followed by deletion of URA3 from
the chromosome through recombination of the adjacent hisG sequences as
described previously (13). The LEU2::GAL1::FAR1/1N allele was made by lin-
earizing pJM306 with ClaI to direct integration into LEU2 (36). The FAR1 gene

was disrupted by transformation with an approximately 4-kb XhoI-SacI fragment
from pfar1-U1 to create far1::URA3. The CLN::LEU2 disruptions were made
with the following fragments: an approximately 5-kb PvuII fragment from
pcln1-L2 for cln1::LEU2, a 3.5-kb PvuII fragment from pMT160 (51) for
cln2::LEU2, and a 3-kb SacI fragment from pBFcln3D::leu for cln3::LEU2. All
strain constructions involving transformations were confirmed by Southern blot.
Strains were grown on YEPD (2% glucose) or YEP-Gal (3% galactose), and

strains under selection were grown on synthetic dropout media, as described
previously (46).
Yeast methods. Yeast transformations were performed by the lithium acetate

method (27) modified as described previously (26). Yeast RNA was extracted
from cells as described previously (8).
Preparation of cell extracts for immunoprecipitation was done by modification

of a method described previously (15). Samples (20 ml) of log-phase cells were
pelleted, resuspended in 1.25 ml of stop buffer (50 mM Tris-HCl [pH 7.5], 150
mM NaCl, 5 mM EDTA, 0.1% Nonidet P-40 [NP-40], 15 mM p-nitrophenyl
phosphate [NPP], 15 mM Na2H2P2O7, 10 mM NaF, 0.1 mM sodium orthovana-
date [Na3VO4], 5 mM phenylmethylsulfonyl fluoride [PMSF]), and pelleted
again. The cells were resuspended in lysis buffer (stop buffer plus 25 mMHEPES
[N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid] [pH 7.2] with 40 mg of
aprotinin per ml and 20 mg of leupeptin per ml), and approximately 0.25 ml of
glass beads was added to the tube. The suspension was vortexed 8 to 10 min and
centrifuged for 5 min at 48C. After estimating the volume of the lysates, 2/3
volume of a saturated ammonium sulfate solution was added and the samples
were incubated on a rocker for 30 min at 48C. The precipitates were pelleted in
a microcentrifuge for 10 min and resuspended in storage buffer (25 mM HEPES
[pH 8.0]), 5 mM EDTA, 150 mM NaCl, 0.1% NP-40, 20% glycerol, 15 mM NPP,
0.1 mM Na3VO4, 1 mM PMSF, 40 mg of aprotinin per ml, 20 mg of leupeptin per
ml). The protein concentration of the samples was determined by a bicinchoninic
acid protein assay kit (Pierce), and the samples were aliquoted, flash frozen in
liquid nitrogen, and stored at 2808C.
Cell extracts used for Far1p immunoblots were prepared by growing cells in

YEP-Gal overnight to induce expression of Far1p. The washed log-phase cells
were resuspended in 200 ml of lysis buffer (50 mM Tris-HCl [pH 8.0], 1% sodium
dodecyl sulfate [SDS], 1 mM PMSF, and 1 mg each of leupeptin, aprotinin,
chymostatin, and pepstatin per ml) and frozen in a dry ice/ethanol bath. After
thawing, the cell suspension was lysed with approximately 0.25 ml of glass beads
by vortexing for 10 min at 48C and centrifuging for 5 min at 48C to clear the
lysate. The protein concentration was determined, and equal amounts of protein
(40 mg) were loaded in each lane for SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). For experiments performed with the anti-myc antibody, in which
both immunoprecipitation and immunoblotting were done on the same samples,
the extracts were prepared by the immunoprecipitation method.
Halo assays were performed by plating a lawn of cells to be tested, placing a

filter paper disk containing 5 ml of 1 mM a-factor onto the plate, and incubating
it at 308C for 2 days.
Northern (RNA) blots. RNA was transferred to a nitrocellulose membrane

after formaldehyde-agarose gel electrophoresis as described previously (32). The
membranes were UV cross-linked by using a Stratalinker UV box. Prehybrid-
ization and hybridization were done at 658C in a buffer containing 1 M NaCl, 10
mM Tris-HCl (pH 7.5), 1 mM EDTA, and 5% SDS. The probes used were
gel-purified DNA restriction fragments 32P labeled by random primer labeling
with a Prime-It kit (Stratagene). The fragments used were FUS1, a 1.4-kb

TABLE 1. Strains useda

Strain Genotype Source

W303 MATa/a leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 R. Rothstein
W3031A MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 R. Rothstein
H63-19C MATa TRP1::STE3DAF2.5 This study
H63-14C MATa mfa1-D3::HIS3 mfa2-D2::HIS3 This study
H63-8A MATa mfa1-D3::HIS3 mfa2-D2::HIS3 TRP1::STE3DAF2.5 This study
H67-9D.Ba MATa mfa1-D3::HIS3 mfa2-D2::HIS3 sst1::hisG This study
H67-6C.Ba MATa mfa1-D3::HIS3 mfa2-D2::HIS3 STE3DAF2.5 sst1::hisG This study
H67-9D.FBa MATa mfa1-D3::HIS3 mfa2-D2::HIS3 LEU2::GAL1::FAR1/1N sst1::hisG This study
H67-6C.FBa MATa mfa1-D3::HIS3 mfa2-D2::HIS3 STE3DAF2.5 LEU2::GAL1::FAR1/1N sst1::hisG This study
AC9-F1 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 sst1::hisG cln1::LEU2 far1::URA3 This study
AC8-F1 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 STE3DAF2.5 sst1::hisG cln1::LEU2 far1::URA3 This study
AC3-F1 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 sst1::hisG cln2::LEU2 far1::URA3 This study
AC2-F1 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 STE3DAF2.5 sst1::hisG cln2::LEU2 far1::URA3 This study
AC5-F1 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 sst1::hisG cln3::LEU2 far1::URA3 This study
AC4-F1 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 STE3DAF2.5 sst1::hisG cln3::LEU2 far1::URA3 This study
AC12 MATa mfa1-D3::HIS3 mfa2-D2::HIS3 sst1::hisG far1::URA3 This study
D109-1B MATa ste12::LEU2 This study

a All of the strains other than W303 and W3031A are isogenic to W3031A.
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EcoRI-HindIII fragment from plasmid pSL589 (35), and TCM1 (45), a 0.8-kb
HpaI-SalI fragment from plasmid pAB309D.
Immunoblots and immune-complex kinase assays. For immunoblots to detect

Far1p, SDS-PAGE was performed with a 6% polyacrylamide gel, separated
proteins were transferred to nitrocellulose, and the blot was probed with an
anti-Far1p (51-830) rabbit polyclonal antibody (36) at a 1/5,000 dilution. Donkey
anti-rabbit immunoglobulin horseradish peroxidase (Amersham) was used at a
dilution of 1/7,500, and immune complexes were detected with an enhanced
chemiluminescence kit (Amersham).
Proteins were immunoprecipitated from cell extracts by incubating 100 mg of

protein with 1.7 mg of Myc1-9E10 antibody (Oncogene Science) (17) on a rocker
for 60 min at 48C. Protein A-Sepharose beads were swelled in 0.1 M Tris-HCl
(pH 7.5) for 15 min at room temperature, washed two times in 0.1 M Tris-HCl
(pH 7.5), washed three times in kinase extract buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 5 mM EDTA, 0.1% NP-40), and resuspended in an equal volume
of kinase extract buffer plus 5 mg of bovine serum albumin per ml, 15 mM NPP,
0.1 mM Na3VO4, 1 mM PMSF, 40 mg of aprotinin per ml, and 20 mg of leupeptin
per ml. The beads were incubated on a rocker for 60 min at 48C, and 25 ml of
equilibrated beads in 0.5 ml of kinase extract buffer plus 5 mg of bovine serum
albumin per ml, 15 mM NPP, 0.1 mM Na3VO4, 1 mM PMSF, 40 mg of aprotinin
per ml, and 20 mg of leupeptin per ml were added to the antigen-antibody
complexes. These mixtures were incubated on a rocker for 90 min at 48C. The
immune complexes were washed five times with buffer A (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 5 mM EDTA, 0.1% NP-40, 15 mM NPP, 0.1 mM Na3VO4),
three times with buffer B (25 mM HEPES, 15 mM NPP, 0.1 mM Na3VO4), and
one time with buffer C (wash B with 15 mM MgCl2). Kinase assays were per-
formed with by adding 10 ml of 23 kinase assay buffer (50 mM HEPES [pH 7.5],
30 mM MgCl2, 10 mM EGTA [ethyleneglycol-bis(b-aminoethylether)-
N,N,N9,N9-tetraacetic acid], 2 mM dithiothreitol, 30 mM NPP, 0.2 mM Na3VO4,
80 mg of aprotinin per ml, 40 mg of leupeptin per ml), 7.5 ml of myelin basic
protein (1 mg/ml), and 2.2 ml of ATP mix (2 ml of 1 mM ATP and 0.2 ml of
[g-32P]ATP [10 mCi/ml]) to the adsorbed immune complexes. The reaction mix-
tures were incubated for 20 min at 308C, and the reactions were stopped by the
addition of 15 ml of 23 SDS-PAGE loading buffer. Before loading on a gel, the
samples were incubated for 5 min at 1008C and 3 ml of 1 mM ATP was added to
them. The beads were then pelleted, and 30 ml of supernatant was loaded. Before
drying, the gels were fixed in 10% methanol, 10% acetic acid, 0.5% phosphoric
acid, and 10 mM KH2PO4 for 1 h and then in 10% methanol and 10% acetic acid
for 30 min.

RESULTS

MATa cells that carry the STE3DAF allele are defective for
pheromone-induced cell cycle arrest. To characterize the re-
quirements for this phenotype, the effect of the STE3DAF allele
was investigated in strains containing mutations in other genes
involved in the pheromone response.
Requirements for a-factor production and FAR1 function.

MATa STE3DAF cells express both a-factor and the a-factor
receptor and thus can bind the ligand that they secrete, poten-
tially leading to continuous activation of the pheromone re-
sponse pathway. The phenotype of STE3DAF cells was there-
fore tested in strains with functional or nonfunctional copies of
the MFA1 and MFA2 genes to assess the requirement for
a-factor production. The degree of cell cycle arrest in these
strains was determined by halo assays (Fig. 1A). STE3DAF

blocked cell cycle arrest inmfa1 mfa2 strains as well as it did in
MFA1 MFA2 strains, demonstrating that inhibition of arrest is
not the result of desensitization due to autocrine signaling. All
subsequent experiments were therefore performed in mfa1
mfa2 strains to eliminate any effects from the occupied Ste3p
receptor.
The cell cycle inhibitor Far1p mediates arrest in response to

pheromone by binding to Cdc28p-Cln1p and Cdc28p-Cln2p
complexes and inhibiting their kinase activity (40, 41, 51). Al-
though Far1p plays a major role in arresting the cell cycle, a
Far1p-independent arrest mechanism is also thought to exist.
This other mechanism is not apparent in wild-type cells but can
be seen in a strain lacking both Far1p and Cln2p, which arrests
at high doses of pheromone (2, 51). The FAR1 gene was dis-
rupted in the STE3 and STE3DAF strains containing Dcln al-
leles to determine the effect of STE3DAF on Far1p-indepen-
dent cell cycle arrest. As expected, the Dcln2 Dfar1 strain
arrested in response to pheromone. However, the Dcln2 Dfar1

STE3DAF strain did not arrest (Fig. 1B), demonstrating that
STE3DAF also inhibits Far1p-independent arrest. Dfar1 strains
containing deletions of CLN1 or CLN3 also exhibited a signif-
icant decrease in pheromone sensitivity in a STE3DAF back-
ground over that displayed in a STE3 background, demonstrat-
ing that the small degree of Far1p-independent arrest
displayed by these strains is subject to inhibition by STE3DAF.
Receptor inhibition blocks cell cycle arrest by reducing

Far1p phosphorylation. Far1p becomes phosphorylated on
multiple sites during the pheromone response (3). Fus3p ki-
nase and the Cdc28p-Cln complexes carry out some of these
phosphorylations, which are thought to regulate Far1p activity
(15, 40, 51). A time course experiment was performed to de-
termine the state of Far1p in STE3 and STE3DAF strains during
the response to pheromone. Far1p was detected by probing an
immunoblot containing extracts from cells treated with a-fac-
tor for various amounts of time with an anti-Far1p antibody.
Wild-type cells contained a significant amount of the slowest
mobility form of Far1p at 15 min of a-factor treatment, and
this form persisted throughout the time course up to 120 min
(Fig. 2, lanes 7 to 10). STE3DAF cells also contained the slowest
mobility form of Far1p at 15 and 30 min of a-factor treatment
(Fig. 2, lanes 2 and 3). However, at 60 and 120 min the level of
fully phosphorylated Far1p was greatly decreased (Fig. 2, lanes
4 and 5). Therefore, the inhibitory effect of the STE3DAF allele
on cell cycle arrest correlates with the failure to maintain full
phosphorylation of Far1p. This effect could be direct, or it

FIG. 1. Inhibition of G1 arrest by STE3DAF in MATa cells is independent of
a-factor production and acts on Far1p-dependent and -independent mechanisms.
(A) Halo assays were performed with 5 ml of 1 mM a-factor. The strains used
were H63-14C,MATa mfa1::HIS3 mfa2::HIS3 (top); H63-8A,MATa mfa1::HIS3
mfa2::HIS3 STE3DAF (middle); and H63-19C, MATa STE3DAF (bottom). (B)
Halo assays were performed as for panel A. The strains used were AC9-F1,
MATa cln1::LEU2 far1::URA3; AC8-F1, MATa cln1::LEU2 far1::URA3
STE3DAF; AC3-F1, MATa cln2::LEU2 far1::URA3; AC2-F1, MATa cln2::LEU2
far1::URA3 STE3DAF; AC5-F1, MATa cln3::LEU2 far1::URA3; and AC4-F1,
MATa cln3::LEU2 far1::URA3 STE3DAF.

FIG. 2. Far1p is underphosphorylated in STE3DAF cells. Log-phase cultures
of STE3DAF (H67-6C.FBa, lanes 1 to 5) and STE3 (H67-9D.FBa, lanes 6 to 10)
strains were treated with a-factor at 0.1 mM, and samples were removed at the
times (in minutes) indicated. A Western blot was prepared from the samples and
probed with anti-Far1p antibody.
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could be an indirect effect of reducing the amount of signal
transmitted from an upstream step in the pathway.
Induction of Fus3p kinase activity is reduced at late times in

STE3DAF cells. Because STE3DAF cells did not maintain Far1p
phosphorylation, it was of interest to determine whether this
effect involves inactivation of the Fus3p MAP kinase, which is
thought to phosphorylate Far1p. To investigate the kinetics of
activation of the signaling pathway, an immune complex kinase
assay with myc-tagged Fus3p was performed (15). Extracts
were prepared from STE3 and STE3DAF cells treated for var-
ious amounts of time with a-factor, and myc-tagged Fus3p was
immunoprecipitated by using the anti-myc monoclonal anti-
body 9E10. The immunoprecipitates were incubated in kinase
buffer with 32P-labeled ATP and the MAP kinase substrate
myelin basic protein (MBP), and the products of the reaction
were separated by SDS-PAGE. STE3 and STE3DAF cells dis-
played a similar increase in Fus3p activity after 15 to 60 min of
a-factor treatment (Fig. 3A, lanes 3 to 5 and 8 to 10). However,
after 2 h of a-factor treatment, Fus3p activity in wild-type cells
was higher than in STE3DAF cells (Fig. 3A, lanes 6 and 11).
Approximately equal amounts of Fus3p were shown to be
present in each sample by probing a Western blot (immuno-
blot) of parallel immunoprecipitates with the anti-myc anti-
body (Fig. 3B). To demonstrate that the increase in phosphor-
ylation of MBP in this assay was produced by a Fus3p-
dependent activity, the assay was performed with the inactive
Fus3p-K42R protein (18). The same background level of phos-
phorylated MBP was seen with extracts containing Fus3p-
K42R as was seen with extracts that did not contain myc-
tagged Fus3p (Fig. 3A, lanes 1, 12, and 13).
A longer time course experiment was performed to pursue

the observation that Fus3p activity differed between wild-type
and STE3DAF cells treated with a-factor for more than 1 h.
Whereas Fus3p from STE3 cells displayed a high level of ac-
tivity at all time points from 1 to 4 h (Fig. 3C, lanes 8 to 11),
Fus3p from STE3DAF cells displayed a peak of activity at 1 h
that gradually declined at later time points (Fig. 3C, lanes 3 to
6). The results from Fig. 3C were quantified by PhosphorIm-
ager analysis, and a plot of the fold induction of Fus3p activity
against duration of a-factor treatment is shown in Fig. 3E. The
curves diverge at 2 h, when Fus3p activity slightly increased in
wild-type cells and decreased in STE3DAF cells. Analysis of
data from several experiments showed that Fus3p activity from
STE3 and STE3DAF cells was not significantly different at time
points up to 1 h after pheromone treatment. At 2 h, however,
induction of Fus3p activity from STE3DAF cells was 3.1 6 0.5,
compared to 8.7 6 1.2 (n 5 3) for Fus3p from STE3 cells.
FUS1 transcript levels are reduced at late times in STE3DAF

cells but remain high in cycling STE3 cells. MAP kinase acti-
vation is known to be responsible for mediating cell cycle arrest
and transcriptional activation of pheromone-inducible genes.
A prediction of the results presented above is that transcrip-

FIG. 3. Fus3p kinase activity is decreased at late times after pheromone
treatment of STE3DAF cells. (A) Log-phase cultures of a STE3DAF strain (H67-
6C.Ba) transformed with plasmid pGA1903-U (lanes 2 to 6) and a STE3 strain
(H67-9D.Ba) that was not transformed (lane 1) or transformed with plasmid
pGA1903-U (lanes 7 to 11) or pGA1905 (lanes 12 and 13) were treated with
a-factor at 0.1 mM, and samples were removed at the times (in minutes) indi-
cated. Cell extracts were prepared, Fus3p-myc was immunoprecipitated with 1.7
mg of Myc1-9E10 antibody, and immune complex kinase assays were performed
with 7.5 mg of myelin basic protein. (B) Parallel immunoprecipitations were
performed with the extracts described for panel A, and a Western blot was

prepared from these samples and probed with anti-myc antibody. (C) Strains and
a-factor treatment were as described for panel A except that the time of sample
removal is indicated in hours. (D) Parallel immunoprecipitations were per-
formed with the extracts described for panel C, and a Western blot was prepared
from these samples and probed with anti-myc antibody. (E) The fold induction
of Fus3p kinase activity from the experiment shown in panel C was calculated as
follows. Relative amounts of phosphate incorporated into MBP were determined
by PhosphorImager analysis. After subtracting the amount incorporated by a
sample that did not contain Fus3p-myc from all the other amounts, the fold
induction was calculated as the amount incorporated at a given time point
divided by the amount at the zero time point. Values obtained from STE3DAF

strains are shown in open squares, and values from STE3 strains are shown in
closed squares.
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tional induction would also lack sustained activation in a
STE3DAF strain. To test this idea, RNA was prepared from
wild-type and STE3DAF cells at different time points after ad-
dition of a-factor to observe changes in the expression of
FUS1. As expected, wild-type cells exhibited an increase in
FUS1 RNA levels after 1 h of treatment with pheromone (Fig.
4A, lanes 6 and 7), and the induction remained high for at least
4 h (Fig. 4A, lanes 7 to 10). In contrast, FUS1 RNA levels in
STE3DAF cells increased during the first hour and then de-
creased gradually (Fig. 4A, lanes 1 to 5), closely resembling the
kinetics of Fus3p inactivation. Because STE3DAF cells continue
to cycle after pheromone treatment, one interpretation of
these results is that the decrease in FUS1 RNA seen under
these conditions is a consequence of cell cycle progression. To
test this idea, a time course of FUS1 RNA induction was
performed with STE3 cells that contain a Dfar1 mutation,
which confers a specific defect in cell cycle arrest. STE3 Dfar1
cells displayed high levels of FUS1 RNA for 3 h after phero-
mone treatment while the cells were actively cycling (Fig. 4B,
lanes 2 to 4). This finding demonstrates that progression of the
cell cycle does not affect transcriptional induction.
In summary, the results presented thus far show that recep-

tor inhibition causes a loss of activity of the signaling cascade
at late times after pheromone treatment and that this phenom-
enon is reflected in the major events that occur in response to
pheromone.
The STE3DAF effect cannot be mimicked with low doses of

pheromone. One interpretation of the STE3DAF phenotype is
that cell cycle arrest requires sustained signaling and that the
presence of the a-factor receptor somehow decreases the total
amount of signal. This situation might generate a transient
activation of the pathway. If this were the case, it should be
possible to reproduce the STE3DAF phenotype by treating cells
with very low doses of pheromone. To test this possibility,
wild-type cells were treated with a-factor at 10-fold dilutions
from 1027 to 10210 M. RNA was prepared after 1 and 3 h of
a-factor addition, and the percentage of unbudded cells was
determined at 3 h. Treatment of cells with a-factor at 1027 M
caused complete arrest and a high level of FUS1 RNA induc-
tion at 1 and 3 h (Fig. 5, lanes 1 and 2). Cells treated with 1028

M a-factor displayed an induced level of FUS1 RNA that was
about 50% of the full level but showed nearly complete cell
cycle arrest (Fig. 5, lanes 3 and 4). In contrast, STE3DAF cells
treated with 1027 M a-factor displayed nearly full transcrip-
tional induction at 1 h of pheromone treatment (Fig. 4A, lanes
2 and 7) but showed no cell cycle arrest (percentage of unbud-
ded cells was 55 6 1 with a-factor and 53 6 2 without a-fac-

tor). Moreover, wild-type cells treated with concentrations of
pheromone that did not induce cell cycle arrest did not display
either a prolonged or a transient increase in FUS1 transcrip-
tional levels (Fig. 5, lanes 5 to 8). These data indicate that the
STE3DAF phenotype cannot be mimicked by low doses of pher-
omone and, thus, that the observed inactivation of the signal-
ing cascade is not due to an overall decrease in the level of
signal.
STE3DAF acts between STE4 and STE5. Ordering of the

steps in the pheromone response pathway has been accom-
plished by double mutant analysis, in which cells containing
both a constitutive mutation and a signaling-defective muta-
tion have been assayed for a response. To analyze the step at
which receptor inhibition acts, STE3DAF and control strains
were transformed with plasmids carrying inducible genes that
cause constitutive activation of the pathway. The STE4 gene,
which encodes the Gb subunit, has been shown to cause cells to
arrest when it is overexpressed from the GAL promoter (5, 39,
52). As expected, overexpression of STE4 in wild-type MATa
cells caused growth arrest (Fig. 6A). STE4 overexpression had
no effect in wild-type diploid cells or haploid ste12::LEU2 cells
(6), demonstrating that STE4-dependent growth arrest is me-
diated by the pheromone response pathway. However, the
STE3DAF allele prevented the arrest phenotype conferred by
overexpression of STE4. This finding agrees with the previous
observation that STE3DAF can suppress the constitutive
STE4Hpl allele (26) and suggests that STE3DAF acts at or down-
stream of STE4.
The pheromone response pathway impinges on two MAP

kinases, Fus3p and Kss1p, which are partially redundant for
function. Strains containing null alleles of both genes are com-
pletely sterile and cannot activate the pheromone signaling
pathway. However, individual Dfus3 or Dkss1 strains are capa-
ble of responding to pheromone, although Dfus3 strains arrest
only at high doses of pheromone. Assays performed on these
strains showed that the STE3DAF allele eliminated the large,
clear halo produced by a Dkss1 strain, as well as the small,
filled-in halo produced by a Dfus3 strain (6). Inhibition of cell
cycle arrest by STE3DAF in strains lacking either one or the
other of the MAP kinases is consistent with the idea that
STE3DAF acts upstream of MAP kinase activation. To deter-
mine if receptor inhibition acts on an upstream step, the

FIG. 4. FUS1 transcript levels are decreased at late times after pheromone
treatment of STE3DAF cells and remain high in cycling STE3 cells. (A) STE3DAF

(H67-6C.Ba) and STE3 (H67-9D.Ba) strains were treated with a-factor at 0.1
mM for the indicated periods of time. RNA was isolated, transferred to nitro-
cellulose, and hybridized with FUS1 probe. The blot was rehybridized with TCM1
probe to determine the amount of RNA per lane. (B) A STE3 far1::URA3 strain
(AC12) was treated with 0.1 mM a-factor for the indicated periods of time. RNA
extraction and Northern blot analysis were performed as for panel A.

FIG. 5. The STE3DAF effect cannot be mimicked with low doses of phero-
mone. A STE3 strain (H67-9D.Ba) was treated with a-factor at the indicated
concentrations for 1 and 3 h, and RNA was isolated. Northern blots were
prepared as described in the legend to Fig. 4. The percentage of unbudded cells
was calculated by counting the number of budded cells in a total of 200 cells after
3 h of treatment with a-factor at 0.1 mM. The counting process was repeated
three times and an average of the individual counts was calculated and converted
to percent unbudded.
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STE3DAF allele was tested for its ability to suppress the arrest
phenotype conferred by a hyperactive allele of STE5 (21),
which encodes a scaffolding protein that assembles the MAP
kinase cascade into a complex (4, 42). Overexpression of the
STE5Hyp allele caused cell cycle arrest in both STE3 and
STE3DAF cells (Fig. 6B), suggesting that STE3DAF acts at or
upstream of STE5. STE5Hyp overexpression had no effect in
wild-type diploid cells or haploid ste12::LEU2 cells (Fig. 6B),
demonstrating that the effect of this allele depends on the
pheromone response pathway.
Overexpression of STE20 blocks the STE3DAF effect. One

component of the signaling pathway that acts downstream of G
protein subunit dissociation and upstream of the MAP kinase
cascade is the Ste20p protein kinase (29, 44). To determine if
Ste20p is involved in receptor inhibition, the effect of STE20
overexpression on the STE3DAF phenotype was tested. In the
absence of a-factor, overexpression of full-length STE20 in
either STE3 or STE3DAF cells did not cause cell cycle arrest
(Fig. 7, top), indicating that increased levels of wild-type
Ste20p do not activate the pathway. In the presence of a-fac-
tor, overexpression of STE20 suppressed the STE3DAF pheno-
type, resulting in pheromone-induced arrest of the STE3DAF

strain (Fig. 7, bottom). Although other explanations can ac-
count for this result, one interpretation of the finding that
STE20 overexpression bypasses the effect of STE3DAF is that
the receptor acts at a step that is subject to direct competition
by excess Ste20p.

DISCUSSION

Receptor inhibition occurs when a pheromone receptor ex-
pressed in the inappropriate haploid cell type blocks the cell
cycle arrest response to pheromone. Here we show that this
effect consists of a late inactivation of the signaling pathway
that allows the cells to escape arrest. Investigation of this
phenomenon allowed us to determine that sustained MAP
kinase activation is associated with cell cycle arrest, whereas
transient activation is sufficient for early transcriptional induc-
tion. We have also shown that the site of receptor-mediated
inhibition is limited to a subset of signaling events. Inhibition
must occur downstream of G protein subunit dissociation be-
cause the receptor inhibitory function blocks the constitutive
arrest phenotype of cells lacking the Ga subunit (26) or over-
expressing the Gb subunit. It is also limited to an event at or
upstream of the Ste5p step, because it does not inhibit activa-
tion of the pathway by a constitutive STE5 mutation. Ste5p
appears to function as a scaffold for the assembly of proteins
that comprise the MAP kinase cascade. Therefore, it is likely
that receptor inhibition acts upstream of the initiation of this
phosphorylation cascade. Moreover, receptor inhibition is sub-
stantially blocked by overexpression of STE20, a finding that is
consistent with the idea that excess Ste20p overcomes an in-
hibitory interaction mediated by the receptor. Recent evidence
suggests that activation of the pheromone response pathway
requires stimulation of Ste20p kinase activity by the Rho-type
GTPase Cdc42p (48, 54). Activation of Cdc42p may occur
through the binding of its guanine nucleotide exchange factor,

FIG. 6. STE3DAF acts between STE4 and STE5. (A) STE3DAF (H67-6C.Ba)
and STE3 (H67-9D.Ba) strains were transformed either with a plasmid contain-
ing STE4 under the control of the GAL promoter (pL19) (52) or with vector
alone (pBM272). Cells were streaked onto galactose-containing plates and grown
at 308C for 2 to 3 days. (B) The strains described for panel A were transformed
with a plasmid containing STE5Hyp under the control of the GAL promoter
(pGAL-STE5H). Control wild-type diploid (W303) and haploid ste12::LEU2
(D109-1B) strains were also transformed with pGAL-STE5H. Cells were
streaked onto galactose-containing plates and grown at 308C for 2 to 3 days.

FIG. 7. Overexpression of STE20 blocks the STE3DAF effect. STE3DAF (H67-
6C.Ba) and STE3 (H67-9D.Ba) strains were transformed either with a plasmid
containing STE20 under the control of the GAL promoter (pMSTE20-L2) or
with vector alone (pRS315). Cells were streaked on a galactose-containing plate
either without (top panel) or with (bottom panel) 20 ml of 1 mM a-factor.
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Cdc24p, to the G protein b subunit (54). Because Cdc42p is
known to be present at the plasma membrane within mating
projections (56), it seems likely that Cdc24p, Cdc42p, and
Ste20p are all localized in close proximity to the pheromone
receptors. This signaling module is therefore positioned such
that it could be directly bound and inhibited by inappropriately
expressed receptor.
A striking parallel exists between the profile of the phero-

mone response during receptor inhibition and the differential
responses of the PC12 pheochromocytoma cell line to extra-
cellular growth and differentiation factors. Treatment of PC12
cells with nerve growth factor (NGF) causes them to undergo
cell cycle arrest and differentiate into sympathetic neuron-like
cells, whereas treatment with epidermal growth factor (EGF)
causes them to proliferate (34). The NGF and EGF receptors
are tyrosine kinases that activate a ras-dependent signal trans-
duction pathway and result in activation of MAP kinases. NGF
stimulation causes an increase in MAP kinase activity that
persists for several hours, while EGF stimulation produces an
equal initial burst of MAP kinase activity that decreases to
near basal level by 1 h (19, 23, 43, 50). Stimulation of PC12
cells by the physiologically relevant factor NGF thus parallels
stimulation of wild-type yeast cells with pheromone, which
caused an increase in Fus3p MAP kinase activity that persisted
for up to 4 h. Both systems respond to sustained activation of
MAP kinase activity by cell cycle arrest and alteration of cel-
lular morphology. In the case of EGF stimulation of PC12
cells, transient MAP kinase activation results in cell division
without the changes in morphology that accompany differen-
tiation. The onset of cell division probably involves transcrip-
tional induction of early genes involved in proliferation (25).
Likewise, pheromone stimulation of cells expressing an inap-
propriate receptor caused a transient activation of MAP kinase
which produced a transient transcriptional induction response
with only minor changes in morphology (6). One differential
effect of the duration of MAP kinase activation in PC12 cells is
that only sustained activation results in nuclear translocation of
MAP kinase (38, 50). The subcellular distribution of the yeast
Fus3p MAP kinase has not been investigated, although the
location of Kss1p is predominantly nuclear and does not ap-
pear to change after activation of the signaling pathway (33).
Therefore, the downstream events that result in cell cycle ar-
rest probably take place in the nucleus in both the mammalian
and yeast systems.
Uncoupling of cell cycle arrest and transcriptional induction

is a phenotype that has been seen for mutations in other genes
that encode signaling proteins. For example, the functions of
the Fus3p and Kss1p MAP kinases are partially overlapping,
but deletion of the FUS3 gene substantially eliminates cell
cycle arrest without affecting transcriptional induction (12, 51).
On the basis of our results, one interpretation of this observa-
tion could be that activation of Kss1p is short-lived. Alterna-
tively, it is possible that Kss1p can supply the transcriptional
induction function but not the cell cycle arrest function of
Fus3p. Likewise, dominant alleles of STE4 have been isolated
that affect arrest more than transcriptional induction and that
appear to act on a late phase of the response (20, 30). We have
investigated the duration of the pheromone response under
these conditions and have found that transcriptional induction
is sustained for several hours both in Dfus3 cells and in cells
expressing the dominant STE4-D62N mutation (6). Therefore,
the transient activation of the pheromone response seen under
conditions of receptor inhibition is a unique process that does
not occur under other circumstances in which cells continue to
cycle in the presence of pheromone. This process may have
evolved to ensure that cell division continues during times

when cells express a receptor that is inappropriate to their
MAT allele. Such times in the yeast life cycle include the period
after mating type switching and the period following zygote
formation. Receptor inhibition could function to prevent arrest
of the cell cycle in cells undergoing these processes.
Several different models for the action of receptor inhibition

can be proposed to explain our results. First, inappropriate
expression of pheromone receptor could cause the activation
of a desensitization process that normally occurs later during
the response. Unlike most aspects of desensitization that have
been studied (49), this process would be expected to exert its
effect downstream of the G protein. It would also be expected
to be independent of SST2, a gene that is not involved in
signaling but appears to have a desensitization function (1, 10),
because the STE3DAF allele blocks cell cycle arrest in an sst2
mutant strain (26). Alternatively, inappropriately expressed
receptor could allow the initial stages of signaling to take place
but could interfere with amplification of the signal through a
positive feedback loop. Such a positive feedback loop involving
Cdc28p/Cln activity is thought to control the expression of the
CLN1 and CLN2 genes during G1 (8, 11). Several kinases in
the pheromone response pathway phosphorylate upstream sig-
naling components, and the consequences of these modifica-
tions are unknown, so the potential for a feedback loop exists
in this signaling pathway (28, 55). Finally, it is possible that
pheromone binding activates more than one signal transduc-
tion pathway that acts on the Fus3p MAP kinase and that
inappropriate expression of receptor blocks an alternative
pathway to MAP kinase activation. Several MAP kinase cas-
cades exist in S. cerevisiae (24), and the potential exists for
cross talk among the pathways. Further experiments will be
necessary to distinguish between these models for the action of
the STE3DAF allele.
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