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In yeast, the pheromone a-factor acts as an antiproliferative factor that induces G1 arrest and cellular
differentiation. Previous data have indicated that Far1, a factor dedicated to pheromone-induced cell cycle
arrest, is under positive and negative posttranslational regulation. Phosphorylation by the pheromone-stim-
ulated mitogen-activated protein (MAP) kinase Fus3 has been thought to enhance the binding of Far1 to
G1-specific cyclin-dependent kinase (Cdk) complexes, thereby inhibiting their catalytic activity. Cdk-dependent
phosphorylation events were invoked to account for the high instability of Far1 outside early G1 phase. To
confirm any functional role of Far1 phosphorylation, we undertook a systematic mutational analysis of
potential MAP kinase and Cdk recognition motifs. Two putative phosphorylation sites that strongly affect Far1
behavior were identified. A change of serine 87 to alanine prevents the cell cycle-dependent degradation of
Far1, causing enhanced sensitivity to pheromone. In contrast, threonine 306 seems to be an important recipient
of an activating modification, as substitutions at this position abolish the G1 arrest function of Far1. Only the
phosphorylated wild-type Far1 protein, not the T306-to-A substitution product, can be found in stable asso-
ciation with the Cdc28-Cln2 complex. Surprisingly, Far1-associated Cdc28-Cln2 complexes are at best mod-
erately inhibited in immunoprecipitation kinase assays, suggesting unconventional inhibitory mechanisms of
Far1.

In yeast, mating pheromone induces the competence of re-
sponsive cells to mate with cells of the opposite mating type by
causing G1 cell cycle arrest and concomitant differentiation
into mating-competent gametes (for a review, see reference
20). According to the current view, mating-factor-dependent
signal transduction is initiated by the interaction of pheromone
with an integral membrane-bound receptor which is associated
with a heterotrimeric G protein. Upon stimulation, the G(b, g)
dimer dissociates from the G(a) subunit, which acts as an
effector protein by causing the Ste5-dependent propagation of
the signal to a tripartite mitogen-activated protein (MAP) ki-
nase cascade (23). This signaling step, whose molecular details
are only now emerging, involves many proteins and ultimately
leads to the stimulation of the MAP kinase Fus3. The activity
of Fus3, which can be compensated for by Kss1 in FUS3 de-
letion strains, serves as output of the pheromone response
pathway (6, 13, 18, 27, 31). There is evidence that Fus3 and
Kss1 phosphorylate the Ste12 transcription factor and repres-
sors of Ste12, called Dig1/Rst1 and Dig2/Rst2 (7–9). Fus3 but
not Kss1 is also believed to phosphorylate the putative cyclin-
dependent kinase (Cdk) inhibitor Far1 (35, 47). However, the
identity of the relevant phosphorylation sites has not been
reported for any of these substrates. The G1 cyclins Cln1, Cln2,
and Cln3 are regulators of the yeast Cdc28 kinase necessary for
progression from G1 to S phase (17, 30, 37, 38, 52). The
deletion of all three G1 cyclins (9, 38), a temperature-sensitive
Cdc28 kinase under nonpermissive conditions (36), as well as
pheromone action, prevents the induction of all late G1-spe-

cific cell cycle events and the subsequent entry into S phase.
Therefore, the pheromone response apparently occurs by
counteracting the activity of the G1 cyclin-Cdc28 kinase com-
plex. G1 cyclins are unstable proteins whose phosphorylation
by Cdc28 is believed to induce its Cdc34- and Grr1-dependent
degradation (1, 25). Alternatively, Cln2 degradation might also
be regulated indirectly via the upregulation of mitotic Clb
kinases (2). G1 cyclins were initially considered to be function-
ally redundant, since the activity of any single G1 cyclin is
sufficient to promote cell cycle progression. This simplistic
view, however, is complicated by the fact that the transcrip-
tional induction of many G1-specific transcripts (including
Cln1 and Cln2) depends on the Cln3-Cdc28 kinase complex
(10, 45, 48). Once Cln3-dependent transcription leads to a
threshold activity of Cln1 and Cln2, these cyclins cause the
phosphorylation-induced degradation of the p40sic1 Cdk inhib-
itor (15, 39, 42, 50, 51). Upon p40sic1 degradation, the S-phase-
promoting cyclins Clb5 and Clb6 become active and induce
DNA replication (40). In addition to the mechanisms men-
tioned above, Cln1 and Cln2 are further implicated in the
regulation of polarized growth and in the cell cycle-specific
downregulation of the responsiveness of the pheromone re-
sponse pathway (26, 33).

FAR genes (designated FAR1 for their role in mating factor
arrest) were initially cloned as genes involved specifically in the
pheromone-dependent G1 cell cycle arrest (3, 21). Accord-
ingly, mutation of FAR genes does not affect many other pher-
omone responses unrelated to cell cycle arrest, such as the
induction of pheromone-responsive genes or the promotion of
morphological changes which are needed for mating (3, 21).
Among the two known FAR genes, FAR1 is most extensively
characterized. Besides the classical role of FAR1 in cell cycle
arrest, recent data suggest that FAR1 is required for efficient
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mating as it is needed for the directed morphogenesis toward
a mating partner (11, 49). However, the domains needed for
these morphogenetic events and the G1 arrest function can be
separated (49). The G1 arrest-promoting activity of Far1 re-
sides within the first 393 amino acids (aa), whereas the domain
effecting morphogenesis is located more C terminally (49).
Therefore, the amino-terminal portion of Far1 can be treated
as the sole and independent entity containing the cell cycle-
inhibitory function.

Several mechanisms ensure that Far1 can exert its function
only in G1. Most importantly, Far1 is quickly proteolyzed in all
phases of the cell cycle outside G1. It is presumed that Cdc28
kinase plays a crucial role in this phenomenon perhaps by
modifying Far1 and thereby targeting the protein for destruc-
tion (28, 29). Furthermore, FAR1 transcription is maximal
between mitosis and early G1 and is induced approximately
fivefold by pheromone (28, 29, 32). This elevated level of FAR1
transcription in response to pheromone is necessary but not
sufficient for the G1 arrest function, because FAR1 overexpres-
sion itself is not sufficient to cause cell cycle arrest (4, 17a).
Therefore, it was proposed that Far1 must be activated post-
translationally by pheromone-induced Fus3-dependent phos-
phorylation (4, 12, 13, 35, 47). Indeed, Fus3 is able to phos-
phorylate Far1 in in vitro kinase assays, and in vivo
phosphorylation of Far1 depends on functional Fus3. The cor-
relation between phosphorylation and function can be ex-
tended by the observation that only phosphorylated Far1
seems to become associated with the Cln2-Cdc28 kinase com-
plex (12, 35, 47). Since bacterially produced Far1 acts as a
dose-dependent inhibitor of Cln2 kinase activity in vitro, it was
proposed that Far1 might act as a Cdk inhibitor of the Cln2-
Cdc28 kinase complex (19, 34).

In summary, Far1 is subjected to both positive and negative
posttranslational regulatory events. Far1 activation is needed
for pheromone-dependent cell cycle arrest, whereas its cell
cycle-specific destabilization might be part of a recovery mech-
anism. Far1 destabilization could be a protective measure
against inappropriate inhibition of Cdc28 activity. Fus3 kinase
and Cdc28 kinases were suggested as the most likely direct
mediators of these effects. However, neither Fus3-dependent
phosphorylation sites nor Cdc28-dependent sites within Far1
have been identified. To determine whether Far1-specific reg-
ulatory mechanisms involve phosphorylation events, we sys-
tematically mutated potential MAP and Cdk consensus phos-
phorylation sites. Our results implicate two amino acids in the
control of Far1 behavior. Changing serine 87 to alanine slows
the degradation of Far1. Correspondingly, phosphorylation at
this site might serve as a signal for the destruction machinery.
In contrast, threonine 306 is a major Fus3-dependent phos-
phorylation site involved in the activation process. An alanine
substitution at this site diminishes G1 arrest and prevents the
stable interaction between Far1 and the Cdc28-Cln2 Cdk com-
plex. In contrast to our expectations, we find that although
pheromone-induced Far1 binding to Cdc28-Cln2 is essential
for G1 arrest, Far1 does not significantly inhibit Cdc28-Cln2
kinase activity in immunoprecipitation kinase assays. There-
fore, the phosphorylation-induced binding of Far1 to Cln2 (as
opposed to the inhibition of Cln2 kinase activity by Far1) might
be part of the mechanism mediating pheromone-dependent
cell cycle arrest.

MATERIALS AND METHODS

Plasmid constructions. For cloning of FAR1, the region of FAR1 encoding aa
1 to 393 was PCR amplified by the primer pair FAR1-PCR11 (59-AAA AGA
ATT CAT ATG AAG ACA CCA ACA AG-39) and FAR1-PCR10 (59-TTC
TGG ATC CTA CAC ACT GAC CAT AAC-39), generating a fragment with an

NdeI site at the start codon, an EcoRI site before the start codon, and a BamHI
site after the introduced stop codon. This fragment was then cut with EcoRI and
BamHI and cloned behind the triosephosphate isomerase promoter of pGA1840
(CEN plasmid with TRP1 selection marker [18]). For mutagenesis, this EcoRI-
BamHI fragment was then transferred into M13mp18 and into M13mp19. The
mutagenesis reactions were performed by single-strand mutagenesis according to
a commercial protocol (Amersham). The mutants were confirmed by sequencing,
and in case of the T306A mutant it was confirmed by sequencing that no other
mutation was present. The mutant clones were then shuffled back to pGA1840,
transformed into yeast, and assayed for biological activity. For the mutagenesis
reactions, the following oligonucleotides were used: FAR1-Mut1 (S87A) (59-
GGT GGG GGA GCT ATA GGC TTG G-39), FAR1-Mut2 (S114A) (59-ATT
TAC TGG CGC CTG TAA AGC GC-39), FAR1-Mut5 (S341V,S346A) (59-
AGC TAT CTT GAC GTC CCA TTT TTA AAT GCA CCA TTC GTT
AAT-39), FAR1-Mut8 (S194A) (59-GAA AGT TGG TGC ATC TTC TTC
G-39), FAR1-Mut9 (S213A) (59-GTA CCT TTT TGG CGC GAA TTG TGA
ATT G-39), FAR1-Mut12 (T324A) (59-GAT GGG TTC AGA GCT CCA CGC
TTA TCG-39), FAR1-Mut13 (T306A) (59-CCT CAG TTT GCA CCA CAG
GAG CAG-39), FAR1-Mut14 (T63A) (59-GAG AGT CAA TTT GCG CCA
AAT CTT GG-39), FAR1-Mut15 (T306Q) (59-TTC CTC AGT TCG AAC CAC
AGG AGC AG-39), and FAR1-Mut16 (T306S) (59-TTC CTC AGT TTA GCC
CAC AGG AGC AG-39).

For tagging FAR1 N terminally with hemagglutinin (HA) or Myc, a NotI site
was introduced right after the start codon of FAR1 by PCR using the primer pair
FAR1-PCR-T1 (59-GCG GCG AAT TCC ATA TGG GCG GCC GCA AGA
CAC CAA CAA GAG TTT CG-39) and FAR1-PCR10. The resulting EcoRI-
BamHI fragment was then transferred into pGA1840 as described above, and
HA6 or Myc6 tags were cloned into the NotI site. Furthermore, to generate
specific mutant combinations or to add either the HA6 or Myc6 tag, fragments
were shuffled together via cloning employing the DraIII site right after the start
codon, the BstBI site between the S87 and S114 substitutions, and the HindIII
situated further 39 terminally. For simplicity, only those FAR1-expressing plas-
mids needed in this study are listed: pGA2046 (FAR1N), pGA2084 (FAR1N-
T306A), pGA2209 (FAR1N-Myc), pGA2210 (FAR1N-Myc-T306A), pGA2214
(FAR1N-HA), pGA2215 (FAR1N-HA-T306A), pGA2216 (FAR1N-HA-S87A,
S114A,S341V,S346A), pGA2217 (FAR1N-HA6-S87A,S114A,T306A,S341V,S346A),
pGA2218 (FAR1N-HA-S87A), pGA2219 (FAR1N-HA-S87A,T306A), pGA2220
(FAR1N-HA-stop codon at position 338), pGA2221 (FAR1N-HA-T63A), and
pGA2222 (FAR1N-HA-T306S).

A plasmid containing the full-length FAR1 gene was constructed by amplifying
the gene by PCR (relevant primer sequences, CTGCAGCGATGCAATTTTC
AACATGC and GAGCTCTAGTGCATATATGACGAGAT) and subcloning
the cut fragment into a PstI-SacI-cut YCplac22 derivative (which had its SpeI site
destroyed). The resulting plasmid (pGA2273), which fully restored pheromone
sensitivity to a far1D strain, was cut with BamHI and SpeI. Using FAR1 and
far1N-T306A plasmids as the template, we generated and ligated PCR fragments
that introduced an HpaI site at position 1045 of FAR1. They covered the region
from SpeI to position 1048 or from position 1049 to the BamHI site. Both
fragments were introduced into cut pGA2273 vector to give plasmids pGA2274
(FAR1) and pGA2275 (far1-T306A), respectively.

Plasmid pTP411 (pRS314 derivative, CEN plasmid with a TRP1 selection
marker), allowing the expression of C-terminally HA3-tagged CLN2 from the
CLN3 promoter, was obtained via Fred Cross. The CLN2 expression cassette was
transferred to pRS315 (LEU selection) via restriction with SalI and SacII, gen-
erating pGA2238. To obtain Myc9-tagged CLN2, pGA2238 was cut with NotI to
replace the HA tag with the Myc tag, generating pGA2236. A description of the
disruption plasmids pGA1832, pGA1844, and pGA2002 can be obtained from G.
Ammerer upon request. Plasmids used for the GAL promoter-driven expression
of full-length FAR1 were JM306 (FAR1) and FC361 (FAR1-S87A). Details of
their construction can be obtained from F. Cross upon request.

Immunoprecipitations, Western blotting, and kinase assays. Cells from over-
night cultures were diluted to an optical density at 600 nm (OD600) of 0.2 and
further grown in the appropriate medium to an OD600 of 0.8 to 1, and a-factor
(aF) induction (1 mg/ml of culture) was done as indicated. For harvesting, 35-ml
cell cultures were immediately chilled with crushed ice, centrifuged, and washed
twice with 5 ml and then 1 ml of stop buffer (0.9% NaCl, 1 mM NaN3, 10 mM
EDTA, 50 mM NaF). Cell pellets were dissolved in 300-ml of ice-cold lysis buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 5 mM MgCl2, 1% Nonidet P-40 [NP-40],
containing the following protease and phosphatase inhibitors: 60 mM b-glycerol
phosphate, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 400 mM
tosylsulfonyl phenylalanyl chloromethyl ketone 200 mM Na-p-tosyl-L-lysine chlo-
romethyl ketone, 40 mg of aprotinin per ml, 20 mg of leupeptin per ml, 5 mM
EDTA, 5 mM EGTA, 1 mM dithothreitol, and 0.1 mM orthovanadate). Subse-
quently, cell lysis was effected by the addition of 2/3 volume of glass beads and
two 5-min pulses of shaking. The extract was then clarified by centrifugation (5,
15, and 5 min) in a microcentrifuge, and protein concentrations were determined
by the commercial Bio-Rad protein assay.

For immunoprecipitation, 400 mg of extract was diluted to 10 mg/ml, and 20 ml
of hybridoma supernatants containing either anti-Myc 9E10 or anti-HA mono-
clonal antibodies was added and incubated on ice for 2 h. Subsequently, 20 ml of
a 1/1 suspension of protein A beads was added, and the mixture was incubated
on ice for an additional hour with occasional shaking. The absorbed immuno-
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complexes were then washed five times with lysis buffer containing 1/10 of the
above inhibitors and solubilized by boiling for 3 min after the addition of 40 ml
of 53 sample buffer. For kinase assays, washing was performed three times with
lysis buffer and twice with kinase assay buffer (10 mM Tris [pH 7.5], 10 mM
MgCl2). Kinase reactions were then performed for 20 min at 30°C in 15 ml of
kinase assay buffer containing 1 ml of [g-32P]ATP (6,000 Ci/mmol) and 10 mg of
H1 (Boehringer Mannheim) or 1 mg of Far1 peptide (aa 51 to 301, purified as
described by Peter et al. [35]) as the substrate; the reactions were stopped by
boiling for 3 min in sample buffer. Proteins were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on an 8% polyacryl-
amide gel containing acrylamide and N,N-bisbisacrylamide in a ratio of 40:1. For
kinase assays gels were dried for 2 h and subsequently exposed to autoradiog-
raphy for 4 to 24 h. Western blotting was done by transfer to nitrocellulose filters
(Boehringer Mannheim) and according to the instructions for the enhanced
chemiluminescence (ECL) blotting system (Amersham) with the exception of
blocking with PBST–10% milk and antibody incubation and washing with
PBST–4% milk. Primary antibodies were diluted 1:1,000 for anti-Far1 polyclonal
antibodies and 1:100 and 1:50 for hybridoma supernatants containing HA and
Myc antibodies, respectively.

(i) Kinase assay with full-length Far1. Cells were in the BF264-15Dau (MATa
bar1 ade1 his2 leu2 ura3 trp1) background. They contained a GAL1::FAR1 cas-
sette integrated at LEU2 and were disrupted at the chromosomal far1 gene with
URA3. The cells were transformed with vector or with plasmid KH100
(TRP1/ARS-CEN/GAL1::CLN2-HA). The expression level of Cln2 induced by
this plasmid is approximately 5- to 10-fold above normal levels of Cln2. This level
is insufficient to cause mating factor resistance, especially when FAR1 is over-
produced from the GAL1 promoter. These strains are fully mating factor sensi-
tive by replica plating assay. The cultures were grown in Trp-deficient synthetic
complete medium containing galactose (SCGal-Trp) at 30°C. Mating factor was
added to a final concentration of 0.5 mM when cultures were at an OD600 of
approximately 0.5. Mating factor induction was done for 2.5 h.

(ii) Immunoprecipitation, histone H1 kinase activity assay, and immunoblot
analysis. Cells from 100 ml of culture were collected by filtration on a Millipore
filter, rinsed off the filter in LSHN buffer (10 mM HEPES [pH 7.5], 50 mM NaCl,
10% glycerol), and centrifuged at 1,000 rpm. Before centrifugation, 1 ml from
each 100-ml culture was saved for fixing. Fixing solution contained 0.74% form-
aldehyde in 13 PBS buffer. Cell pellets were resuspended in 1 ml of LSHN,
transferred to a microcentrifuge tube, and pelleted. Washed cell pellets were
resuspended in buffer N (39) (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.1 mM
EDTA, 10 mM NaF, 60 mM b-glycerophosphate, 0.1% NP-40) with protease
inhibitors (10 mg of aprotinin per ml, 10 mg of pepstatin per ml, and 0.5 mM
phenylmethylsulfonyl fluoride. Glass beads (425 to 600 mm in diameter) were
added, and samples were vortexed in a Vortex Genie Sleeve. Vortexing was done
twice for 3 min at 4°C. Cell lysates were centrifuged at 15,000 rpm for 2 min to
remove cell debris. Cell lysates were immunoprecipitated with anti-HA mono-
clonal antibody 12CA5 (Babco) (5 mg in each reaction) for 1 h on ice. After
centrifugation at 15,000 rpm for 2 min, immune complexes were adsorbed onto
protein A-agarose (Repligen) by addition of 30 ml of slurry followed by 1-h
rotation at 4°C. Immune complexes were washed with LSHNN buffer (10 mM
HEPES [pH 7.5], 50 mM NaCl, 10% glycerol, 0.1% NP-40) three times, then
washed with kinase buffer twice, and resuspended in kinase buffer (10 mM
HEPES [pH 7.5], 10 mM MgCl2, 1 mM dithiothreitol). Immune complexes were
incubated with 5 mM ATP, 2 mg of histone H1 (Boehringer), and [32P]ATP (10
mCi). Incubation was carried out at 30°C for 10 min. The reaction was stopped
by adding sample buffer (62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS,
0.0025% bromophenol blue, 2% b-mercaptoethanol). Samples were denatured
at 95°C for 5 min. Denatured samples were subjected to SDS-PAGE (12% gel).
Gels were transferred to Hybond membranes by semidry blot transfer (Hoefer),
and membranes were exposed to film for 30 to 60 min to detect kinase activity.
Kinase assays were quantitated with a PhosphorImager.

Antibodies. Affinity-purified rabbit antibodies against Far1 (Escherichia coli-
purified peptide containing aa 50 to 301 [11]) were generated by using standard
techniques (18). The anti-Myc (9E10) and anti-HA (12CA5) mouse monoclonal
antibody-producing hybridomas are described elsewhere (14, 16).

PP2A treatment. One hundred micrograms of the indicated extracts was di-
luted in lysis buffer to 100 ml, SDS was added to a final concentration of 1% and
the extracts were heated to 95°C for 5 min. Then the SDS concentration was
diluted to 0.1% by the addition of 1 ml of lysis buffer, and immunoprecipitation
was carried out as described above except that the reaction mixtures were
constantly mixed by rolling at 4°C. Washing was done twice with lysis buffer
containing 1/10 of the standard inhibitor concentration and three times with
protein phosphatase 2A (PP2A) buffer (50 mM Tris [pH 7.5], 0.1 mM CaCl2).
The phosphatase reactions proceeded for 15 min at 30°C in 15 ml of PP2A buffer
containing either 2 U of PP2A or 2 U of PP2A with 10 mM okadaic acid, as
indicated. Reactions were stopped by adding okadaic acid to a concentration of
10 mM and boiling after the addition of sample buffer.

Pheromone response assays. Halo plate assays were carried out as described
previously (44). Briefly, 5 ml of exponentially growing cells at an OD600 of 0.5 was
poured with 6 ml of 0.5% agarose (cooled to 42°C) onto Trp-deficient plates.
Filter discs containing 2 and 0.4 mg of aF were placed on top of the solidified
agarose, plates were incubated at 30°C, and photographs were taken after 2 days
of incubation. For plate assays, 5-ml aliquots of yeast cultures at OD600 0.1, 0.02,

and 0.005 were spotted on Trp-deficient plates containing the indicated aF
concentrations. Photographs were taken after 2 days of incubation at 30°C.

Yeast strains. Yeast strains used were GA250 (MATa cdc15 bar::URA3 trp1-1
leu2-3), GA341 (MATa bar1::HISG fus3-A kss1::URA3), GA289 (MATa bar1::
HISG), GA299 (MATa bar1::HISG far1::URA3), GA305 (MATa bar1::HISG
far1::HISG), GA314 (MATa bar1::HISG far1::HISG cln2::URA3), GA343 (MATa
bar1::HISG kss1::URA3), GA161 (MATa bar1::HISG ste12::URA3), GA153 (MATa
bar1::HISG fus3::URA3), GA224 (MATa bar1::HISG ste7::URA3), GA367
(MATa bar1::HISG, far1::HISG cln2::URA3), and K3446 (Mata cdc28-13 URA3).
All GA strains except GA250 are derivatives from K1107, whose full genotype is
MATa HMLa HMRa ho::lacZ ura3-52 ade2-1 can1-100 his3 leu2-3,112 trp1-1 met.
GA250 and K3446 are K699 (W303) derivatives (MATa ade2-1 trp1-1 can1-100
leu2-3,112 his3-11,15 ura3 GAL psi1).

RESULTS

The amino-terminal domain of Far1 (aa 1 to 393) is phos-
phorylated in response to pheromone. In this study, we aimed
to address the question of whether posttranslational modifica-
tions of Far1 are functionally relevant. To facilitate our anal-
ysis and to ensure that we measure only the effects of post-
translational regulatory mechanisms, we manipulated the
experimental system as follows. (i) To exclude transcriptional
effects (the FAR1 promoter is induced about fivefold in re-
sponse to pheromone [4]), we cloned FAR1 behind the consti-
tutive triosephosphate isomerase promoter, which drives ex-
pression as strongly as the pheromone-induced FAR1
promoter (reference 18 and data not shown). (ii) To limit our
studies to a minimal number of potential phosphorylation sites,
we concentrated on the smallest possible fragment of Far1
(encoding aa 1 to 393) which had previously been reported to
be necessary and sufficient G1 arrest function as well as for cell
cycle-specific degradation of Far1 (28, 35). We will refer to this
N-terminal fragment of Far1 as Far1N throughout the text. (iii)
To facilitate the detection and immunoprecipitation of Far1N,
the protein was tagged at its N terminus with either a Myc6 or
HA6 tag, generating Far1N-Myc or Far1N-HA, respectively
(see Materials and Methods).

To ascertain that the different FAR1N constructs are func-
tional for G1 arrest, the corresponding plasmids were trans-
formed into a far1D strain and pheromone sensitivity was es-
timated by a halo plate assay. For a FAR1N-HA plasmid, the
result is shown in Fig. 1A. Even though its sensitivity to pher-
omone does not quite match the sensitivity of a wild-type
strain, the FAR1N-HA transformant is highly sensitive com-
pared to a FAR1-deficient strain. To confirm that Far1N is
modified in response to pheromone, Western blotting was per-
formed with extracts from pheromone-induced and uninduced
cells. As shown in Fig. 1B, Far1N migrates mostly as one
homogeneous band under uninduced conditions. Shortly after
pheromone exposure, a dramatic shift to a more complex pat-
tern occurs. After 15 min, the slowest-migrating species has
become the predominant form of Far1. At least four to five
slower-migrating bands can now be resolved, suggesting that
the protein becomes phosphorylated at multiple sites during
pheromone induction. The mobility shifts must be the conse-
quence of phosphorylation because they can be reversed by
PP2A treatment in vitro (Fig. 1C). We therefore believe that
the phosphorylation status of Far1N can be inferred to some
degree by the migration pattern on SDS-acrylamide gels. Over-
all, the data are consistent with previous reports on the full-
length protein (4, 12, 34). Phosphorylation is highly dependent
on the activity of the pathway and on the function of Fus3
kinase (Fig. 1D). Phosphorylation of Far1N also is necessary
for interaction with Cln2. Far1N from ste7 or kss1 fus3 mutants
does not exhibit the pheromone-induced mobility shift and
does not recruit Cln2 into a complex (Fig. 1D). On the other
hand, the kinetics of phosphorylation are fast enough to be
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causally linked with cell cycle arrest. The data also emphasize
that Far1 phosphorylation events are prevalent within the G1
arrest-promoting domain as would be expected if they are
functionally important.

Generation and analysis of putative phosphorylation site
mutants. It seemed reasonable to start with the assumption
that Fus3 recognizes the generic MAP kinase consensus phos-
phorylation site (L/P)X(T/S)P (5). There are three SP sites
between aa 1 and 393 that satisfy this sequence criterion. How-
ever, since even classical MAP kinase modifies S/T residues
that do not contain such a defined sequence context, we de-
cided to include all potential (S/T)P phosphorylation sites.

Note that this includes both potential MAP kinase and Cdk
phosphorylation sites. Because neither an N-terminal deletion
of aa 1 to 50 nor the mutation of all four (S/T)P motifs within
aa 1 to 50 affects the pheromone response, we mutated to APs
only those nine (S/T)Ps that are situated between aa 51 and
393 (9a, 28). The position of the consensus sites is shown in
Fig. 2A.

To determine whether any of the mutations affect the phos-
phorylation pattern of Far1N-HA, we analyzed the migration
patterns of the mutant products on SDS-gels. Of the single
mutants which included substitutions at T63, S87, S114, S174,
S194, T306, T324, S341, and S346, only the conversion of T306
to alanine caused a distinct reduction in the pheromone-in-
duced mobility shift (Fig. 2B, lanes 3 and 4, and data not
shown). Loss of pheromone-dependent mobility is observed
both in the single T306A mutant and in the mutant containing
all other substitutions analyzed (Fig. 2B, lanes 4, 8, and 12). To
provide further evidence that mutating T306 to A affects a
genuine pheromone-dependent phosphorylation site, T306
was changed to serine, which revealed that the pheromone-
dependent mobility shift caused by T306 phosphorylation
(which is lost in the T306-to-A substitution) is restored in the
T306S substitution (Fig. 2C). Note that the stability of Far1
T306S is greatly reduced (Fig. 2C). This vast reduction of the
steady-state level of Far1-306S is consistent with the finding
that this version of Far1 is inactive (data not shown).

S87 is required for the cell cycle-specific regulation of Far1
turnover. The Far1 S87A substitution leads to an enhanced
steady-state level of Far1N-HA (Fig. 2B). This effect is solely
dependent on the S87A mutant and is not further enhanced
either in the S87A,S114A,S341V,S346A quadruple mutant or
in a sextuple mutant that also includes S174A and S194A
substitutions (Fig. 2B and data not shown). The enhanced
S87A substitution-dependent steady-state level of Far1N-HA
does not alleviate pheromone-dependent, T306 phosphoryla-
tion-mediated mobility shifts either as a single mutant or as
part of the quadruple mutant (for details of the S87A single
substitution, see below).

Since we observe that the mobility of the S87A,S114A,
S341V,S346A quadruple mutant is reduced in response to
pheromone (compared to the wild-type [WT] protein), either
S114, S341, or S346, alone or in combination, might be phos-
phorylated in response to pheromone (Fig. 2B). In addition to
the consensus phosphorylation site mutants described above,
we also analyzed the T63A and the T324A substitutions, which
did not have a discernible effect on Far1N-HA mobility (data
not shown). We noted that a large proportion of Far1N-HA-
S87A has a reduced mobility, even in the absence of phero-
mone (Fig. 2B; compare lane 1 in the lower panel to lane 9 in
the upper panel). It was previously reported that Far1 becomes
phosphorylated, in a CDC28-dependent way, immediately
prior to its degradation at the end of G1 (36, 37). Consistently,
we find hyperphosphorylated Far1N-HA (from cycling cells) in
the absence of pheromone after prolonged exposures of West-
ern blots (data not shown). Since the prevalence of phero-
mone-independent hyperphosphorylation of Far1N-HA-S87A
could be explained by its failure to become degraded at the end
of G1, we wondered whether S87 phosphorylation might be
part of the mechanism that ensures cell cycle-specific degra-
dation of Far1. To address this hypothesis, we transformed
Far1N-HA and Far1N-HA-S87A expression plasmids into
strains containing temperature-sensitive mutations of CDC28
and CDC15, to arrest cells in G1 and mitosis, respectively.
Consistent with the data shown in Fig. 2B, the S87A substitu-
tion leads to an increased steady-state level and to an enhanced
level of the low mobility of Far1 in cycling cells (Fig. 2D;

FIG. 1. Far1N is phosphorylated in response to pheromone. (A) To measure
pheromone sensitivity, halo assays were performed with FAR1 cells (K2149; left
panel) and far1D cells (K2166) transformed with YCplac122 (middle panel) or
pGA2046 (FAR1N; right panel). Pheromone concentrations on the filter discs
were 1, 0.2, and 0.04 mg, respectively. Photographs were taken after incubation
of plates at 30°C for 2 days. (B) To measure Far1N phosphorylation (as revealed
by altered mobility), Western blotting was performed with Far1N-containing
extracts. Cells were treated with aF for the specified times. Far1N-P indicates the
phosphorylated form of Far1N. p marks an unspecific band recognized by the
polyclonal anti-Far1 antiserum. Cells used were far1D (K2166) transformed with
FAR1N expressing pGA2042. (C) To measure the phosphatase sensitivity of
Far1N-HA (pGA2214) from aF-treated cells, Far1N-HA was immunoprecipi-
tated. The immunoprecipitate was then treated either with PP2A alone (lane 2)
or with both PP2A and the phosphatase inhibitor okadaic acid (OV.). p marks an
unspecific band. (D) Far1N-HA-T306 phosphorylation depends on upstream
components of the pheromone response pathway. Far1N-HA and Cln2-Myc
containing extracts were prepared, and coprecipitation experiments were per-
formed as described for Fig. 4A. The upper panel shows the detection of
Far1N-HA in a Western blot (W.) of the total cell extract. In the lower panel,
coprecipitated (Co-IP) Far1N-HA is shown. p indicates an unspecific band.
Strains used were ste12D (GA161; lanes 1 to 3), WT (GA314; lanes 4 to 6),
fus3-A (a loss-of-function mutation of FUS3 that behaves like fus3D) kss1D
(GA341; lanes 7 to 9), and ste7D (GA224; lanes 10 to 12).
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compare lanes 1 and 2). In G1-arrested cells (CDC28-13 ar-
rest), however, both Far1N-HA and Far1N-HA-S87A are
about equally abundant and neither protein is phosphorylated.
However, in M-phase arrest (CDC15-1), the steady-state level
of Far1N-HA is much lower than that of Far1N-HA-S87A,
which accumulates in its hyperphosphorylated form (Fig. 2D,

lanes 6 and 7). The above findings are consistent with the
requirement of CDC28 for Far1 phosphorylation at the end of
G1 (28, 29) and with the notion that S87 phosphorylation might
be needed for Far1 degradation (Fig. 2D, lanes 4 and 5). To
determine whether the increased steady-state level of Far1N-
HA-S87A that we observed is the result of a decreased turn-

FIG. 2. Mutational determination of potential Far1N phosphorylation sites. (A) Diagram showing all SP and TP sites within Far1N. Sites whose mutation leads to
a biological phenotype are indicated by bold lines. (B) Western analysis of Far1N-HA substitution mutants. Cells exposed to aF (30 min) are indicated by 1. Far1N-HA
indicates the phosphorylated version of Far1N-HA. * marks an unspecific band which is recognized by HA antibodies and which was used as internal control to ensure
equal loading. The upper and lower panels show short (1-min) and long (5-min) exposures of the Western blot. The following cells were analyzed. GA314 (Mata far1D
cln2D) was transformed with a Cln2-Myc expression plasmid (pGA2236). Furthermore, this strain contained plasmids expressing FAR1N-HA (pGA2214; lanes 1 and
2), FAR1N-HA-T306A (pGA2215; lanes 3 and 4), FAR1N-HA-Q (pGA2216; lanes 5 and 6), FAR1N-HA-Q-T306A (pGA2217; lanes 7 and 8), FAR1N-HA-S87A
(pGA2218; lanes 9 and 10), and FAR1N-HA-S87A-T306A (pGA2219) (lanes 11 and 12). “Q” in Far1N-HAQ and Far1N-HA-Q-T306A stands for quadruple
substitution, which includes the substitutions S87A, S114A, S341V, and S346A. (C) Far1N-HA-T306S is phosphorylated in response to pheromone. Mata far1D cells
(K2166) transformed with FAR1N-HA (pGA2214; lanes 1, 2, and 7), FAR1N-HA-T306A (pGA2215; lanes 3 and 4), and FAR1N-HA-T306S (lanes 5 and 6) were analyzed
by Western blotting. aF induction is indicated by 1. (D) S87 phosphorylation is CDC28 dependent and results in cell cycle-specific Far1 degradation. Extracts were
prepared from cycling cells (lanes 1 and 2) and from G1 and M-arrested cells (lanes 4 and 5 and lanes 6 and 7, respectively). Strains used for the experiment were K699
(WT), GA250 (cdc15), and K3446 (cdc28-13). Cell cycle arrest was achieved via arresting cells by incubation at the restrictive temperature for 3 h, and uniform cell
cycle arrest was confirmed by microscopic examination of cells. A Western blot to detect Far1-HA is shown in the upper panel. Equal loading was confirmed by Ponceau
staining of the blot (data not shown). To assess the quality of the extracts, a parallel Western blot was prepared and probed with Swi6 antibodies. (E) Far1 S87A has
a decreased turnover. Full-length FAR1 and FAR1-S87A were expressed in a cycling cell population from the GAL promoter by continuous galactose induction. Far1
(detected via anti-Far1 antibodies) is shown after inactivation of the GAL promoter as indicated. Plasmids used were JM306 (GAL-FAR1) and FC361 (GAL-FAR1-
S87A).
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over of the protein, we determined its biological half-life by
measuring the time course of the depletion of Far1 after shut-
ting off its expression from the GAL promoter. These experi-
ments reveal that the half-life of Far1N-S87A is about twice as
long as that of the WT protein (Fig. 2E).

In short, we have shown that two substitutions, S87A and
T306A, cause major changes in the behavior of Far1N. We
could not confirm these phosphorylation sites by conventional
peptide mapping techniques since only a very small, almost
undetectable, portion of Far1N is phosphorylated in response
to pheromone if cells are grown in phosphate-depleted me-
dium needed for 32Pi labeling (data not shown). T306 is likely
to be phosphorylated because we observe an increased mobil-
ity of Far1N-HA-T306A, which is reversed in the T306A sub-
stitution. Evidence of S87 phosphorylation is only implied by
the phenotype that we observe in the S87A substitution mu-
tant. Since the S87A substitution does not directly cause a
mobility shift of the protein, we assume that S87 modification-
dependent phosphorylation events might cause the cell cycle-
specific phosphorylation shift of Far1 that precedes its degra-
dation. Since the stabilized quadruple mutant that contains
besides S87A the S114A, S341V, and S345A substitutions is
not hyperphosphorylated in the absence of pheromone, in con-
trast to the S87A single mutant, at least one of the three
additional sites of the quadruple mutant seems to be phos-
phorylated concomitantly with the degradation of Far1 (Fig.
2B). Our data concerning S87 phosphorylation are in accor-
dance with a recent publication (19).

Effects of the mutants on pheromone sensitivity. To analyze
the physiological consequences of the mutations, we used a
far1D strain transformed with the different FAR1N-HA con-
structs. Pheromone sensitivity was compared by the halo plate
assay (data not shown) and by spotting cells directly onto
aF-containing plates (Fig. 3A). In addition, we determined
changes in budding index (Fig. 3B) and DNA content by flu-
orescence-activated cell sorting analysis (data not shown). In
all assays, we observed that the T306A substitution causes
pheromone resistance to an extent which is comparable to a
complete loss of FAR1 function (Fig. 3A, lanes 2 and 7). The
phenotypic analysis also reveals that the S87A substitution
shows an enhanced sensitivity to pheromone compared to WT
(Fig. 3A, lane 3 and 4). This enhanced pheromone sensitivity,
which can be explained by the increased steady-state level of
the S87A single mutant, is alleviated by the additional S114A,
S341V, and S346A substitutions. Accordingly, phosphorylation
at one or more of these sites might downregulate pheromone
sensitivity. Concerning the S87A substitution, it should be
noted that an S87P substitution leads, if overexpressed from
the GAL promoter, to a dominant pheromone-independent
activation of Far1, resulting in cell cycle arrest (19, 34). Since
we observe that the pheromone sensitivity of the S87A,T306A
double substitution is considerably less than that of the S87A
substitution, we conclude that T306 phosphorylation is still
needed for Far1 activation (Fig. 3). The reported pheromone-
independent activation of S87P could therefore be the conse-
quence of the vast overexpression of an already stabilized pro-

FIG. 3. Pheromone sensitivity of Far1N-HA substitution mutants. (A) Plate assay. Various FAR1N-HA-expressing plasmids were transformed into a far1D strain
(K21669), and pheromone sensitivity was measured by spotting a serial dilution of cells onto plates containing the indicated concentrations of aF. Plasmids used were
pGA2214 (FAR1N-HA), pGA2215 (FAR1N-HA-T306A), pGA2218 (FAR1N-HA-S87A), pGA2219 (FAR1N-HA-S87A,T306A), pGA2216 2216 (FAR1N-HA-Q), and
pGA2217 (FAR1N-HA-Q-T306A). Q in FAR1N-HA-Q indicates quadruple substitution, which encompasses S87A, S114A, S341V, and S346A. Photographs were taken
after 2 days of incubation at 30°C. (B) Budding index of far1D cells transformed with various FAR1N-HA-expressing plasmids (see above) after 0, 1, 2, and 3 h of aF
treatment.
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tein. Alternatively, the S87P substitution might cause an
unphysiological conformational change within Far1 that locks
the protein in a “pseudoactive” conformation. Since T306, the
mutation of which causes pheromone resistance, is embedded
within a QFTP motif also found around T63 and S194, we
wondered whether substitutions at these sites would cause
pheromone resistance. Since Far1N-HA-T63A is partially
pheromone resistant, this site might also be phosphorylated in
response to pheromone (data not shown). Unfortunately, we
could not assess phosphorylation at these sites directly, as the
single T63A substitution does not cause any discernible change
in the mobility of Far1N-HA-T63A in pheromone-treated cells
(data not shown).

Since we analyzed pheromone resistance caused by the
T306A mutation only in the N-terminal truncation version of
Far1, we wished to confirm that the T306 mutation also results
in a loss of function phenotype if the mutation is introduced
into full-length Far1 driven by its own promoter. As shown in
Fig. 4B, Far1-T306A indeed causes pheromone resistance.
Moreover, a Western blot indicates that Far1-T306A accumu-
lates to steady-state levels comparable to WT levels and that
the pheromone-induced phosphorylation (as indicated by a
mobility shift) of Far1-T306A is reduced compared to WT
(Fig. 4A).

Pheromone-induced T306 phosphorylation is required for
the pheromone-dependent interaction of Far1N-HA with Cln2-
Myc. Previous studies indicated that Far1 stabilizes its associ-
ation with the Cln2-Cdc28 kinase in response to pheromone
(12, 35, 47). We therefore wanted to determine whether T306
substitutions influence this interaction. To exclude any effects
related to the transcriptional regulation of CLN2, we used in
all subsequent experiments a construct allowing the weak con-
stitutive expression of Myc epitope-tagged CLN2 from the
pheromone-unaffected CLN3 promoter. Expression of CLN2
from the CLN3 promoter is approximately as strong as from its
own promoter in cycling cells and does not affect pheromone

sensitivity (data not shown). To perform coprecipitation exper-
iments, Cln2-Myc and Far1N-HA were expressed in a far1D
cln2D strain. The precipitation of Cln2-Myc was effected with
anti-Myc antibodies, and the amount of coprecipitated
Far1N-HA was measured by Western blotting with HA anti-
bodies (Fig. 5A). From this experiment, we concluded that
pheromone leads to the specific coprecipitation of the T306-
phosphorylated form of Far1N-HA (Fig. 5A, lanes 3, 4, 7, 8, 11,
and 12; Fig. 5B). The amount of Far1N-HA coprecipitated is
elevated if the steady-state level of Far1N-HA is increased due
to the S87A substitution (Fig. 5A). Importantly, however, we
do not observe coimmunoprecipitation of Far1N-HA-T306A
substitution mutants, either as single mutant or in combination
with other substitutions. The finding that the Far1N-HA-
T306A substitution mutant which does not stably bind Cdc28
in response to pheromone does not accumulate to higher
steady-state levels indicates that it can still be modified on the
S87A site to induce its degradation. The observed coprecipi-
tation of residual amounts of Far1N-HA-S87A or Far1N-
HA-Q in the absence of pheromone can be explained by their
increased steady-state levels and by the basal level of signaling
that occurs even in the absence of pheromone (Fig. 5A, lanes
7 and 11). To confirm these above interactions, we performed
the reciprocal experiment and precipitated Far1N-Myc and
measuring coprecipitated Cln2-HA by Western blotting (Fig.
5C).

To ascertain that the failure of Far1N to bind to Cln2 is the
cause rather than the consequence of the failure to arrest in
G1, we expressed the indicated Far1N-HA alleles in a strain
containing a functional chromosomal copy of FAR1. This ar-
rangement allows pheromone-dependent cell cycle arrest irre-
spective of whether a cell contains functionally compromised
Far1N molecules. As expected, Far1N-HA but not Far1N-HA-
T306A (which is not phosphorylated in response to phero-
mone) interacts with Cln2-Myc (Fig. 5D).

Far1N phosphorylation-induced binding to Cdc28-Cln2
leads to pheromone arrest but does not significantly inhibit
Cdc28-Cln2 kinase activity. Previous reports indicated that
Cdc28 kinase activity is reduced in pheromone-treated cells.
This reduction was attributed to the direct inhibition of kinase
activity due to the binding of Far1 to the Cln2-Cdc28 kinase.
Previous measurements of Cln2 kinase activity, however, were
hampered by the fact that they were based on assays in which
CLN2 was expressed either from its own pheromone-repressed
promoter or from the ADH promoter, which leads to vast
overexpression (34, 47). To overcome these constraints, we
expressed HA-tagged Cln2 from the weak pheromone-unaf-
fected CLN3 promoter and assayed for kinase activity by using
either a small N-terminal fragment of Far1 (aa 51 to 297) or
H1 as the substrate (Fig. 6A [compare lanes 1 and 5] and data
not shown). Surprisingly, we do not detect any reduction of
Cln2-HA kinase activity when Cln2-HA is immunoprecipitated
from pheromone-induced cells, although in response to pher-
omone, Far1 is coimmunoprecipitated with Cln2-HA–Cdc28
and is phosphorylated in these immune complexes, presumably
by Cln2-HA–Cdc28. Furthermore, kinase activity is not af-
fected when Cln2-HA is precipitated from far1D cells.

The finding that Cln2-HA–Cdc28 kinase activity is unaf-
fected by pheromone treatment was unexpected; we therefore
carried out a second independent experiment in a different lab
(that of F. Cross). We analyzed the interaction of Cln2-HA
with untagged Far1. Both proteins were expressed from a ga-
lactose-inducible promoter which is not affected by pheromone
treatment. Pheromone response was checked by counting the
budding index in response to pheromone (Fig. 6B, lower pan-
el). As expected, pheromone leads to an increased coprecipi-

FIG. 4. The cell cycle arrest function of Far1 is abolished in full-length
Far1-T306A as in Far1N-HA-T306A. (A) Far1 and Far1-T306A phosphorylation
was detected by Western blotting of total-cell extract. Cells used were far1D
(GA305) transformed with YCPlac22 (lane 1) or FAR1 (pGA2274; lanes 2 and
3) and far1-T306A (pGA2275; lanes 4 and 5) plasmids. Cells were treated with
aF (1 mg/ml) for 15 min (lanes 1, 3, and 5). The arrow indicates Far1 protein.
Note that the pheromone-dependent shift (as indicated by the broad signal) of
Far1 is much more prominent than in Far1-T306A. * marks an unspecific band
recognized by the polyclonal Far1 antiserum. The band seen below the 97-kDa
marker seems to be a degradation product of Far1. (B) Pheromone sensitivity
was measured by halo assay with a far1D strain (GA305) transformed with
YCPlac22 (lower panel), far1-T306A (pGA2275; middle panel), and FAR1
(pGA2274; upper panel) plasmids. Pheromone concentrations on filter discs
were 0.3 and 1 mg. Photos were taken after incubation of the plates at 30°C for
2 days.
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tation of Far1 whereas the Cln2 kinase activity toward H1 is
only slightly affected by pheromone treatment (Fig. 6B). Sim-
ilar results were obtained by analyzing Far1D30, a stabilized
version of Far1 due to the deletion of the N-terminal 30 amino
acids (Fig. 6B, lanes 5 and 6) (36). In accordance with Fig. 4A,
an increased steady-state level of Far1 as caused by the
Far1D30 substitution in addition to its overexpression from the
GAL1-10 promoter leads to a considerable amount of Far1
coprecipitation in the absence of pheromone (Fig. 6B, lanes 5
and 6).

To further corroborate the finding that specific Cln2-HA

kinase activity is not significantly affected by pheromone, we
confirmed that the kinase activity that we observe in phero-
mone-induced cells is not an artifact resulting from the partial
loss of Far1 binding to the Cln2-HA–Cdc28 kinase during the
immunoprecipitation procedure. Therefore, we performed a
standard immunoprecipitation of Cln2-HA from pheromone-
induced cells and compared both Cln2-HA kinase activity and
coprecipitated Far1 after repeating washing the immunocom-
plexes as indicated (Fig. 6C). Since we always observe a con-
stant amount of coprecipitated Far1- and Cln2-HA-dependent
kinase activity, we conclude that our washing conditions do not

FIG. 5. Pheromone-induced Far1N-HA-T306 phosphorylation is required for the pheromone-dependent interaction of Far1N-HA with Cln2-Myc. (A) Coprecipi-
tation of Far1N-HA derivatives with Cln2-Myc. Total extracts from the indicated cells (described in Fig. 2) were generated. Far1N-HA derivatives (from the total-cell
extracts) were analyzed by Western blotting (upper panel). After immunoprecipitation of Cln2-Myc by monoclonal anti-Myc antibodies, Cln2-Myc (middle panel) and
coprecipitated Far1-HA derivatives (lower panel) were detected by Western blotting. aF induction and the presence of Cln2-Myc are indicated by 1. AB (hc.), antibody
(heavy chain). (B) Only phosphorylated Far1-HA coprecipitates with Cln2-Myc. Western blotting and immunoprecipitation were performed as for panel A, and
Western extract and an immunoprecipitate were loaded on a single gel next to each other as indicated. (C) Coprecipitation of Cln2-HA with Far1N-Myc. Cln2-HA
from the total extract was analyzed by Western blotting (top panel) after immunoprecipitation of Far1N-Myc. Both Far1N-Myc (middle panel) and coprecipitated
Cln2-HA were detected by Western blotting. For the experiment, we used GA314 (far1D cln2D) cells which were transformed with pGA2238 (expressing Cln2-HA)
and with pGA2209 and pGA2210 (expressing Far1N-Myc [lanes 1 and 2] and Far1N-Myc-T306A [lanes 3 and 4], respectively). (D) Coprecipitation of Far1N-HA
derivatives in a FAR1 (GA367) background. The precipitation was performed as for panel A except that all cells were treated with aF for 1 h. Uniform, aF-dependent
cell cycle arrest was monitored after further incubating cells for 1.5 h with aF, and cells were fixed for documentation. The upper panel shows the detection of
Far1N-HA derivatives from total-cell extracts. In the lower panel, coprecipitated Far1N-HA derivatives were detected after immunoprecipitation of Cln2-Myc.
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lead to a dissociation of Far1 from the Cln2-HA–Cdc28 com-
plex. As a result, this experiment is in accordance with the
notion that our kinase measurements reflect the true physio-
logical situation. In summary, the Cln2-HA kinase assays indi-
cate that the specific Cln2-HA kinase activity does not change
significantly in response to pheromone, although Far1 is spe-
cifically bound to Cln2-HA–Cdc28 in pheromone-induced
cells.

DISCUSSION

In pheromone-responding yeast cells, Far1 is needed to pre-
vent the initiation of cell division. This halt of G1/S progression
has been proposed to rely on the direct interaction between
Far1 and G1 cyclin kinase complexes for which the accumula-
tion of Far1 coupled with an increased affinity for the kinase
seem to be a prerequisite. The pheromone-induced MAP ki-
nase Fus3 seems to play a crucial role in the Far1 activation
step. In contrast, to allow reentry into the cell cycle after
pheromone arrest or to protect against inappropriate cell cycle
attenuation, the interaction between Far1 and Cdc28 kinases
needs to be broken or prevented. It has been speculated that a
cell might accomplish this via Cdc28-induced degradation of
Far1. Considering these two antagonistic influences on Far1
function, the system can be imagined to resemble a tug of war
between a pheromone-induced event opposing Cdc28-Cln
function and a Cdc28-induced event counteracting Far1 func-
tion (Fig. 7). From many correlative observations, it has been
speculated that direct phosphorylation of Far1 might be at the
heart of both phenomena. Even though our studies do not
provide a final answer, they clearly support such a view by
highlighting the existence of putative phosphorylation sites
within Far1. We suggest that Far1 activation follows from the
modification of position 306 whereas position 87 provides the

key for its destruction (Fig. 7). It is not a trivial undertaking to
provide a definitive biochemical proof for a protein phosphor-
ylation event. With respect to Far1, the problem is com-
pounded by the fact that Far1 interacts with several protein
kinases which exhibit closely related specificities for the phos-
phorylation motif and whose substrate interactions might be
interdependent. This situation made in vitro observations al-
most worthless because many phosphorylation sites (e.g., S87)
seemed to be recognized by both Fus3 and Cdc28 kinases
(17a). A biochemical characterization of in vivo-modified Far1
also proved to be an unattractive option. First, the protein is
highly unstable and easily degraded during prolonged extrac-
tion procedures. Second, under closer scrutiny, we found that
the procedures commonly used for radioactive labeling in yeast
influence the modification event under study (data not shown).
Therefore, a genetic analysis seemed to be the best way to test
the current models since they predicted that Far1 should be
modified at SP and/or TP motifs. If any of the projected phos-
phorylation events were causally involved in either activation
or degradation, then certain alanine substitutions would have
to exhibit an appropriate phenotype. This is exactly what we
found. Of the consensus phosphorylation site mutants that we
generated and analyzed, three (S63A, S87A, and T306A)
clearly supported the notion that Far1 phosphorylation could
have a direct role in activation as well as destruction. Of these,
T306 seems to be the prime site involved in the activation
event, as even the single mutant has a remarkably strong loss of
function phenotype.

The observed stabilization of the Far1 S87A mutant raises
the issue of whether phosphorylation at this site by Cdc28
precipitates Far1 degradation. Previous reports indicated that
the first 50 aa are important for the cell cycle-specific degra-
dation of Far1; however, mutating all possible consensus phos-
phorylation sites within the amino-terminal 50 aa had no dis-

FIG. 6. Specific Cln2-HA kinase activity is not significantly affected by pheromone-dependent Far1 association. (A) Cln2-HA kinase activity was measured after
immunoprecipitation with anti-HA antibodies (upper panel). Far1 indicates coprecipitated Far1 which is phosphorylated by Cln2-HA. The substrate for the kinase
reaction was a bacterially produced Far1 peptide encoding aa 51 to 301 (5). The same results were obtained if H1 was used as a substrate or if the extraction buffer
described by Peter and Herskowitz (34) was used (data not shown). Equal precipitation of Cln2-HA was ensured by Western blotting of the immunoprecipitate. AB.,
antibody (heavy chain). The strains used for the experiment were K2149 (WT) and K2166 (far1D). Both strains were transformed with pTP411, which allows the
expression of HA-tagged CLN2 from the CLN3 promoter. (B) GAL1::FAR1 (lanes 1 and 2), GAL1::FAR1 GAL1::CLN2-HA (lanes 3 and 4), and GAL1::FAR1D30
GAL1::CLN2-HA (lanes 5 and 6) strains were grown in SCGal-Trp medium and incubated in mating factor or left untreated for 2.5 h. Cln2-HA was immunopre-
cipitated, and immunoprecipitates assayed for histone H1 kinase activity. In parallel, precipitated Cln2-HA protein and associated Far1 protein were determined by
Western blotting. The percentage of unbudded cells in mating factor-treated cultures is indicated in the lower panel. Note that effective cell cycle arrest continued for
at least 1 h after the time at which Cln2-associated kinase and Far1 binding were determined. (C) The association between Far1 and Cln2-HA is unaffected by repeated
washing of the immunoprecipitate. Kinase assays were performed as described for panel A except that washing of the immunoprecipitate was repeated as indicated.
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cernible effect (9b, 29). Since an extensive deletion analysis
within the N-terminal 50 aa also failed to delineate unique
sequences specifically required for stabilization (9a), modifica-
tions within this region may not be what is important for its
function. The effects of deletions in this region could be en-
tirely indirect, perhaps due to affecting protein context or lo-
calization. In summary, S87 is the only serine/threonine within
any putative Cdc28 recognition motif that leads to the ex-
pected stabilization phenotype.

It is generally assumed that antiproliferative factors cause
cell cycle arrest via the inhibition of Cdk activity. Even though
Far1 does not show significant sequence similarity to any of the
mammalian inhibitors or to the bona fide yeast Cdk inhibitors
such as Sic1 or Rum1 (8, 40), it was not unreasonable to expect
that Far1 also functions as a stoichiometric Cdk inhibitor.
Indeed, the finding that the addition of Far1 to Cln2-Cdc28
kinase complexes in vitro causes a dose-dependent reduction
of kinase activity supported this proposal (34). Moreover, re-
cent evidence suggests that Cdc28-Cln3 kinase activity is down-
regulated by pheromone (24). The data indicating Cln2 inhi-
bition were further corroborated by showing that Cln2-Cdc28
kinase when highly overexpressed from the ADH promoter is
inhibited about four- to fivefold in response to pheromone.
Therefore, it has been a surprise to us that the specific kinase

activity of Cln2 as measured in our in vitro kinase assays is not
significantly reduced in response to pheromone. How could
these apparently conflicting data be reconciled? It is certainly
difficult to find conditions where pheromone-responding and
nonresponding cells can be properly compared and where
posttranscriptional and transcriptional effects can be dissected.
Of course, the opportunity for obtaining artifacts due to the
necessary ectopic or artificially high expression is not negligi-
ble. For example, even in the mammalian system it was shown
that the CDK-p21 complex can exist in both active and inactive
states, depending on the relative concentrations of the proteins
(22, 41). Also, since it is evident that Far1 is able to associate
with the Cln2 kinase, it is not surprising that the addition of a
high excess of purified Far1 to Cln2-Cdc28 kinase is able to
lower kinase activity toward a second substrate. Differences in
the results may therefore just reflect differences in the exper-
imental setup. In any case, even if the Cln2-Cdc28 kinase was
repressed in cells that overexpressed CLN2 from the ADH
promoter, the absolute levels of kinase activity were well within
the levels found in normal unchallenged WT cells (34). Thus,
we believe that the inhibition of Cln2 kinase alone is unlikely
to provide a functional explanation for the arrest in vivo. In this
regard, our observations are not without precedent. It has also
been shown by others that immunoprecipitated Cln2 com-
plexes from pheromone-induced cells indeed show some level
of kinase activity toward histone H1 (47). Even more convinc-
ing evidence that Far1 binding may not cause inhibition of
catalytic activity per se stems from immunoprecipitation kinase
assays with Far1 (35). These assays revealed that Far1 immu-
noprecipitates from pheromone-induced cells contain Cdc28-
dependent kinase activity. If not by inhibition of catalytic ac-
tivity, how then might Far1 prevent the function of Cdc28-
Cln2? Far1 could obscure the interaction of Cln2 with some
selected target sites or substrates. Alternatively, Far1 might
restrict Cln2 to subcellular compartments where the kinase
cannot promote its cell cycle-specific function. Testing of these
ideas might be possible in studies oriented more cell biologi-
cally.
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