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Yeast cells arrest during the G1 interval of the cell cycle in response to peptide mating pheromones. The
FAR) gene is required for cell cycle arrest but not for a number of other aspects of the pheromone response.
Genetic evidence suggests that FAR) is required specifically for inactivation of the G1 cyclin CLN2. From these
observations, the FAR) gene has been proposed to encode an element of the interface between the mating
pheromone signal transduction pathway and the cell cycle regulatory apparatus. We show here that FAR) is
necessary for the decrease in CLN) and CLN2 transcript accumulation observed in response to mating
pheromone but is unnecessary for regulation of the same transcripts during vegetative growth. However, the
defect in regulation of CLNI expression is dependent upon CLN2. We show that pheromone regulates the
abundance of Cln2 at a posttranscriptional level and that FAR) is required for that regulation. From these
observations, we suggest that FAR) function is limited to posttranscriptional regulation ofCLN2 expression by
mating pheromone. The failure of mating pheromone to repress CLN2 transcript levels infarl mutants can be
explained by the stimulatory effect of the persistent Cln2 protein on CLN2 transcription via the CLN/CDC28-
dependent feedback pathway.

The capacity of cells to regulate cell cycle progression in
response to both internal and environmental stimuli is essen-
tial for their continued viability and, in the case of meta-
zoans, for the viability of the entire organism. To achieve
such regulation, cells must be capable of translating the
signals generated by those stimuli into cell cycle regulatory
responses. As in most other organisms, cell proliferation in
the budding yeast Saccharomyces cerevisiae is responsive to
a number of external and physiological signals. Nutrient
limitation and exposure to mating pheromone, the primary
external signals, inhibit cell cycle progression specifically
during the G1 interval (see references 26 and 33 for reviews).
Thus, both act through transduction pathways that must
ultimately affect the elements that govern cell cycle progres-
sion. Although a detailed description of these elements is
beginning to emerge, it is unclear how these signal transduc-
tion systems act to modulate their activity. Achieving an

understanding of that process depends on the identification
and characterization of the elements that act at the interface
between these signal transduction systems and the cell cycle
regulatory machinery.

In S. cerevisiae, the mating pheromones a factor and a

factor, elaborated by haploid cells of the a and a mating
types, respectively, induce a number of responses in cells of
the opposite mating type (reviewed by Marsh et al. [26]).
These include changes in morphology and the pattern of
gene expression as well as inhibition of cell cycle progres-
sion during the G1 interval. All of these effects are known to
occur through stimulation of a signal transduction pathway
which is initiated by binding of the peptide pheromone to a
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heterotrimeric G protein-coupled cell surface receptor (en-
coded by STE3 or STE2). Many of the other components of
this transduction pathway are known. The induction of
mating pheromone-specific genes occurs through the action
of the STE12 gene product as a consequence of its binding to
a pheromone-specific transcription-activating sequence
known as the pheromone response element (11, 14). Several
of these pheromone-specific genes are known to be involved
in the mating process. In contrast, the mechanism by which
the same pathway results in G1-specific cell cycle arrest is
not understood. Although STE12 function has been impli-
cated in this arrest, the nature of its involvement is not
known (10).

Cell cycle progression in budding yeasts is known to
require the activity of the CDC28 gene product (20, 34, 35),
a serine/threonine protein kinase of the Cdk (cyclin-depen-
dent kinase) family, which includes the Cdc2 protein kinase
(reviewed by Pines and Hunter [32]). The function of the
CDC28 gene product is essential for passage through the
G1/S and G2/M transitions. Its role at each of these transi-
tions is performed in conjunction with those of distinct
families of cyclin proteins, the G2/M function requiring
B-type cyclins encoded by the CLB genes (16, 40) and the
role during G1 phase requiring the G1 cyclins encoded by the
CLN genes. The CLN gene family consists of three genes,
CLN1, CLN2, and CLN3, which perform an overlapping
function that is essential for progression through G1 phase
(5, 18, 27, 36). Inactivation of all three CLN genes but not
any of the pairwise combinations results in arrest at START
in a state reminiscent of cells arrested by inactivation of
CDC28 or by mating pheromone (36). The transcripts of the
CLN1 and CLN2 genes, as well as the Cln2 protein, have
been demonstrated to accumulate periodically during the cell
cycle, peaking during late G1, at the time of their essential
function (43). While it is presumed that the Clnl protein
behaves similarly, that has not been demonstrated. During
the G1 interval, the Cln proteins associate with p34cdc28 to
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TABLE 1. List of strains

Strain' Relevant genotype Source or reference

15Dau MA4Ta adel his2 leu2 trpl ura3Ans 4
15Daub MATa adel his2 leu2 trpl ura3Ans barlA S. Reed
D13 MATot adel his2 leu2 trpl cdc28-13 S. Reed
FC280 MATa adel his2 leu2 trpl ura3Ans barl::LEU2farl::URA3 2
CWY149 MATot adel his2 leu2 trpl ura3Ans clnl::TRP cln2::LEU2 cln3::ura3/YCpG2CLN1 36
DL4 MATa adel his2 leu2 trpl ura3Ans cln3A 6
CWY181 MATa adel his2 leu2 trpl ura3Ans barlA cdc28-13 Segregant from l5Daub x D13
CWY222 MATa adel his2 leu2 trpl ura3Ans barlA cdc28-13farl::URA3 This study
CWY228 MATa adel his2 keu2 trpl ura3Ans barlA clnl::TRP Segregant from CWY149 x 15Dau
CWY229 MATa adel his2 leu2 trpl ura3/ns barlA cln2::LEU2 Segregant from CWY149 x 15Dau
CWY230 MATa adel his2 leu2 trpl ura3Ans barlA clnl::TRP cln2::LEU2 Segregant from CWY149 x 15Dau
KJY47 MATa adel his2 leu2 trpl ura3Ans barlA clnl::TRP cln3A Segregant from CWY230 x DL4
KJY102 MATa adel his2 leu2 trpl ura3Ans cln3A Segregant from CWY230 x DL4
FC310 MATa adel his2 leu2 trpl ura3Ans barlA cln2::LEU2 farl::URA3 2
FC322 MA4Ta adel his2 leu2 trpl ura3Ans barl::LEU2 clnl::TRP cln3::ura3Afarl::URA3 2
HVY33 MATa adel his2 leu2 trpl ura3Ans barlA cln2::LEU2 HIS2::CLNYP This study
KJY95 MATa adel his2 leu2 trpl ura3Ans barlA clnl::TRP cln2::LEU2 HIS2::CLN23P This study
HVY35 MATa adel his2 leu2 trpl ura3Ans barlA cln2::LEU2farl::URA3 HIS2::CLN23P This study
KJY98 MATa adel his2 leu2 trpl ura3Ans barlA clnl::TRP cln2::LEU2 HIS2::CLN23Pfar1::URA3 This study
1258-14B MATa adel his2 1eu2 ura3Ans barlA clnlA cln2Axs cln3A TRPI::GAL-CLN3 J. McKinney and F. Cross
DLY518 MATa adel his2 leu2 ura3Ans barlA cinlA cln2Axs cln3A TRPl::GAL-CLN3farI::URA3 D. Lew

a All strains are isogenic derivatives of BF264-15D.

form an active protein kinase complex. That association is
thought to be essential for activation of the G1-specific
functions of the kinase. Most important in terms of the
studies reported here, the accumulation of the CLNI and
CLN2 transcripts and their protein products is negatively
regulated by exposure of cells to mating pheromone (43).
From these observations, we have proposed that the CLN
genes or their products are the targets of the mating phero-
mone signal transduction pathway and that their inactivation
ultimately results in G1 arrest.

Support for this hypothesis is derived from the study of
the mating pheromone resistance mutation farl (2). Inacti-
vation of the FARI gene causes cells to fail to arrest in
response to mating pheromone without interrupting other
aspects of the mating pheromone response. Thus, whilefarl
mutant cells undergo the morphological alterations associ-
ated with pheromone exposure and show pheromone-spe-
cific gene expression, they do not arrest during G1 and
consequently continue to proliferate. Strikingly, this defect
is efficiently suppressed by inactivation of the CLN2 gene
but not by inactivation of either CLNJ or CLN3. This
observation led to the proposal that mating pheromone acts
through FARI to inactivate CLN2 as well as through other
FARl-independent mechanisms to inactivate CLNI and
CLN3. This predicts that, whereas CLNI and CLN3 would
be inactivated by mating pheromone in the absence of
functional FARl, CLN2 would not, and as a result, cells
would continue to proliferate. Alternatively, in cells lacking
CLN2, FAR1 would be nonessential for mating pheromone-
induced arrest, since other mechanisms exist for the elimi-
nation of CLNI and CLN3.
Exposure of cells to mating pheromone results in repres-

sion of CLNI and CLN2 gene expression (43), leading to the
suggestion that FARI acts specifically to mediate phero-
mone-induced transcriptional repression of CLN2. How-
ever, recent evidence (7, 9) demonstrates that transcription
of CLNI and CLN2 is coordinately regulated through a
positive feedback loop that requires functional CDC28 and a
functional CLN gene. From these observations, Cross and
Tinklenberg (7) have argued that the "trident model" pro-

posed by Chang and Herskowitz (2) is oversimplified and
predicted that loss of FARI should disrupt pheromone
regulation of both CLNI and CLN2 gene expression.

In the work described here, we tested these hypotheses
and attempted to elucidate the role of FARI in cell cycle
regulation by mating pheromone. We show that FAR1 is
required for the negative regulation of CLN2 transcript
abundance in response to mating pheromone but is not
required for cell cycle regulation of that transcript during
vegetative growth. Whilefarl mutants are also defective in
regulation of CLNI transcript abundance by mating phero-
mone, this defect apparently occurs as a result of deregula-
tion of CLN2 expression, consistent with the coordinate
regulation of these genes through a positive feedback mech-
anism. We provide evidence that FARI does not act at the
level of CLN2 transcription but is instead required for the
pheromone-induced loss of Cln2 protein. Our results suggest
that this defect ultimately results in inactivation of the
CLN/CDC28-dependent feedback mechanism required for
maximal expression of CLNI and CLN2. We propose that
the defect in posttranscriptional regulation of Cln2 is the
primary cause of mating pheromone resistance in farl mu-
tants.

MATERIALS AND METHODS

Strain construction and recombinant DNA manipulation.
The strains used in this study are listed in Table 1. All strains
are isogenic derivatives of BF264-150 (4). Replacement of
chromosomal loci with mutant derivatives was done by
one-step gene transplacement (37). Insertional mutations
and deletions of CLNI and CLN2 (17), CLN3 (5), and FARl
(2) have been described previously.
An integrating plasmid (pHV104) containing the chimeric

gene CLN23P was constructed as follows. Approximately 0.9
kb of the upstream untranslated region of the CLN3 gene,
extending from the naturally occurring Sall site (5) to a
BamHI site which was introduced at position -13, was
obtained by oligonucleotide-directed mutagenesis and poly-
merase chain reaction. This fragment was ligated to a
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BamHI fragment generated by polymerase chain reaction
mutagenesis, containing the entire open reading frame of
CLN2 along with upstream sequences to -8 from the ATG
and 56 nucleotides downstream from the translation termi-
nation site (17). A pUC18 plasmid was constructed that
contained the yeast HIS2 gene as a 1.35-kb EcoRI-SmaI
fragment (23) and the CLN23P chimera. Integration into the
yeast genome was done by transformation with the plasmid
which had been linearized at the HpaI site of HIS2 (38). All
integrants were shown to be present in single copy at the
HIS2 locus by Southern blot analysis.
YEplacll2-CLN1 and YCplac33-CLN1 contain the entire

CLN1 gene on the 3.1-kb BamHI-HindIII fragment from
pJHBla (18) cloned into the polylinker of YEplacll2 or
YCplac33 (15), respectively. YEplacll2-CLN3 contains the
entire CLN3 gene carried on a 3.2-kb SalI-BamHI fragment.

Northern (RNA blot) analysis. Total RNA was prepared
from yeast cells by the method of Elder et al. (lla) and
separated on 1% agarose gels containing formaldehyde. The
RNA was then transferred to Magnagraph nylon membranes
(Micron Separation, Inc.), and hybridization was performed
as described previously (24). Probes were radiolabeled with
[a-32P]dCTP by random-primed labeling (Boehringer Mann-
heim) according to the manufacturer's instructions. The
DNA probes used were as follows: for CLN1, the entire
open reading frame on a 1.8-kb BamHI fragment from the
plasmid pUC19-CLNlBB; for CLN2, the entire open reading
frame on a 1.8-kb BamHI fragment from the plasmid pUC19-
CLN2BB; for CLN3, the 1.0-kb HindIII-BamHI fragment;
for FUS1, the 1.0-kb PstI-BamHI fragment (41); and for
ACT1, the 1.6-kb BamHI-HindIII fragment containing the
majority of the ACTI open reading frame (30).

Gel electrophoresis and immunoblotting. Polyacrylamide
gel electrophoresis (PAGE) was performed with protein
extracts prepared as described before (43). Protein sample
quantities were normalized by A2so measurements, and 0.8
A280 unit of protein was loaded per lane. All protein gels
were 6%/15% SDS polyacrylamide gradient gels. Immuno-
blotting was performed by electroblotting proteins to Mag-
nagraph nylon membranes as described before (19). Mem-
branes were blocked in 10% nonfat dry milk in Tris-buffered
saline with 0.25% Tween 20, incubated overnight with
affinity-purified anti-Cln2 serum (43) diluted 1:3,000 that had
been incubated for 1 h in the presence of a total cell lysate of
a clnl::TRP1 cln2::LEU2 mutant strain (CWY230). This
incubation was followed by incubation with alkaline phos-
phatase-conjugated goat anti-rabbit immunoglobulin G (1:
7,500; Promega). Development was done with the chemilu-
minescent dye Lumiphos 530 (Boehringer Mannheim)
according to the manufacturer's instructions. Membranes
were exposed for 1 to 30 min.

Mating pheromone treatments, halo assays, and cell cycle
synchronization. Mating pheromone arrest and arrest release
synchrony were done as previously described (43) with the
modifications noted in the figure legends.
Halo assays were performed as described previously (21).

Briefly, approximately 105 cells were plated in 8 ml of molten
nutrient agar on a plate of the same composition. Once
solidified, 2 ,ul of a-factor at the designated concentrations
was spotted onto the plate and allowed to diffuse during the
growth period. All strains used were barl mutants.

RESULTS

FAR) is required for pheromone-induced repression of
CLN1 and CLN2 transcription. Mating pheromone leads to a
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FIG. 1. Abundance of CLNI and CLN2 transcripts and Unnz
protein in FARI andfarlA strains responding to mating pheromone.
Wild-type cells (lSDaub) (0) or cells carrying a farlA disruption
(FC280) (-) were treated with 200 ng of a-factor per ml for the times
(minutes) indicated. Cells were harvested and analyzed for percent
budded cells (A), abundance of the indicated RNAs by Northern
blot analysis (B), and abundance of the Cln2 polypeptide by immu-
noblotting (C).

decrease in the abundance of the CLNI and CLN2 tran-
scripts (43). We have analyzed the behavior of those tran-
scripts in farl mutants following treatment with mating
pheromone. AL4Ta barl mutant cells carrying either a wild-
type FARI gene (15Daub) or a far]::URA3 insertional mu-
tation (FC280; referred to herein as farlA) were exposed to
the mating pheromone a-factor at 125 nM (200 ng/ml) for
various times (Fig. 1), and their ability to arrest in the G1
phase of the cell cycle was evaluated by determining the

-

VOL. 13, 1993



1016 VALDIVIESO ET AL.

proportion of budded cells in the population. While both
FAR1 and farlA mutant strains exhibited the characteristic
morphological response to mating pheromone, the farlA
mutants failed to arrest in G1 in response to mating phero-
mone (Fig.1A). This is consistent with the phenotypes
described by Chang and Herskowitz (2). The abundance of
the CLN1 and CLN2 transcripts in these cells, as well as the
abundance of transcripts from the mating pheromone-induc-
ible gene FUS1 (41), was determined by Northern blot
hybridization of total cellular RNA (Fig.1B). Whereas the
abundance of the CLNI and CLN2 transcripts decreased
significantly in theFAR1 strain within 30 min following
addition of a-factor, relatively little change was observed in
the abundance of either transcript in a farl mutant strain
treated with the same concentration of pheromone. In con-

trast, the FUSI transcript was efficiently induced in both
strains, indicating, as has been demonstrated previously,
that the farl mutants were still capable of responding to
ao-factor. Analysis by immunoblotting of the Cln2 polypep-
tide in farlA mutants subjected to the same treatment with
mating pheromone revealed that its abundance was similarly
affected (Fig.1C). Neither the level of the Cln2 polypeptide
nor the extent of its modification, as judged by electro-
phoretic mobility, was affected by the addition of mating
pheromone. In contrast, Cln2 was rapidly lost from wild-
type cells over the same time course. Thus, the loss ofFAR1
function results in a failure of mating pheromone to nega-

tively regulate CLN2 transcript accumulation.
FAR) is not required for periodic expression of CLNJ and

CLN2 during the cell cycle. We have previously shown that
the CLN1 and CLN2 transcripts accumulate periodically
during the cell cycle, attaining maximum levels during late
G1 and decreasing as cells initiate S phase (43). However,
periodicity is not a prerequisite for normal cell cycle pro-

gression or continued proliferation (see Fig. 3B) (42). Since
regulation of CLNJ and CLN2 transcription by mating
pheromone was found to be disrupted in farlA mutants, it
was possible that expression of those genes was also impro-
perly regulated in cells growing vegetatively in the absence
of mating pheromone. To determine whether the loss of
FARI function affected regulation during the cell cycle, we
analyzed the accumulation of CLN1 and CLN2 transcripts in
synchronous populations of farlA mutant and wild-type
cells. SincefarlA mutants cannot be synchronized by arrest
with mating pheromone, we constructed strains carrying
the conditional cdc28-13 mutation and either a mutant
(CWY222) or wild-type (CWY181) FARI gene. These cells
were arrested in G1 phase by incubation at the restrictive
temperature for the cdc28 mutation (37°C) in the presence of
a-factor and then allowed to synchronously reenter the cell
cycle by being returned to fresh medium without a-factor at
the permissive temperature (25°C) (Fig. 2A). Both the farlA
mutant and wild-type strains initiated a new cell cycle, as

evidenced by the appearance of budded cells approximately
75 min after the temperature shift.

Total RNA prepared from these cells was analyzed by
Northern blotting to determine the abundance of the CLN1
and CLN2 transcripts (Fig. 2B). In both the farlA mutant
and wild-type cells, the CLNJ (not shown) and CLN2
transcripts began to accumulate 60 min after the shift to
25°C, just prior to the appearance of budded cells. This
pattern of expression is consistent with that observed in
wild-type cells (43). Furthermore, accumulation of the tran-

script was periodic with respect to cell cycle position,
decreasing as the cells become maximally budded and in-
creasing again later in the time course. We assume that this
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FIG. 2. Abundance of CLN1 and CLN2 transcripts in FAR1 and

farlA mutant cells in synchronous cultures. Cultures ofMATaFAR1
cdc28-13 cells (CWY181) (0) and AMTa farlA cdc28-13 cells
(CWY222) (0) were arrested during G1 by incubation at 37°C for 3
h in the presence of 100 ng of a-factor per ml, released by being
shifted to fresh medium at 25°C without mating pheromone, and
then incubated at 25°C. Cells were harvested at the times indicated
and analyzed for budding index (A) and abundance of CLN2
transcripts by Northern blot analysis (B). The lane labeled As
contains RNA from an asynchronous population of the same cells.
Times in panel B are shown in minutes.

increase is associated with cells that have reentered G1
phase, as has been observed in our previous studies (43). It
is unlikely that the pattern of expression observed in the
second cell cycle following return to the permissive temper-
ature is influenced by the inactivation of CDC28. The results
of these studies demonstrate that cell cycle regulation of
CLN1 and CLN2 transcript accumulation is unaffected in
farl A mutants. From these results, it is unlikely that FARI is
involved in the mechanisms governing CLNI and CLN2
transcription during vegetative growth; instead, its involve-
ment is limited to regulation by mating pheromone.
Mating pheromone acts through a FARI-dependent post-

transcriptional mechanism to regulate accumulation of the
Cln2 protein. The involvement of FARI in the regulation of
CLN2 transcript abundance by mating pheromone could be
explained by two alternative hypotheses. First, mating pher-
omone might act through FAR1 to directly repress the
transcription of the CLN2 gene. Alternatively, FARI may be
required for posttranscriptional regulation of Cln2 activity,
leading indirectly to a decrease in transcription of CLN2
through disruption of the CLNICDC28-dependent feedback
pathway (7, 9, 22). The latter hypothesis was tested directly
by separating transcriptional and posttranscriptional regula-
tion of CLN2 gene expression. Yeast strains were con-

structed in which the CLN2 open reading frame was placed
under control of the CLN3 promoter (referred to as CLN23P;

_SSS ....... ...iIe$A '?
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see Materials and Methods). Accumulation of the CLN3
transcript is constitutive with respect to cell cycle position
and is modestly induced by pheromone treatment (8, 27, 43).
Furthermore, the steady-state level of the CLN3 transcript is
similar to that of CLN2. A single copy of the CLN23P
chimera was introduced into FARI clnl::TRP1 cln2::LEU2
and farlA clnl::TRPI cln2::LEU2 strains by site-directed
integration at the chromosomal HIS2 locus. The resulting
strains (KJY95 and KJY98, respectively) displayed no obvi-
ous defects in proliferation or growth under vegetative
conditions. Furthermore, the chimeric gene was shown to
act as a functional G1 cyclin gene by its ability to rescue a
Cln-deficient mutant (data not shown).
We first asked whether mating pheromone induces G1

phase arrest in a strain carrying the CLN23P gene as its only
source of CLN2. Pheromone sensitivity was evaluated dur-
ing growth in liquid medium as well as by halo assays. Halo
assays allow qualitative evaluation of sensitivity to a broad
range of pheromone concentrations arising via diffusion from
a point of application. Figure 3A shows that the a-factor
sensitivity of a FARI clnlA cln2A strain carrying a single
copy of the CLN23P gene (KJY95) was approximately equiv-
alent to that of the parent carrying the wild-type CLN2 gene
(l5Daub). This finding was confirmed by the decrease in the
proportion of budded cells observed following exposure to
a-factor (Fig. 3B). Furthermore, the pheromone sensitivity
of cells carrying CLN2 or CLN23P as the only source of CLN
gene product was approximately equivalent (data not
shown). Northern blot analysis of CLN2 transcript abun-
dance was used to confirm that the chimeric gene was

expressed in the presence of pheromone (Fig. 3B). While the
CLN2 transcript in cells carrying a wild-type CLN2 gene
decreased rapidly following treatment with pheromone (Fig.
1B), levels of the same transcript decreased only modestly in
cells carrying the CLN23P chimera. We conclude that pher-
omone induction of G1 phase arrest is not dependent upon
elimination of the CLN2 transcript.
We analyzed the abundance of the Cln2 polypeptide

during the same time course of pheromone treatment by
immunoblotting with Cln2 antiserum (Fig. 3B). Surprisingly,
the abundance of Cln2 protein decreased dramatically after
mating pheromone treatment, decreasing to 20% of the initial
level within 1 h and becoming barely detectable after 3 h of
pheromone treatment. The decrease in Cln2 protein abun-
dance significantly preceded any detectable decrease in the
CLN2 transcript level. While the kinetics of loss were slower
than in cells carrying a wild-type CLN2 gene (Fig. 1C), the
decrease observed over the entire time course was approx-
imately equivalent between these strains. This observation
establishes the existence of a posttranscriptional mechanism
that is sufficient to eliminate the Cln2 polypeptide in re-
sponse to mating pheromone. Whether this effect is exerted
at the translational or posttranslational level cannot be
deduced from these experiments. However, the loss ob-
served here is unlikely to be simply a result of cell cycle
arrest, since Cln2 protein expressed from the CLN23P chi-
mera persists in cells arrested during G1 phase by a condi-
tional cdc28 mutation (42). Furthermore, exposure of those
G1-arrested cells to pheromone results in the loss of the Cln2
polypeptide (42). The difference between the kinetics of loss
of Cln2 from cells carrying the wild-type gene and from cells
carrying the CLN23P gene suggests that the transcriptional
repression that takes place upon inactivation of the Cln2
protein makes a significant contribution to the rate of loss of
that protein.
Having established the existence of a posttranscriptional
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FIG. 3. FARl-dependent posttranscriptional regulation of CLN2
expression by mating pheromone in cells. (A) Halo assays were
performed with 600, 200, 66, and 22 ng of a-factor (clockwise within
each square, starting at upper left). The strains used were 15Daub
(upper left), KJY95 (upper right), FC280 (lower left), and KJY98
(lower right). (B) Strains KJY95 (MATa clnl::TRPI cln2::LEU2
CLN23P FAR1) (0) and KJY98 (MATa clnl::TRP1 cln2::LEU2
CLN23P farlA) (-) were treated with mating pheromone for the
times indicated, and then aliquots of cells were taken and analyzed
for the proportion of budded cells (results for the MATa CLN2
FAR1 strain 15Daub (0) are shown as a wild-type control), the
abundance of the CLN2 transcript was determined by Northern blot
analysis, and the abundance of the Cln2 polypeptide was determined
by immunoblotting. ACT1 mRNA and the p34CDC28 polypeptide
were used as quantitation controls.

mechanism for the elimination of Cln2 polypeptide in re-
sponse to mating pheromone, we tested whether that mech-
anism was dependent upon FAR]. The first indication that
this might be the case was the observation that a strain
carrying CLN23P as its only source of CLN2 and an inacti-
vated FAR1 gene (KJY95) was resistant to mating phero-
mone when assayed both by halo assay and in liquid culture
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FIG. 4. Analysis of the abundance of CLN1 transcripts in FARI
and farlA cells lacking CLN2 after exposure to mating pheromone.

Strains CWY229 (MATa FARI cln2A) and FC310 (MATa farlA

cln2A) were exposed to 200 ng of a-factor per ml for the times

indicated, and the abundance of CLN1 transcripts was analyzed by

Northern blot analysis. Methylene blue-stained 18S rRNA was used

as a quantitation control.

(Fig. 3A and B). Resistance is shown in the halo assay by the

growth of colonies within the zone of mating pheromone

inhibition (the halo). The phenotype is more easily observed

in liquid culture, in which pheromone treatment results in a

short period during which the proportion of budded cells

decreases, followed by rapid reestablishment of the initial

conditions. These results demonstrate that, even in cells

carrying the CLN.3P chimera,FAR1 is necessary for pher-

omone-induced cell cycle arrest and strongly suggest that

FAR1 is required for posttranscriptional inactivation of

Cln2. This is supported by our analysis of Cln2 abundance

by immunoblotting (Fig. 3B). In contrast to the result with

FARI cells carrying the CLN23P chimera, pheromone treat-

ment failed to induce the loss of the Cln2 polypeptide in

farMA cells carrying the chimeric gene. Pheromone had little

effect on the abundance of CLN23P transcripts over the same

time course. Thus, whereas exposure of FAR1 cells to

mating pheromone results in elimination of the Cln2 protein

through a mechanism that is largely posttranscriptional, the

same response does not occur in thefarlA mutant. A similar

result was obtained when CLN2 was expressed from a

debilitated GALl promoter, from which accumulation of

Cln2 is approximately threefold higher than the wild-type
level (data not shown). These results demonstrate that

pheromone acts through aFARl-dependent mechanism that

leads to repression of Cln2 polypeptide accumulation and

ultimately to G1 arrest.
Persistence of CLNI transcripts in mating pheromone-

treatedfarl mutants depends on a functional CLN2 gene. The

persistence of the CLNJ transcript in pheromone-treated
farlA mutants (Fig. 1) could result from a requirement for

FARl for pheromone repression of CLN1 expression or,

alternatively, could reflect an interaction between CLN2 and

CLN1. That is, CLN2 could affect the expression of CLN1

through its effect on the CLN/CDC28-dependent feedback
stimulation (7, 9, 22). To determine whether this is the case,

the effect of mating pheromone on CLN1 transcript accumu-
lation was analyzed in farlA mutant (FC310) andFAR1
(CWY228) strains in which CLN2 was inactivated (Fig. 4).

Because they lack CLN2, these strains arrested in response

to pheromone regardless of the state ofFARl (not shown).

In both cases, the accumulation of the CLNI transcript was
repressed following exposure to mating pheromone. A sim-

ilar result was obtained with cells in which both the CLN2

and CLN3 genes were inactivated (data not shown). The

simplest interpretation of these results is that the persistence
of CLN1 transcripts in the farlA strain occurs as a conse-
quence of the failure to repress CLN2 expression. There-
fore, in the absence of CLN2, the regulation of CLN1 gene
expression by mating pheromone is independent of FAR1.
However, that regulation must be overridden by the persis-
tence of CLN2 in the farlA mutant. The slower kinetics of
loss of the CLNJ transcript in the farlA cln2A mutant
suggests that FARI may in fact play a supplementary role in
regulation of CLNJ gene expression independent of its effect
on CLN2 (see Fig. 5).
FAR) plays a posttranscriptional role in the pheromone

regulation of CLNI that is independent of CLN2 and CLN3.
The experiments discussed above show that the CLNI
transcript in farlA mutants is regulated normally by phero-
mone if CLN2 is inactivated. However, the presence of extra
copies of CLN1 in the same cells reveals a requirement for
FARI that is not apparent when the gene is present in single
copy. This is demonstrated by the pheromone response of
FARI cln2A (CWY229) and farlA cln2A (FC310) strains
carrying CLNJ on the multicopy 2,um plasmid YEplacll2
(15), as evaluated by halo assays. The same plasmid either
with no insert or carrying the CLN3 gene was used as a

control. The pheromone response of FARI cln2A cells
carrying a plasmid with either the CLNJ or CLN3 gene was

approximately equal to that of cells carrying the plasmid
without an insert, as demonstrated by the formation of clear
halos of comparable sizes (Fig. 5A). In contrast, farlA cln2A
cells carrying CLN1 on the multicopy plasmid were rela-
tively insensitive to pheromone. Although a halo was ob-
served in this assay, it was filled with colonies. This resis-
tance was specific for CLN1, since cells carrying either the
plasmid with no insert (YEplacll2) or one with the CLN3
gene (YEplacll2-CLN3) remained sensitive to mating pher-
omone. From this experiment, we conclude that the FAR1
gene is essential for the pheromone sensitivity of cells
carrying multiple copies of the CLN1 gene and that FARI is
required, at least under these circumstances, for pheromone-
induced inactivation of CLNI. The persistence of CLN1
activity in the farlA mutant was not dependent on CLN3,
since the same result was obtained in the absence of a
functional chromosomal copy of the CLN3 gene.

SinceFARI is required for posttranscriptional regulation
of Cln2 accumulation by pheromone, it seemed likely that it
played a similar role in the regulation of CLN1. To determine
whether pheromone regulation of CLN1 transcript abun-
dance in these cells was affected byFAR1, we analyzed its
abundance in the presence and absence of pheromone. As
expected, both the farlA and FAR1 cells carrying the
plasmid expressed elevated levels of CLNI (Fig.SB). How-
ever, unexpectedly, expression in both strains was not
repressed by exposure to mating pheromone. The reason for
this failure is unclear. It is unlikely that it resulted from the
loss of regulatory sequences, since the same CLN1 gene is
repressible by mating pheromone when present in single
copy on a centromere plasmid (YCplac33-CLN1; data not
shown). Nevertheless, the fact that these cells arrested while
continuing to express CLN1 is consistent with a posttran-
scriptional effect of pheromone on Clnl function. While we
were unable to evaluate the level of the Clnl polypeptide in
these cells because of the lack of appropriate reagents, these
results are consistent with the existence of aFARl-depen-
dent posttranscriptional mechanism for pheromone regula-
tion of Clnl abundance.
Mating pheromone represses feedback-independent expres-

sion of CLNI and CLN2 through a FARI-independent mech-

Time following addition
of a-factor (min)

FAR1 cIn2A

far1A cIn2A
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FIG. 5. Pheromone resistance of farlA cln2A and farlA cln2A
cln3A mutant strains carrying CLNJ on a multicopy plasmid. (A)
Halo assays were performed with 600, 200, 66, and 22 ng of a-factor
(clockwise within each square, starting at upper left). The strains
used were CWY229 (top three squares in left column), FC310 (top
three squares in right column), KJY47 (bottom two squares in left
column), and FC322 (bottom two squares in right column). Strains
contained either YEplacll2, YEplacll2-CLNl, or YEplacll2-
CLN3. (B) Strains CWY229 (left) and FC310 (right) carrying YE-
placll2 (YEp) or YEplacll2-CLN1 (YEpCLNI) were untreated or
treated with 200 ng of a-factor (aF) per ml for 3 h and analyzed for
CLNI transcript abundance by Northern blot analysis. Methylene
blue-stained 18S rRNA was used as a quantitation control.

anism. Maximal expression of CLN1 and CLN2 in late G1
phase is dependent upon the function of the CDC28 gene and
at least one functional CLN gene (7, 9, 25). The simplest
interpretation of this observation is that full induction of
expression is dependent upon a feedback pathway that
requires the activation of the p34Cdc28 protein kinase by one
of the CLN gene products. However, expression of CLNJ
and CLN2 is detectable even in the absence of either of these
activities. We refer to this level of expression as feedback-
independent expression and to the maximal Cln/p34-depen-
dent level of expression as feedback-stimulated expression.
One consequence of feedback-stimulated expression is that
the persistence of Clnl and Cln2 proteins in pheromone-
treated farlA mutants will result in feedback stimulation of
CLNJ and CLN2 expression. This alone is sufficient to
explain the failure of pheromone to regulate the CLNI and
CLN2 transcripts in farlA mutants. However, since earlier
studies had suggested that, in addition to its effect on the
feedback pathway, mating pheromone also represses feed-
back-independent expression of CLN2 (7), it was possible
that FAR1 was also required for that regulation.
To assess the role of FARI in the regulation of feedback-

independent expression, it was first necessary to determine
whether mating pheromone affects the accumulation of
CLNI and CLN2 transcripts in the absence of feedback
stimulation. To do so, we used a strain in which all three of
the endogenous CLN genes are disrupted but which carries
the CLN3 gene expressed under control of the inducible
GALl promoter (strain 1258-14B). These cells depend upon
the galactose-inducible CLN3 gene for continued growth as
well as the induction of feedback-stimulated gene expression
(6, 7, 36). Expression of CLN2 can be studied in this strain
by analyzing the accumulation of the transcript arising from
the inactivated cln2Axs gene. Galactose-grown cells were
arrested by addition of 2% glucose. This treatment results in
a dramatic decrease in the level of the CLN3 transcript, so
that the level after 3 h of growth in glucose is less than 10%
of the wild-type asynchronous level (data not shown). The
G1-arrested cells were then treated for an additional 2 h with
a-factor (200 ng/ml), and the abundance of the transcript
derived from the cln2Axs gene was determined by Northern
blot analysis (Fig. 6).
While the abundance of cln2Axs transcripts decreased

noticeably upon repression of CLN3 gene expression, as has
been reported previously (7), that transcript was still easily
detectable even after the cells had arrested during G1 phase.
Addition of pheromone to these G1-arrested, CLN-deficient
cells resulted in a further reduction in the level of the cln2Axs
transcript. That these cells respond to mating pheromone is
shown by an increase in the pheromone-inducible FUSI
transcript level. As expected, the abundance of the cln2Axs
transcript did not decrease when the cells were maintained in
glucose for the same interval without the addition of mating
pheromone. This experiment demonstrates that CLN2 tran-
script accumulation remains pheromone sensitive even in
the absence of feedback stimulation and shows that phero-
mone can repress CLN2 expression independently of its
effect on CLN abundance or activity. A similar result was
obtained when feedback-stimulated expression was inhibited
by inactivating the p34CDC28 protein kinase catalytic subunit
rather than by inactivating the G1 cyclins. In that experi-
ment, which was done with a temperature-sensitive cdc28
mutant, feedback-independent expression of both the wild-
type CLN1 and wild-type CLN2 genes was shown to be
repressed by pheromone.
To evaluate whether FARl was required for pheromone

A
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0
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FIG. 6. Pheromone repression of CLN1 and CLN2 transcription
in the absence of CLN-dependent expression. Strains 1258-14B
(MATa FARI clnlA cln2Axs cln3A TRPI::GAL1-CLN3) and
DLY518 (MATa farl::URA3 clnlA cln2Axs cln3A TRPI::GALl-
CLN3) were grown in galactose at 25°C (+Gal). The cultures were
then adjusted to 2% glucose to repress CLN3 expression and
incubated for an additional 3 h to arrest the cells in G1 phase (+Glc).
The cultures were then split and either treated with a-factor (aF, 200
ng/ml) for the times indicated (in minutes) or maintained without
further additions. Aliquots were taken at each time point, and the
RNA transcripts from the inactivated cln2Axs gene were analyzed
by Northern blot analysis. FUSI mRNA was used as an indicator of
the mating pheromone response. Methylene blue-stained 18S rRNA
was used as a quantitation control.

regulation of feedback-independent expression of CLN2, we
subjected a conditionally CLN-deficientfarlA mutant strain
to the regimen of glucose repression and pheromone treat-
ment described above and then determined the abundance of
cln2Axs transcripts (Fig. 6). As observed with the congenic
FARI strain, the feedback-independent accumulation of cln2
transcripts in the farlA mutant strain was repressed by
mating pheromone. Since little, if any, difference in either
the extent or kinetics of this decrease was observed between
the two strains, we conclude that repression of the feedback-
independent level of CLN2 expression by pheromone does
not require FARL. Again, using a temperature-sensitive
cdc28 mutation to inactivate feedback-stimulated expres-
sion, we demonstrated a similar effect of pheromone on
accumulation of the wild-type CLNI and CLN2 transcripts
(data not shown). Furthermore, if the expression observed
here resulted from failure to completely inhibit feedback-
stimulated expression, we would expect the effect of mating
pheromone to be dependent upon FARI. These results
suggest that FARI plays a role in pheromone regulation of
CLN2 expression that is unique to feedback-stimulated
transcription.

DISCUSSION
Role of FAR). This work demonstrates that mating pher-

omone acts through a FARl-dependent posttranscriptional
mechanism to repress the accumulation of the Cln2 polypep-
tide (Fig. 3). The failure of that mechanism results in the
inability of farl mutants to arrest during G1 in response to
mating pheromone. In addition, the inability of pheromone
to inactivate Cln2 can explain the persistence of the CLNJ
and CLN2 transcripts observed in pheromone-treated farl
mutants (Fig. 1) if it is assumed that the Cln2 protein acts to
stimulate the expression of those genes through the Cln/p34-
dependent feedback pathway (7, 9) (Fig. 7). Consistent with
that assumption, we show that the persistence of the CLNJ
transcript in farl mutants depends upon a functional CLN2
gene (Fig. 4). In contrast to its role in posttranscriptional
regulation of Cln2, FARI is not required for cell cycle
regulation of CLN2 expression (Fig. 2) or for pheromone
repression of feedback-independent CLN2 transcription

MATING
PHEROMONE

FARI

CIr WIn/p34-lnWePeent) _ rCIni3
L Expess u on xpn

START
FIG. 7. Regulation of CLN genes in response to mating phero-

mone. We propose that mating pheromone acts through two path-
ways to repress accumulation of Clnl and Cln2 proteins. First, it
acts through a FARl-dependent posttranscriptional pathway to
inactivate both proteins, which ultimately results in the loss of
Cln/p34-stimulated expression of both the CLNJ and CLN2 genes.
In addition, pheromone exposure also represses Cln/p34-indepen-
dent expression of both genes. That repression is independent of
FARL. Inactivation of all three CLN gene products results in failure
of cells to progress through START.

(Fig. 6). We therefore propose that the role of FARI in
pheromone regulation of Cln2 is solely posttranscriptional
and that the failure of that mechanism leads indirectly to
deregulation of transcription.

In addition to its role in the regulation of Cln2, FAR1 can
also participate in posttranscriptional regulation of Clnl
activity (Fig. 5). This observation appears to contradict the
observation that genetic suppression of the farl mutation
results from inactivation of CLN2 (3). However, a require-
ment for FAR1 for pheromone inactivation of Clnl is only
manifested in the absence of transcriptional repression of
CLN1 by pheromone, a situation observed in cells carrying
the CLN1 gene on a multicopy plasmid. As in cells express-
ing CLN2 from the CLN3 promoter, afarl mutation in those
cells results in pheromone resistance. In contrast, in a farl
CLN1 cln2 mutant strain, CLNI expression is repressed by
pheromone exposure, and the cells are pheromone sensitive
(2). If FARl is required for posttranscriptional inactivation
of Clnl, why are farl cln2 double mutants not pheromone
resistant? There are several possible explanations. First,
redundant pathways may exist for the pheromone-induced
inactivation of Clnl, a FARl-independent pathway which is
sufficient when CLN1 is present in single copy and a
FARl-dependent pathway which becomes essential at higher
levels of CLNI expression. However, it is also possible that,
when the CLN1 gene is present in a single copy, the Clnl
protein is insufficient to activate the CLN1 gene via feed-
back, and consequently, inactivation of Clnl may only
require inactivation of feedback-independent expression. If
that is the case, posttranscriptional regulation would not be
necessary for the repression of single-copy CLN1 by pher-
omone. The resolution of this apparent contradiction awaits
further investigation.
While the results presented here support a role for FARl

in the posttranscriptional regulation of Cln2 in response to
mating pheromone, the specific level at which it is required
is unknown. The loss of Cln2 polypeptide after pheromone
exposure could result from a decrease in the rate of Cln2
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synthesis, from pheromone-induced destabilization of the
Cln2 protein, or from a combination of these effects. Fur-
thermore, both effects could result from influences at any of
a number of steps in the process of Cln2 synthesis or
degradation. In support of a posttranslational mechanism,
we have recently obtained evidence that pheromone induces
a posttranslational modification of Cln2, which is followed
by a decrease in its abundance (42). Unfortunately, neither
the predicted primary sequence nor the known properties of
the FARI gene product contribute to the resolution of this
question. The putative product has no significant homology
to proteins of known function, and while the FARI product
is known to be phosphorylated in response to mating pher-
omone (3), it is currently unknown whether that modification
is essential for function.

Feedback-stimulated versus feedback-independent expres-
sion. The tripartite model of Chang and Herskowitz (2),
while sufficient in its simplest form to explain the results of
genetic studies, is insufficient to explain several observa-
tions. Closer examination of the behavior of the CLN
transcripts and gene products in fus3 and farl mutants
suggests that both genes contribute significantly to phero-
mone regulation of more than one CLN gene. Evidence
presented here supports a role for FAR1 in the posttranscrip-
tional regulation of Clnl. In addition, Elion et al. (12) have
presented evidence that FUS3 is required for proper regula-
tion of all three G1 cyclins in response to pheromone. That
work showed that, although the cell cycle arrest defect of
fus3 mutants is suppressed by inactivation of CLN3 (13),
fus3 cln3 mutants arrested in G1 phase by pheromone
continue to express both the CLN1 and CLN2 transcripts
(12). The observation that fis3 cIn3 cells arrest in G1 phase
despite their continued expression of CLN1 and CLN2
transcripts can be explained if pheromone can inactivate
both the Clnl and Cln2 proteins through the FARI-depen-
dent posttranscriptional pathway revealed by this study (Fig.
7). However, this explanation appears to be inconsistent
with the persistence of the CLN transcripts in those cells.
This level of expression may be independent of the feedback
pathway and may indicate a role for FUS3 in pheromone
regulation of feedback-independent expression of CLN1 and
CLN2. While there is evidence that FARI and FUS3 both
affect pheromone regulation of Clnl, it is not known whether
pheromone regulation requires other CLNJ-specific regula-
tory elements, as suggested by Chang and Herskowitz (2).
The differential effect ofFARI on feedback-stimulated and

feedback-independent expression indicates that the mecha-
nisms governing these modes of expression are, in fact,
distinct and suggests that feedback-independent expression
does not simply reflect incomplete inactivation of the feed-
back pathway. Since feedback-independent expression of
CLNJ, like that of CLN2, is affected by pheromone (unpub-
lished results), it is possible that the mechanism by which
this regulation is exerted is conserved between these genes.
Two genes, SW14 and SW!6, have been implicated as
regulators of CLNJ and CLN2 gene expression. These
genes, which were originally discovered as essential activa-
tors of the cell cycle-regulated HO gene (1, 28, 39), are
required for maximal expression of CLN1 and CLN2 (29,
31). SWI4 has been shown, by gel retardation assays, to
interact with the CLN2 promoter through the cell cycle box
motif CACGA4 (29). It has been suggested that these pro-
teins mediate feedback-stimulated expression, perhaps
through a requirement for an activating phosphorylation
catalyzed by the Cln/p34 protein kinase. However, their

involvement in feedback-independent expression has not yet
been directly tested.
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