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G,-specific transcription in the budding yeast Saccharomyces cerevisiae depends upon SBF and MBF. Whereas
inactivation of SBF-regulated genes during the G,/S transition depends upon mitotic B-type cyclins, inactivation of
MBF has been reported to involve multiple regulators, Nrm1 and Stb1. Nrml is a transcriptional corepressor that
inactivates MBF-regulated transcription via negative feedback as cells exit G, phase. Cln/cyclin-dependent kinase
(CDK)-dependent inactivation of Stb1, identified via its interaction with the histone deacetylase (HDAC) compo-
nent Sin3, has also been reported to inactivate MBF-regulated transcription. This report shows that Stb1 is a stable
component of both SBF and MBF that binds G,-specific promoters via Swi6é during G, phase. It is important for
the growth of cells in which SBF or MBF is inactive. Although dissociation of Stb1 from promoters as cells exit G,
correlates with Stb1 phosphorylation, phosphorylation is only partially dependent upon Cln1/2 and is not involved
in transcription inactivation. Inactivation depends upon Nrm1 and Clb/CDK activity. Stb1 inactivation dampens
maximal transcriptional induction during late G, phase and also derepresses gene expression in G,-phase cells
prior to CIn3-dependent transcriptional activation. The repression during G, also depends upon Sin3. We speculate

that the interaction between Stb1 and Sin3 regulates the Sin3/HDAC complex at G,-specific promoters.

Periodic expression of large families of genes during the cell
cycle is one of the primary cellular mechanisms imposing an
orderly progression of events during the cell cycle. The most
extensive analysis of the cell cycle regulatory network has been
carried out in the budding yeast Saccharomyces cerevisiae. In
budding yeast, transcriptional activation of more than 200 G,-
specific genes is the earliest indicator of cell cycle initiation,
often referred to as “Start” (reviewed in reference 30). The
G,-specific gene family encodes the components of the cellular
machinery required for subsequent events associated with cell
cycle initiation. In budding yeast the regulation of G,-S genes
is mediated by two transcription factors, MBF (Mlul cell cycle
box binding factor) and SBF (Swi4 cell cycle box binding fac-
tor), which are functionally analogous to the mammalian E2F
transcription factors (5). SBF and MBF each contain a Swi6
subunit and a distinct DNA-binding subunit, Swi4 and Mbpl,
respectively. Each heterodimeric factor binds to a specific
DNA sequence found in the promoters of G,-specific genes.
Although some genes are influenced by both factors, the reg-
ulation of most genes depends upon one of the two factors, the
identity of which is correlated with the frequency of the specific
binding motif (17, 25, 26).

SBF regulates genes encoding proteins involved in the ini-
tiation of the G,-S transition and progression into S phase,
whereas MBF is primarily involved in the regulation of genes
involved in DNA replication and repair. SBF and MBF are
bound to G,-specific promoters prior to G,-specific transcrip-
tion activation (6, 15, 19). Activation of G,-specific transcrip-
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tion depends on Cln3-associated cyclin-dependent kinase
(CDK) activity (11, 27, 28). Whereas both SBF and MBF are
dependent on Cln3/CDK for activation, they are distinctly reg-
ulated (1, 9, 10, 20, 23). SBF is required for transcriptional
activation during G, phase, but MBF restricts the expression of
its targets to the G, phase by repressing transcription outside
of G; (2, 9, 20). Consequently, inactivation of SBF results in
constitutively low expression of SBF-specific targets, whereas
inactivation of MBF results in constitutively high expression of
its specific targets (9, 19). Although there seems to be little
overlap, there is significant redundancy in SBF and MBF pro-
moter binding when the other factor is inactivated (9).

The timing of activation of SBF-dependent transcription
during G, phase depends upon Whi5, an SBF-specific tran-
scriptional repressor (10). Whi5 is inactivated, during late G,
phase, via phosphorylation by CIn3/CDK (7, 10). Although it
has been reported that Whi5 binds synthetic promoters con-
taining MCB elements via MBF (7), we find it specifically binds
to the SBF complex at SBF-regulated promoters to repress
expression from SBF-dependent promoters in vivo (10). Inter-
estingly, in the absence of MBF a significant number of G-
specific genes can be bound by SBF and visa versa (2, 9), which,
at least at some promoters, results in Whi5-dependent repres-
sion in G, phase (9). The mechanism of Cln3/CDK-dependent
transcriptional activation of MBF targets remains unknown
but may involve additional regulatory proteins similar to Whi5.

Inactivation of SBF-dependent transcription upon exit from
G, phase depends largely upon Clb2/CDK activity (1, 9, 20,
23). In contrast, the repression of MBF genes as cells exit G,
phase has been reported to involve several proteins. Nrml,
encoded by an MBF-dependent gene, promotes the timely
repression via negative feedback during the G;-S transition (9).
In its absence, the delayed repression that is observed most
likely depends upon Clb/CDK. Finally, Cln/CDK-dependent



6920 DE BRUIN ET AL.

phosphorylation of Stb1 was reported to promote dissociation
from Swi6 and repress MBF targets (8).

Stb1 was originally identified via its interaction with the
histone deacetylase (HDAC) complex component Sin3 by two-
hybrid analysis (18). It was later found to interact with Swi6
and to be a target of Cln-associated CDK involved in the
timing of G,-specific transcription activation (16). It was pro-
posed that Cln/CDK-dependent phosphorylation of Stb1 acti-
vates G;-specific transcription at Start, much like Whi5 (7, 16).
However, a subsequent study suggested that Stbl is required
specifically to regulate the expression of MBF, but not SBF,
target genes (8). That study suggested that phosphorylation of
Stbl by Cln/CDK inhibits its ability to associate with Swi6,
thereby inactivating MBF-dependent transcription.

In the interest of understanding the role of Stb1 in transcrip-
tional repression of MBF-regulated genes, we investigated its
role in G;-specific transcription. We found that endogenous
Stb1 forms a complex with both the SBF and the MBF tran-
scription factors. Furthermore, Stb1 associates with SBF- and
MBF-regulated promoters via Swi6 during the G, phase of the
cell cycle. We find that, although phosphorylation of Stb1 cor-
relates with its disassociation from G,-specific promoters and
transcriptional inactivation, Stb1 does not play a role in the
timing of transcriptional inactivation. In addition, phosphory-
lation of Stb1 is not entirely dependent upon Clnl and Cln2.
Inactivation of Stb1 elevates the level of G,-specific transcripts
in G, phase prior to Cln3-dependent transcriptional activation
and affects the maximal transcriptional activation of G-
specific genes, predominantly via MBF, such that the overall
induction of Gy-specific genes is dampened. Finally, full
repression of G;-specific transcripts during G, prior to tran-
scriptional activation requires both Stb1 and the HDAC com-
plex component Sin3. We conclude that timely inactivation of
G, -specific genes does not depend on Stbl but rather on Clb/
CDK activity and accumulation of Nrm1. We speculate that
Stbl is required for efficient modulation of G,-specific tran-
scription during the G; phase by modulating Sin3/HDAC ac-
tivity at G,-specific promoters.

MATERIALS AND METHODS

Strains and DNAs. All of the budding yeast strains used in the present study
were derived from 15Daub (MATa adel leu2-3,112 his2 trpl-1 ura3Ans barlA).
The yeast strains used here are presented in Table 1. The strategy of Rigaut et
al. (22) was used to append a tandem affinity purification (TAP) tag to SWI6 at
the endogenous loci. The PCR method of Longtine et al. (21) was used to disrupt
STB1, MBP1, SWI4, and SWI6, and 13-myc-tagged STBI and NRMI, at the
carboxy terminus. Six-myc-tagged alleles of SWI6 were constructed by plasmid
integration.

Coimmunoprecipitation. Immunoprecipitations were carried out using TAP
purification buffers (3). Immunoprecipitated proteins were resolved by sodium
dodecyl sulfate-12.5% polyacrylamide gel electrophoresis.

Cell synchronization. Mating pheromone arrest synchrony experiments were
carried out as described previously (27). For the experimental results shown in
Fig. 4C, the strains also carried GAL-CLN3 and were grown on yeast extract-
peptone (YEP)-galactose to conditionally enhance synchrony prior to arrest by
mating pheromone (2.5 h) and release in YEP-glucose.

Real-time PCR and RT-PCR. Total RNA was isolated by using an RNeasy
Plus kit (Qiagen). The iQ Sybr Green Supermix (Bio-Rad) was used for quan-
titative PCR on chromatin immunoprecipitation (ChIP) samples, and the iScript
One-Step RT-PCR kit with Sybr green (Bio-Rad) was used for reverse transcrip-
tion-PCR (RT-PCR) experiments. Reactions were run on a Chromo-4 real-time
PCR detector (Bio-Rad) using standard PCR and RT-PCR conditions. The data
were analyzed by using MJ Opticon monitor analysis software 3.0.

ChIP analysis. ChIP was performed as described previously (12).
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TABLE 1. Yeast strains in this study

Yeast strain Genotype® ?:fli: r:;g;
CWY231  adel leu2-3,112 his2 trpl-1 ura3Ans 14 (strain 15
barl A Daub)
CWY1682 mbpl:LEU2 10
CWY1683  swid::KAN" 10
CWY1410  SWI6-6xmyc::URA3 10
CWY1559 NRMI-13xmyc::KAN" 10
CWY1678  STBI-13xmyc::URA3 This study
CWY1894  STBI-13xmyc::URA3 swi6::HIS2 This study
CWY1442  SWI6-TAP::KAN' 10
CWY1696  SWI6-TAP::KAN'" STBI-13xmyc::URA3  This study
CWY1697  SWI6-TAP::KAN" STBI-13xmyc::URA3  This study
mbpl::LEU2
CWY1990  SWI6-TAP::KAN" STBI-13xmyc::URA3  This study
swi4::TRP1
CWY1922  clnlA cln2xs STBI-13xmyc::URA3 This study
CWY1925  clnlA cin2xs NRM1-13xmyc::URA3 This study
CWY905  clnlA cln2xs leu2::GAL-CLN3::LEU2 27
CWY1959  clnlA cln2xs leu2::GAL-CLN3::LEU2 This study
stb1::URA3
CWY908 clnlA cin2xs leu2::GAL-CLN3::LEU2 27
sicl::URA3
CWY1688  stbl:URA3 This study
CWY1685 mbpl:LEU2 stb1::URA3 This study
CWY1687  swid::KAN" stb1::URA3 This study
CWY1975  sin3:KAN" This study
CWY1976  sin3:KAN" stb1::URA3 This study

“ KAN', kanamycin resistance.

Other methods. Cell size analysis was performed using a Coulter Z2 particle
cell analyzer (Beckman-Coulter). The cell size distribution was analyzed using
Z2 AccuComp software (Beckman-Coulter).

RESULTS

Stb1 is a component of both SBF and MBF. To elucidate the
mechanism by which G,-specific transcription is regulated, we
sought to identify proteins that physically interact with the SBF
and MBF transcription factors. We recently reported mass
spectrometry-based MudPIT (multi-dimensional protein inter-
action technology) (31) analysis of affinity-purified Swi4, Swi6,
or Mbp1 complexes, which led to the identification of Whi5 as
an SBF-specific inhibitor and Nrm1 as an MBF-specific core-
pressor (9, 10). Stbl, which was previously shown to interact
with Swi6 (16), was identified in that screen as an interactor of
both SBF and MBF (Swi6, Swi4, and Mbpl fractions; data not
shown). The coverage of Stb1 by specific peptides was greater
in the Mbpl fraction than in the Swi6 and Swi4 fractions, a
finding consistent with the proposed specificity for MBF.

To confirm that Stb1 interacts with both SBF and MBF, we
performed coimmunoprecipitation analysis. Anti-myc immune
complexes prepared from cells expressing myc-tagged Stb1 and
TAP-tagged Swib, revealed an interaction (Fig. 1A). To deter-
mine whether the interaction with Swi6 depends on either Swi4
or Mbpl, the DNA-binding components of SBF and MBF,
respectively, the experiment was carried out with either swi4A
or mbplA mutant strains. Neither inactivation of SWI4 nor of
MBPI abolishes the interaction between Stb1 and Swib6, indi-
cating that Stbl interacts with the Swi6 component of both
transcription factors (Fig. 1A).



VoL. 28, 2008

A Stb1-myc

-+ + + +
SWi6-TAP + - + + +
Swi4 + + + A +
MBPT  + 4+ + + A
amye| ML Stb1-myc
amyc-IP
PAP | - - Swic-TAP

WCE;PAP  [4B S| Swio-TAP
B WCn2 W svs:
45 [JRNR1I [ CDC21
25
3
20
15 2

10

Enrichment (CLN2 and RNR1)
Enrichment (SVS1 and CDC21)

"o Swi6  Stbi
tag -myc -myc

C Stb1-myc 4
Swié-myc -
Swi6

CLN2

seF [

+

- -
SVST | we-
ANRT [

CDC21 |

HXT3 [

anti myc
IP

MBF[

WCE

FIG. 1. Stbl binds via Swi6 to G;-specific promoters. (A) Extracts were
prepared from wild type, swi4A or mbpIA strains carrying both STBI-myc,3
and SWI6-TAP or from wild type carrying either STBI-myc,; or SWI6-TAP.
Whole-cell extract (WCE) from asynchronous cultures were probed with
PAP (PAP-IP; peroxidase-conjugated anti-peroxidase immunoglobulin G) to
detect Swi6-TAP. Anti-myc immune complexes (amyc-IP) were probed with
anti-myc to detect Stb1-myc,; or PAP to detect Swi6-TAP. (B) Quantitative
PCR of chromatin-immunoprecipitated RNR! and CDC21 (MBF-depen-
dent gene) and CLN2 and SVS! (SBF-dependent gene) promoter DNA in
an untagged strain (no tag) or wild-type cells carrying Swi6-myc or Stb1-myc.
Bars represent the specific signal derived from the indicated promoter DNA
detected by quantitative PCR in the relevant ChIP analysis. Efficiency of
immunoprecipitation was determined by calculating immunoprecipitated
“target/ACT1” DNA. The average value from three independent experi-
ments, each sample run in triplicate, is presented with the standard error.
(C) ChIP of RNRI and CDC21 (MBF-dependent gene) and CLN2 and SVS1
(SBF-dependent gene) and HX73 (SBF/MBF-independent gene) promoter
DNA from wild-type and swi6A cells by Stb1-myc immunoprecipitation and
wild-type cells by Swi6-myc immunoprecipitation. The results of ChIP anal-
yses of untagged strain (no tag) and HX73, which does not bind SBF or MBF,
are provided as negative controls. Amplification of DNA from a WCE is
shown as a positive control.

Stb1 binds via Swi6 to G,-specific promoters. Whereas Swi4
and Mbp1 both bind a specific subset of G,-specific promoters,
Swi6 binds to both SBF and MBF promoters. To determine
whether Stb1 associates with SBF and MBF target genes, the
binding of epitope-tagged Stbl to promoters of RNRI and
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CDC21 (MBF-specific) and CLN2 and SVS1 (SBF-specific)
was assessed by quantitative ChIP analysis (Fig. 1B). CDC21
and SVSI are exclusively regulated by MBF or SBF, respec-
tively, whereas RNRI and CLN2 are influenced by both factors
(9). ChIP analysis using quantitative PCR shows that Stbl
binds to both MBF- and SBF-regulated promoters, as does
Swi6. To establish whether binding of Stbl to G,-specific
promoters depends on Swi6, the ChIP experiment was re-
peated with wild-type and swi6A mutant cells. Binding of
Stb1 to both SBF and MBF promoters was lost in extracts
from swi6A mutant cells demonstrating that the interaction
is dependent upon Swi6 (Fig. 1C). We conclude that Stbl
binds to SBF and MBF promoters via the common compo-
nent of these transcription factors, Swi6.

Inactivation of Stb1 strongly affects cell size in the absence
of either SBF or MBF. Based on the association of Stbl to
both SBF- and MBF-dependent promoters, we speculated
that Stb1 might affect both SBF- and MBF-dependent tran-
scription. Therefore, we examined their genetic interactions
with Stbl. Inactivation of both Swi4 and Mbpl leads to
lethality, suggesting that inactivation of SBF renders cells
dependent on MBF and vise versa. We therefore reasoned
that cells should be more sensitive to a defect in the expres-
sion of SBF or MBF targets if the other transcription factor
has been inactivated. While stb1A cells are slightly larger
than wild-type cells, inactivation of Stbl in a swi4A or
mbpIA mutant results in a dramatic increase in cell size, a
finding consistent with the hypothesis that Stbl regulates
both SBF and MBF (Fig. 2A). However, there are significant
differences in the effect on cell size in stbIA mutants de-
pending on the status of MBF and SBF (Fig. 2B). Inactiva-
tion of Stb1l in mbpIA cells mainly increases the heteroge-
neity of cells, with some cells still born small, whereas
inactivation of Stb1 in swi4A cells significantly increases cell
size at birth (Fig. 2A and B). In addition, whereas inactiva-
tion of Stbl in swi4A mutant cells leads to large round cells,
when combined with mbpIA the cells are noticeably elon-
gated, suggesting a hyperaccumulation of G, cyclins or a
deficiency of B cyclins. Although this phenotype has not
been explored further, we favor the latter hypothesis. To-
gether, these observations suggest that the effect of Stb1 on
G,-specific transcription is exerted via both SBF and MBF.

Stb1 is associated with G,-specific promoters during G,
phase. To evaluate the relationship between Stb1 binding to
G,-specific targets and G,-specific transcriptional regula-
tion, we analyzed the timing of Stb1 association with the
RNR1 (MBF-specific) and CLN2 and SVSI (SBF-specific)
promoters in cells synchronized by release from G, arrest by
mating pheromone. Stbl binding to G,-specific promoters
occurs throughout the G, phase of the cell cycle, decreasing
at the time of bud emergence (Fig. 3, lower panel). This is
similar to Swi6 binding to SBF-dependent promoters (9, 10).
Unlike SBF targets, Swi6 does not dissociate from MBF
targets during the G,/S transition (9). Nevertheless, Stbl
association with these promoters is also lost as cells progress
into S phase (Fig. 3, lower panel). Overall, association of
Stb1 with SBF- and MBF-dependent promoters during G,
phase coincides with transcriptional activation, and its sub-
sequent dissociation correlates with transcriptional inactiva-
tion.
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FIG. 2. The increased cell size of stb1A depends on SBF and MBF. (A) The cell volume distribution (cell number/particle volume) of log-phase
cultures of each of the indicated strains grown in yeast extract-peptone-dextrose as determined by a Coulter Z2 particle analyzer. (B) The indicated
strains were grown to mid-log phase in rich medium, viewed, and photographed using Nomarski optics.

Stb1 hyperphosphorylation is associated with release from
G,-specific promoters during the G,-S transition. To deter-
mine whether the status of the Stb1 protein changes in these
cells, we examined the mobility of the Stb1 protein in the same
population of synchronized cells used for the ChIP analysis of
Stbl (Fig. 3, middle panel). Whereas Stb1-myc migrates as a
single species during the G, phase, a slower-migrating form of
Stb1-myc appears and becomes increasingly apparent as cells

progress into the budded phase of the cell cycle. Previous
studies have shown that these slower-migrating forms of Stbl
are a consequence of phosphorylation (16). The timing of
phosphorylation of Stbl is similar to that observed in earlier
studies. Phosphorylation of Stb1 correlates with disassociation
of Stbl from G;-specific promoters (Fig. 3). These observa-
tions are consistent with previous in vitro data showing that
Stb1 is a direct target for phosphorylation by Cln-associated
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FIG. 3. Stbl binds to G,-specific promoter during G, phase. Cells
were arrested by alpha-factor and released to allow cells to synchro-
nously progress through the cell cycle. (Top) Samples were taken at
15-min intervals, the budding index was determined, and mRNA was
analyzed by quantitative RT-PCR. The transcript levels are expressed
as the percentage of the highest level (100%) after normalization of all
values to the ACTI mRNA. (Middle) Stb1 protein levels were deter-
mined in WCE probed with anti-myc to detect Stb1-myc in cells from
the same time course and with anti-PSTAIRE antibody to detect
Cdc28 protein level. (Bottom) ChIP of RNRI (MBF-dependent gene),
CLN2 and SVSI (SBF-dependent genes), and ACT1 (MBF/SBF-inde-
pendent gene) promoter DNA by Stb1-myc in cells from the same time
course. ChIP of untagged genes (no tag) and WCE are shown as
negative and positive controls.

CDK and that Cln-dependent phosphorylation inhibits the in-
teraction between Stbl and Swi6 (8, 16). We conclude that
Stb1 phosphorylation correlates with its dissociation from
SBF- and MBF-dependent promoters in vivo during exit from
G, phase.

Inactivation of CLNI and CLN2 reduces Stb1 phosphoryla-
tion and prolongs its association with G,-specific promoters.
The previous observation that Cln/CDK can phosphorylate
Stb1 and prevent its interaction with Swi6 led to the hypothesis
that Clnl/2-associated CDK promotes dissociation from pro-
moters, leading to transcriptional inactivation. To evaluate the
relationship between Cln1/2-CDK-dependent phosphorylation
and Stbl promoter binding, we compared the mobility and
promoter binding of the Stbl protein in a synchronized popu-
lation of c/nlA cln2A mutant cells with that in wild-type cells.
clnlA cln2A cells, and wild-type cells expressing myc-tagged
Stb1l were synchronized by mating pheromone arrest and re-
lease. Mating pheromone arrested cells grow larger than the
minimum cell size required for cell cycle initiation, thereby
minimizing the cell cycle delay observed in clniA cln2A mu-
tants. The accumulation of low mobility forms of Stb1 was less
robust and delayed in the clnIA cln2A mutants relative to
wild-type cells (Fig. 4A). This indicates that the majority, but
not all, of the cell cycle-dependent phosphorylation of Stbl
depends on Clnl/2-associated CDK activity.

Consistent with the hypothesis that phosphorylation leads to
dissociation of Stb1 from promoters, we observed an extended

Stbl REGULATES G,-SPECIFIC TRANSCRIPTION 6923

interval of Stbl binding to CLN2 and RNRI promoters in the
clnlIA cln2A mutants (Fig. 4A). To establish whether Cln1/2-
CDK-dependent phosphorylation is sufficient to dissociate
Stbl from G;-specific promoters, wild-type and clnlA cln2A
cells were synchronized using mating pheromone arrest and
released from the arrest concurrent with induction of expres-
sion of a hyperstable form of the CIb/CDK inhibitor Sicl from
the GAL promoter (GAL-SICIAP). Stb1l associated with G-
specific promoters in both wild-type and clniA cln2A during
the mating pheromone arrest. However, whereas Stb1 disasso-
ciates from promoters in the SiclAP-expressing wild-type cells,
arresting during late G, phase, it remains bound to promoters
in similarly treated clnlA cIn2A cells (Fig. 5). This correlates
with the accumulation of low-mobility forms of Stb1l in wild-
type cells in which B-type cyclins are inhibited by Sicl but not
in clnlA cln2A mutant cells in which B-type cyclins are simi-
larly inhibited. In clnIA cIn2A cells that have progressed
through G, phase in the absence of exogenous SiclAP, phos-
phorylation of Stb1 is decreased and promoter binding is pro-
longed relative to wild-type cells. We conclude that, whereas
Clb-dependent phosphorylation of Stbl may contribute to
its dissociation from promoters, Cln1/2-CDK-dependent phos-
phorylation of Stb1 is sufficient to promote dissociation. This
experiment provides evidence that phosphorylation of Stbl
is dependent upon the G, cyclins CInl and ClIn2 in vivo and is
consistent with previous in vitro observations showing that
Cln/CDK-dependent phosphorylation of Stbl prevents Swi6
binding (8). There is no evidence that Stbl is phosphorylated
by CIn3/CDK in vivo.

Absence of Clnl/2-associated CDK activity, not cell cycle
delay, extends Stb1 promoter binding but does not affect the
timely inactivation of MBF targets. The persistence of Stb1 at
MBF target promoters in clnlA cln2A mutants appears to be
consistent with the conclusions of Costanzo et al. (8) that
CIn1/2-CDK-dependent dissociation of Stbl is required for
inactivation of MBF targets. However, we observed no effect of
inactivating Stbl on the timing of transcriptional inactivation
of RNRI in cells synchronized by release from mating phero-
mone arrest (Fig. 4C). This is consistent with the finding that
Nrml accumulates and binds to MBF promoters in clnlA
cIn2A mutants with the same kinetics as in wild-type cells (Fig.
4B). Binding of Nrm1 correlates with and is required for in-
activation of MBF-regulated transcription at the G,-S transi-
tion (9). We conclude that, although Stbl persists at MBF
promoters, it has no effect on the effectiveness of transcription
inactivation as cells enter S phase. Furthermore, Stb1 does not
influence the binding or activity of Nrm1 at MBF promoters.

Increase of G,-specific transcript levels and persistence of
SBF-dependent gene expression in clnlIA cln2A cells depends,
in large part, on low Clb/CDK activity. Inactivation of Clnl
and CIn2 results in increased levels of G,-specific transcription
(11, 27) (Fig. 4). Whereas Cln/CDK-dependent phosphoryla-
tion of Stb1 has been proposed to inactivate MBF-dependent
transcription (8), repression of G;-specific gene expression
also depends on Clb/CDK activity (1, 9, 20, 23) and Nrm1 (9).
Cln-dependent phosphorylation of the Clb/CDK specific inhib-
itor Sicl targets it for degradation by SCF°“* (29). It has been
suggested that the hyperinduction of G,-specific transcription
observed in clnlA cIn2A cells might, therefore, depend on low
Clb/CDK levels (27). To determine whether the increase in
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FIG. 4. cinlA cIn2A mutation results in prolonged binding of Stb1 to the CLN2 promoter. (A) Wild-type and clnlA cin2A cells were arrested
by alpha-factor and released to allow cells to synchronously progress through the cell cycle. (Top) Samples were obtained at 15-min intervals; the
budding indices and mRNA levels (quantitative RT-PCR; expressed as the percentage of highest level [100%] in wild-type cells after normalization
of all values to the ACTI mRNA) were determined. (Middle) In addition, Stb1 protein levels were analyzed in WCE probed with anti-myc and
with anti-PSTAIRE antibody to detect Cdc28 protein level. (Bottom) ChIP of CLN2 (SBF-dependent gene), RNRI (MBF-dependent gene), and
ACTI1 (MBF/SBF-independent gene) promoter DNA by Stb1-myc in cells from the same time course. ChIP of untagged genes (no tag) and WCE
are shown as negative and positive controls. (B) Same as in panel A except that Nrm1-myc protein levels and binding to the RNRI promoter were
analyzed. (C) Wild-type cells and clnIA cln2A cells, either with or without an stbIA or sicIA mutation, all carrying GAL-CLN3, were grown on
galactose media. Cells were arrested by alpha-factor for 2.5 h and released on glucose medium to progress synchronously through the cell cycle
as described in the text. Samples were taken at 10-min intervals, and budding (right) and mRNA levels (quantitative RT-PCR; expressed as the
percentage of the highest level [100%] in wild-type cells after normalization of all values to the ACT1 mRNA) were analyzed.

G, -specific transcript levels and their extended duration in the
cIn1A cln2A mutant cells results from an inability to inactivate
Stb1 or to activate CIb/CDK, we compared G, transcript levels
in wild-type, cln1A cln2A, clnlA cln2A stb1A, and clnlA cln2A
sicIA cells synchronized by mating pheromone arrest and re-
lease (Fig. 4C). In clnlA cin2A cells the MBF-regulated tran-
script RNRI and the SBF target CLN2 are significantly ele-
vated compared to wild-type cells. However, MBF transcript
RNRI is still inactivated in a timely manner, due to the activity

of Nrm1 (Fig. 4B) (9), whereas repression of the SBF target
CLN?2 exhibits a 10-min delay. Because comparable elevated
transcript levels are observed in the clnIA cln2A and clniA
cln2A stbIA cells, we conclude that neither the increase of
G,-specific transcript levels nor timely inactivation of SBF-
dependent gene expression in clnlA cln2A cells depends upon
Stbl. In contrast, inactivation of the Clb/CDK specific inhibitor
Sicl in clnlA cIn2A cells significantly lowers G,-specific tran-
script levels and largely restores the timely repression of the
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ficient to release Stbl from promoters. Wild-type (CLN1 CLN2)
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grown in raffinose medium (RAF) and synchronized by alpha-factor
and subsequently released into galactose (GAL) or glucose (DEX)
media. Quantitative PCR (percentage of the WCE signal) of chro-
matin-immunoprecipitated CLN2 (SBF-dependent gene), RNRI
(MBF-dependent gene), and ACT! (MBF/SBF-independent gene)
promoter DNA by Stbl-myc in cells arrested by alpha-factor or
released from the arrest for 120 min in galactose (budded late G,
arrest with maximal SBF-dependent transcription [see reference 9])
or 75 min in glucose (late G,/early S phase with maximum budding
and minimum G, -specific transcription; see Fig. 4). Whole-cell pro-
tein extract probed with anti-myc was used to detect Stbl-myc
protein levels and mobility. The same extract probed with anti-
PSTAIRE antibody was used to detect Cdc28 protein level for the
loading control (bottom panel).
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SBF target CLN2. Strikingly, whereas timely inactivation of
transcription depends on Nrml the peak expression level of
the MBF target RNRI is restored to its wild-type status in
cinlA cln2A siclA mutants. Therefore, both the increase of
G,-specific transcript levels and the delay in transcriptional
repression of SBF targets observed in clnlA cIn2A cells can
largely be explained by the delayed activation of Clb/CDK
associated with the delay in Sicl proteolysis. Based on these
results, we conclude that Nrm1 and Clb/CDK, but not Stbl,
mediate inactivation of G;-specific transcription during the
G;-S transition.

Stb1 is required for repression of G,-specific transcripts in
G, phase prior to Start and peak expression of MBF-depen-
dent transcripts. Because binding of Stbl to G;-specific pro-
moters coincides with G,-specific transcription but its disasso-
ciation has no role in inactivation, we sought to determine
whether Stb1 is involved in the regulation of this wave of cell
cycle-regulated transcription during G, (Fig. 6). Wild-type and
stbIA cells were synchronized by release from alpha-factor
arrest and gene expression monitored upon release into the
cell cycle. In wild-type and stbIA cells both the MBF-regulated
transcripts (RNRI, POLI, and CDC21) and the SBF targets
(CLN2 and SVS1), as determined by quantitative RT-PCR, are
activated after 10 min and reached a maximum level at 20 to 30
min after release from mating pheromone arrest, which coin-
cides with the time of bud emergence (Fig. 6A and data not
shown). Whereas timely activation and inactivation was not
affected in stb1A cells compared to the wild type, a significant
increase in transcript levels was observed in cells arrested in G,
phase by mating pheromone and immediately after release (0-
and 10-min time points; Fig. 6A and C). Previous results ob-
tained from cells synchronized by centrifugal elutriation also
show that G,-specific transcriptional induction is dampened in
stb1A cells (16).

Previous studies show that Stbl is required for MBF tran-
scriptional activity but not SBF-dependent transcription (8).
Consistent with these observations deletion of Stb1 results in a
significant reduction of the peak level of transcript accumula-
tion from MBF-regulated genes but not from SBF-regulated
genes (Fig. 6A). Overall, inactivation of Stb1 results in a damp-
ening of transcriptional induction of G,-specific genes (Fig.
6B). We conclude that Stb1 is required for repression of G-
specific genes in G, phase prior to Cln3-depdendent transcrip-
tional activation at Start and for attainment of the wild-type
levels of MBF gene expression. Inactivation of CLNI and
CLN?2 is often associated with transcriptional derepression in
large G,-arrested cells, although the basis for this effect is
unknown (see Fig. 4C).

Stb1 and Sin3 are required for transcriptional repression
prior to Cln-dependent transcriptional activation. The effect
of inactivation of Stbl on G,-specific genes is largely on tran-
scriptional repression prior to Cln3-dependent activation of
transcription (Fig. 6C). Stbl was originally identified via its
interaction with the HDAC complex component Sin3 in a
two-hybrid screen (18). Sin3 is commonly associated with tran-
scriptional repression, but a role in G;-specific transcription
regulation has not been established. Interestingly, inactivation
of Sin3 has the same effect on early expression of both SBF and
MBF targets. Furthermore, sin3A appears to be epistatic to
stbIA in that the double mutant exhibits a similar level of
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FIG. 6. Stbl is required for repression of G;-specific genes in G,
phase and for attainment of the wild-type levels of MBF gene expres-
sion. (A) mRNA levels (quantitative RT-PCR; expressed as the in-
crease over lowest level detected in wild-type cells after normalization
to ACTI mRNA) in alpha-factor synchronized wild-type and stbIA
cells for the indicated time points. At the bottom of panel A, the
budding index of wild type and stbIA cells is presented as an indicator
of synchrony. (B) Data from one of the time courses used in panel A
expressed as the mRNA induction in wild-type and stbIA cells com-
pared to levels detected in alpha-factor arrested cells from these
strains. (C) Bar graph representation of mRNA levels detected in
alpha-factor arrested wild-type, stb1A, sin3A, and sin3AstbIA cells ex-
pressed as the induction over wild-type levels. In panels A and C, the
average values from three independent experiments, each run in trip-
licate, are presented with the standard errors.

transcriptional derepression as the individual mutants (Fig.
6C). These results suggest that Stb1 and Sin3 participate in the
same pathway.

DISCUSSION

A recent model for Stb1-dependent regulation of G;-specific
transcription predicts that Stb1 functions to activate G,-spe-
cific transcription and that Cln/CDK-dependent phosphoryla-
tion of Stb1, which promotes the dissociation of Stb1-Swi6, is
required for inactivation of MBF-specific transcription as cells
exit G, phase (8, 16). We show here that Stbl plays a role in
modulating G,-specific transcription by binding to both SBF
and MBF via the common component Swi6. Stb1l associates
with SBF- and MBF-dependent promoters throughout G,
phase and dissociates coincident with transcriptional inactiva-
tion (Fig. 7). Whereas Stb1 dissociates from MBF at promot-
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ers, it dissociates from SBF targets at the same time as the SBF
complex. In agreement with published observations, we found
that dissociation from G,-specific promoters is associated with
an increase in phosphorylated Stbl, but this depends only in
part upon the accumulation of CInl/2 CDK during late G,
phase. However, whereas inactivation of Clnl and CIn2 pro-
longs the binding of Stbl to promoters, the increase of G-
specific gene expression observed in c/nlA cln2A mutants does
not depend on Stbl. Instead, both the high magnitude of ex-
pression and the delayed repression of SBF-dependent gene
expression depend upon the extended period of low Clb/CDK
activity. We conclude that Stb1 is not required for activation of
G,-specific transcription (also see reference 8), nor is it re-
quired for timely inactivation during exit from G, phase as
previously suggested (16). However, Stb1 does appear to play
arole at both SBF and MBF promoters for the maintenance of
transcriptional repression prior to transcriptional activation
during G, phase and for attainment of maximal transcription
of some G,-specific targets during G, (Fig. 7).

Whereas Nrm1 and Whi5 act as transcriptional repressors
that confine transcription to the G, phase, Stb1l seems to play
a modulatory role in both transcriptional repression and acti-
vation. The mechanism by which Stbl represses transcription
prior to Cln3/CDK activation and activates MBF-specific genes
during late G, phase remains unknown. The identification of
Stb1 as an interactor of the transcriptional regulator Sin3 (18)
may provide some insight into Stb1-dependent transcriptional
repression in G, phase. Sin3 has been associated with tran-
scriptional repression of a large number of genes (reviewed in
reference 24), but a role in G;-specific transcription regulation
has not been established. We now demonstrate that inactiva-
tion of Stbl or Sin3 has a similar effect on expression from
G, -specific promoters prior to transcriptional induction during
G, phase. Furthermore, the effect on transcription indicates
that both Sin3 and Stb1 participate in the pathway leading to
the repression of G;-specific transcription. In addition, our
preliminary results show that Sin3 associates with both SBF
and MBF-dependent promoters (data not shown). However,
we find that the binding of Sin3 is not dependent upon Stbl.
These data are consistent with a model in which Stb1 regulates
the activity of Sin3 (presumably in the context of the Rpd3
HDAC complex) without affecting its binding. It remains to be
established whether Stb1l or other transcriptional repressors,
including Whi5 and Nrml1, regulate the Sin3/HDAC complex
to G,-specific promoters and whether Sin3 participates in the
regulation of G;-specific gene expression.

The Stb1 protein contains 5 perfect and 12 minimal putative
CDK sites. Previous studies have shown that Stbl is a direct
target for phosphorylation by Clnl/2-associated CDK in vitro
(16). Furthermore, in vitro phosphorylation of Stb1l by Cln-
CDK regulates its ability to associate with Swi6 (8). In addi-
tion, our data show that a Cln1/2-CDK-dependent shift of Stb1
in vivo correlates with disassociation from G,-specific promot-
ers (Fig. 5). However, we also show that phosphorylation of
Stb1 in vivo depends only in part upon Cln1/2-CDK and that
the effect of Clnl and CIn2 on the level and duration of G;-
specific transcription is independent of Stbl. It seems likely
that the residual phosphorylation of Stb1 depends upon Clb/
CDK. Whether Stb1 phosphorylation is required for its release
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FIG. 7. Stbl modulates G,-specific transcription during G,. Model depicting G,-specific transcriptional regulation in budding yeasts. In G,
phase, prior to Cln3-dependent activation, transcriptional repression is maintained by a complex containing Stb1/SBF/Whi5 and Stb1/MBF bound
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MBF-associated corepressor Nrm1, whereas the transcription of SBF targets is inactivated by Clb/CDK-dependent phosphorylation of SBF

components. Inactivation of MBF targets is also reinforced by Clb/CDK.

from the transcription complex awaits the analysis of CDK-
dependent phosphorylation sites.

Although it has been reported that Stb1 binds and activates
synthetic promoters containing MCB elements but not syn-
thetic promoters containing SCB’s (8), we show that it binds
endogenous MBF and SBF target promoters in vivo and reg-
ulates their transcription (Fig. 7). Our data, obtained using
mating pheromone synchronized cells, agree with previous re-
sults obtained using cells synchronized by centrifugal elutria-
tion showing that G;-specific transcriptional induction is
dampened in stb1A cells (16). Consistent with these findings,
we observed an additive cell size defect in double mutants of
stb1A and either swi4A or mbp1A (Fig. 3). In contrast, Ho et al.
(16) reported that a swi4A stb1A has no obvious additive phe-
notype, whereas Costanzo et al. (8) found the same double
mutant to be lethal. Whether these differences are a result of
differences in background remains to be established. Never-
theless, all studies show that the interaction of Stb1 with Swi6
is important for the role of Stb1 in transcriptional regulation of
G,-specific genes.

Inactivation of Stbl has a greater effect on the expression of
MBF-regulated genes than those regulated by SBF. That dif-
ference might be explained by the differences in the manner by
which SBF and MBF regulate gene expression. Although SBF
and MBF evoke identical pattern of cell cycle-regulated tran-
scription, SBF acts as a transcriptional activator, whereas MBF
acts as a transcriptional repressor (2, 9, 20). However, until it
is known how Stb1 mediates transcriptional regulation, we can
only speculate as to why the two classes of promoters are
affected differently.

The increase in Gy-specific transcript levels observed in
cInlA cln2A cells has been previously proposed to result from
the low CIb/CDK activity that occurs as a consequence of the
persistence of the Clb/CDK specific inhibitor Sicl in those
mutants (27). Here we show that inactivating the Clb/CDK
inhibitor in ¢/nlA cln2A mutants lowers the maximal transcript
levels of SBF genes and restores the level of MBF transcripts
to that observed in wild-type cells. Conversely, inactivating

Clb/CDK results in persistence of SBF-dependent gene expres-
sion (1, 9). These observations are consistent with a negative-
feedback loop in which CIn1-2/CDK inactivates Sicl, thereby
activating Clb/CDK, which not only affects the timing of
transcriptional inactivation of SBF-dependent transcription
but also restricts the maximal expression of G;-specific
genes (Fig. 7).

Transcriptional repression is a critically important mecha-
nism for the maintenance of cellular homeostasis. The present
study highlights the diversity of mechanisms that cells use to
maintain appropriate repression of periodically expressed
genes during the cell cycle. Despite limited conservation of the
primary sequence, the G,-specific transcription system seems
to be conserved from yeast to humans (5). Regulation of G-
specific transcription in mammals depends on the E2F family
of transcription factors and their regulators, the pocket pro-
teins (4). Like Whi5 and Nrml, pocket proteins appear to
implement the repression of G,-specific genes in collaboration
with transcriptional activators and repressors. Like the regula-
tion invoked by Stb1 and Sin3, which we presume to be medi-
ated by histone deacetylation, G,-specific transcriptional reg-
ulators recruit HDACs to their target promoters (13).
However, the details of that regulation are only poorly under-
stood. Maintenance of transcriptional repression of G,-specific
genes is likely to be important for the maintenance of quies-
cence during nutrient limitation and cell cycle arrest by phys-
iological signals. Further investigation of the mechanisms
governing transcriptional repression will be important in un-
raveling this complex regulatory system.
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