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In Saccharomyces cerevisiae, gene expression in the late G, phase is activated by two transcription factors,
SBF and MBF. SBF contains the Swi4 and Swi6 proteins and activates the transcription of G, cyclin genes, cell
wall biosynthesis genes, and the HO gene. MBF is composed of Mbp1 and Swi6 and activates the transcription
of genes required for DNA synthesis. Mbp1 and Swi4 are the DNA binding subunits for MBF and SBF, while
the common subunit, Swi6, is presumed to play a regulatory role in both complexes. We show that Stb1, a
protein first identified in a two-hybrid screen with the transcriptional repressor Sin3, binds Swi6 in vitro. The
STBI transcript was cell cycle periodic and peaked in late G, phase. In vivo accumulation of Stbl phospho-
forms was dependent on CLNI, CLN2, and CLN3, which encode G,-specific cyclins for the cyclin-dependent
kinase Cdc28, and Stbl was phosphorylated by CIn-Cdc28 kinases in vitro. Deletion of STBI caused an
exacerbated delay in G, progression and the onset of Start transcription in a c/n3A strain. Our results suggest
a role for STBI in controlling the timing of Start transcription that is revealed in the absence of the G,
regulator CLN3, and they implicate Stb1 as an in vivo target of G,-specific cyclin-dependent kinases.

In the budding yeast Saccharomyces cerevisiae, commitment
to enter the mitotic cell cycle occurs during the late G, phase;
this commitment phase of the cell cycle is designated Start
(reviewed in reference 33). Start is marked by the transcrip-
tional induction of a subset of genes that catalyze entry into the
mitotic cell cycle. Events that ensue once a yeast cell has
passed through Start include initiation of DNA synthesis, bud-
ding, and spindle-pole body duplication.

The transcriptional activation of genes important for the
Start transition is dependent upon two transcription factor
complexes called SBF and MBF (reviewed in reference 6). The
SBF (SCB-binding factor) complex contains the Swi4 and Swi6
proteins and activates transcription mainly through a cis-acting
sequence element called the SCB (for “Swi4/6 cell cycle box™;
the consensus sequence is CACGAAA). Genes activated by
SBF include the G, cyclins (CLNI, CLN2, PCL1, and PCL2),
the HO endonuclease gene, the gene encoding the Swel pro-
tein kinase (42), and a number of genes required for cell wall
biosynthesis (21). The Swi4 protein is the component of SBF
responsible for specific binding to SCB sequences, while Swib,
on its own, does not bind DNA specifically. In the absence of
Swi4 or Swi6, HO is not expressed, and G, cyclin and cell wall
biosynthetic gene expression is reduced. Swi6 also interacts
with a second DNA binding protein, Mbpl, to form the tran-
scription factor MBF (MCB-binding factor; also known as
DSC1 [25]). MBE/DSC1 recognizes the so-called MCB ele-
ment (for “Mlul cell cycle box”; the consensus is ACGCGT
NA) and activates G,-specific transcription of the S-phase cy-
clin genes CLBS5 and CLB6, the SWI4 gene, and many genes
needed for DNA synthesis such as CDC9 and POLI. In most
strain backgrounds, SWI4, SWI6, and MBPI are not essential
genes. However, cells lacking both SWI4 and SWI6 or both
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SWI4 and MBPI are not viable, arresting prior to DNA syn-
thesis (25, 34). In both double mutants, the death results from
inadequate expression of G, cyclins, since ectopic expression
of CLN2 can rescue the lethality.

Swi4, Swi6, and Mbp1 have both functional and sequence
similarity to homologues in two other yeasts, Schizosaccharo-
myces pombe and Kluyveromyces lactis. Together, they form a
family of closely related cell cycle-regulatory transcription fac-
tors (6, 25). In addition to the DNA binding domain (shared by
the Swi4/Mbp1 homologues) and the C-terminal heterodimer-
ization domain, all members of this family share a highly con-
served central ankyrin repeat domain. The ankyrin repeat is a
predominantly a-helical protein domain (17, 49) that is found
in many functionally diverse proteins and has been implicated
in mediating protein-protein interactions (reviewed in refer-
ence 30). Genetic studies suggest that the ankyrin repeats in
Swid, Swi6, and the Swi6 homologue Cdcl0 in S. pombe play
important roles (11a, 14; reviewed in reference 6). However,
only the ankyrin repeats of Swi4 have been assigned a function;
the ankyrin repeat region of Swi4 can bind the Cdc28 cyclin
CIb2 (1, 44).

Both passage through Start and activation of SBF and MBF
require the cyclin-dependent kinase (Cdk) gene CDC28 and
one of the three G, cyclin genes CLNI, CLN2, or CLN3.
Although any one of the three G, cyclins is, by itself, sufficient
to drive Start, the Cln3-Cdc28 kinase probably functions up-
stream of SBF and MBF activation in the normal cell cycle (11,
48). CLN3 is essential for activation of CLNI and CLN2 gene
expression at the appropriate cell size. By contrast, CLNI and
CLN?2 are not required for gene activation but are important
for the proper execution of other Start-related events such as
budding and DNA synthesis. Although genetic studies indicate
a key role for CIn3 in activating SBF and MBF at Start, there
is no evidence that CIn3-Cdc28 acts to directly phosphorylate
or interact with components of SBF or MBF. Moreover, a
cIn3A strain is viable and still undergoes SBF- and MBF-de-
pendent transcription, albeit at a larger cell size, indicating that
alternative mechanisms must function to activate SBF/MBF
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(34) (see below). The BCK2 gene (for “bypass of C-kinase
mutation”) appears to be involved in such an alternative path-
way(s). Compared to bck2A and cln3A single mutants,
bck2AcIn3A double mutants have a severe growth defect and
show reduced levels of Start transcription (10, 13). The mito-
gen-activated protein kinase gene SLT2 (also called MPKI)
may also be involved in regulating Start-dependent gene ex-
pression (21, 27).

In this paper, we identify another gene, STBI, that functions
as an important regulator of the timing of Start transcription in
the absence of CLN3. We identified Stbl as a protein that
bound to Swi6 in vitro. STBI (for “Sin three-binding protein”)
encodes a novel protein that was first identified in a two-hybrid
screen with the general transcriptional repressor Sin3 (24), but
the role of STBI in transcriptional repression is unclear. Mu-
tants with mutations in S7B1 did not show significant defects in
cell cycle progression or Start transcription. However,
stb1Acln3A double mutants exhibited a severe G, progression
defect and a longer delay in onset of Start transcription than
was seen in the c/n3A single mutant. Our data suggest that
STBI is important for the timing of Start transcription in the
absence of CLN3 function and may define a parallel pathway
for activation of gene expression at Start. Stb1 was phosphor-
ylated by Cln-associated kinases in vitro, and Stbl phospho-
forms in vivo were dependent on CLN function. We discuss the
significance of Stb1l phosphorylation by Cln kinases and the
possibilities for CLN regulation of STBI.

MATERIALS AND METHODS

Yeast strains and plasmids. Except where indicated, the genotype of the
parental strain of the yeast strains used in this study was MAToa TRP* ura3-52
lys2-801* ade2-107° his3A200 leu2-A1 (BY263, an S288C derivative [29]). The
¢cIn3AURA3 deletion strain (BY655) was constructed by transformation of strain
BY263 with a cln3AURA3 disruption cassette (26). The stbIATRPI strain
(BY806, MAT« stbIATRP1 trplA63 ura3-52 lys2-801* ade2-107° leu2-Al
his3A200) was constructed by using a PCR-based strategy that allowed targeted
gene replacement of STBI coding sequences with the URA3 gene. The resulting
stb] AURA3 strain (BY805) was transformed with a URA3-TRPI switcher plas-
mid (8) (details of strain construction are available on request). To construct a
stbIA cIn3A double mutant, strains BY806 (MAT« stbIATRPI) and BY655
(MATa cIn3AURA3) were mated and BY822 (MATa stbIATRPI cIn3AURA3)
was recovered by dissecting tetrads. All gene disruptions were confirmed by
Southern blot analysis.

For Western blot analysis of Stb1 phosphoforms, BY263 was transformed with
either pRS425 (7) or pM2517 as the vector. Plasmid pM2517 contains a 3.1-kb
genomic fragment of STBI in pRS425 (24). For Western blot analysis of Stbl
phosphoforms in cinA strains, the wild-type strain used was BF305-15d (MATa
adel arg5 his3 leu2 met14 trpl ura3) (50). The cinAsicIA strain was isogenic to
BF305-15d except that it was cln]AHIS3 cIn2ATRPI cln3Aura3-GALI-CLN3
sicAURA3 (50). These strains were transformed with pM2517 for STBI over-
expression. For Northern blot experiments, the wild-type strain used was W303
(MATa ura3 trpl-1 ade2-1 his3-11,15 leu2-3,112 canl-100) and the stb] ATRP1
mutant strain was otherwise isogenic (24).

Yeast strains used for in vitro kinase assays were derived from a W303a
parental strain. The HA-CLN1 (MT235), HA-CLN2 (MT244), and HA-CLB2
(MT537) strains were gifts from M. Tyers (strains as described in reference 51,
except for W303 background).

To analyze suppression of the sthIAcln3A slow-growth phenotype, the follow-
ing plasmids were used to transform strain BY822: control vector YEp351
(LEU2); padh-CLN2, in which CLN2 is expressed from the constitutive S. pombe
adhl promoter (55); and 2wCLNI, which contains a genomic fragment including
CLNI in vector YEp351. The high-copy-number CLNI plasmid was isolated
from a yeast genomic library in a screen for plasmid suppressors of the growth
defect of strain BY822 (7a). Control transformants included strain BY822 trans-
formed with pM2517 (2uSTBI) and the isogenic wild-type strain (BY263) trans-
formed with vector YEp351.

Protein affinity chromatography and microsequencing of p48. Recombinant
full-length Swi6 protein was expressed and purified from Escherichia coli as
described previously (20, 43). The Swi6AM protein has 285 internal amino acids
deleted, including the ankyrin repeats. The deletion was created by digestion of
a full-length Swi6-containing plasmid with SacI followed by fill-in synthesis with
Klenow polymerase, resulting in an in-frame 860-bp deletion.

Swi6 protein affinity chromatography was done as previously described (20),
except that each column was washed with 10 volumes of SB buffer (20 mM
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HEPES [pH 2], 10% glycerol, 0.1 mM dithiothreitol, 0.1 mM phenylmethylsul-
fonyl fluoride) plus 100 mM NaCl followed by 4 volumes of SB buffer plus 1 M
NaCl before being eluted with 4 volumes of SB buffer containing 1% sodium
dodecyl sulfate (SDS). Eluates determined by far-Western blotting (see below)
to contain p48 were pooled, dialyzed to remove SDS, and concentrated by
precipitation with methanol-acetone (1:1) before being loaded onto SDS-poly-
acrylamide gels. The p48 band could not be visualized by Coomassie blue or
silver staining because it comigrated with a protein that bound to the AffiGel-10
resin. Gel slices at around 48 kDa were taken from both the Swi6 column and
control column eluates for microsequencing.

Microsequencing of p48 was performed as described previously (54). The
48-kDa gel slices from both the Swi6 and control column eluates were digested
with Achromobacter protease I, and the resulting peptides from each digest were
resolved by high-pressure liquid chromatography (HPLC). The peptide maps
were compared to find peptides unique to p48 that eluted only from the Swi6
column. The peptides were then sequenced with an automated sequencer (Ap-
plied Biosystems model 494).

Far-Western blot analysis. To develop a Swi6 derivative useful for far-Western
experiments, a 10X histidine tag and an HMK (heart muscle kinase) phosphor-
ylation site were engineered at the N terminus of Swi6. The resulting plasmid,
pET-HMKFLG6, was transformed into E. coli BL21(DE3) pLysS (Novagen), and
transformants were grown to an optical density at 600 nm of 0.8 in Luria broth
LB supplemented with 70 pg of chloramphenicol per ml and 250 pg of ampicillin
per ml. Protein expression was induced by addition of isopropyl-B-p-thiogalac-
topyranoside (IPTG) to a final concentration of 0.5 mM, and the cultures were
incubated at 25°C for 3 h. The His-HMK-Swi6 protein was then purified under
native conditions by Ni>"-nitrilotriacetic acid (NTA) chromatography as recom-
mended by the manufacturer (Qiagen).

Affinity column eluates were resolved on SDS-polyacrylamide gels and blotted
onto nitrocellulose membrane (3). The resulting blot was renatured as described
previously (53). The labelling of the Swi6 probe and the far-Western experiments
were done essentially as described previously (4).

Synchronization of yeast cells and Northern blot analysis. For synchronization
by a-factor block and release, cells were arrested in late G, by treatment with
a-factor mating pheromone until more than 95% of the cells showed a shmoo
morphology. The cells were then washed and released into fresh medium for
collection of synchronous cell samples as previously described (5, 28).

For synchronization by centrifugal elutriation, cells were grown to an optical
density at 600 nm of 0.6 to 0.8 in yeast extract-peptone (YP) medium containing
sucrose. The cultures were concentrated to approximately 100 ml (final volume)
and loaded at 12 to 14 ml/min into a Beckman JC-MI centrifugal elutriator (rotor
type JE-5.0) running at 2,400 rpm and cooled to 5°C. The cells were elutriated at
the loading speed with increases of 2 ml/min after each 100 to 150 ml of
elutriated sample was recovered. The elutriated samples were checked by mi-
croscopy and by Coulter Channelizer analysis. The elutriated cells were quickly
centrifuged and resuspended in fresh, prewarmed yeast extract-peptone-dextrose
(YPD) medium for collection of synchronous samples at the time points speci-
fied. For both a-factor and elutriation synchronization experiments, 15 ml of
cells was collected at the specified time points and RNA was prepared and
analyzed by Northern blotting as described previously (23). Cells were analyzed
for DNA content by fluorescence-activated cell sorting (FACS) as described
previously (51), and the results were analyzed with LYSYS II software (Becton
Dickinson). In elutriation synchrony experiments, cells at each time point were
analyzed with a Coulter Channelizer and the mean cell size was determined.

The probes used for Northern blot analysis were a 600-bp EcoRI-HindIII
fragment of the ACT1 gene (19), a 1.3-kb HindIII fragment containing the STB1
gene from pM2517, a 440-bp EcoRI fragment of CLB5 from the pMT895 vector
(a gift from M. Tyers), an 864-bp PCR product containing the PCLI coding
sequence (29), a 1.7-kb Bg/II-EcoRI fragment of RNRI (12), a 2.5-kb EcoRI
fragment of CLNI (18), and a 1.3-kb XholI-Ncol fragment of CLN2 (19). Probes
were labelled by random-primer synthesis with Klenow DNA polymerase in the
presence of [a-*?P]JdATP. For RNA quantitation, Northern blots were exposed
on a Molecular Dynamics screen and scanned with a Molecular Dynamics Phos-
phorImager and ImageQuant software.

Preparation of antibodies to Stb1 and Western blotting. To construct a vector
for preparation of recombinant Stbl in bacteria, a 1.3-kb HindIII fragment
containing STBI was isolated from pM2517 and inserted into the HindIII site of
pRSET-B (Invitrogen). The resulting plasmid, pRSET-StbH/H, expresses a de-
rivative of Stb1 with an N-terminal His tag but lacking the first 85 N-terminal
amino acids of full-length Stbl. pRSET-StbH/H was transformed into E. coli
BL21(DE3), and the His-Stbl fusion protein was purified under denaturing
conditions by Ni**-NTA affinity chromatography as recommended by the man-
ufacturer (Qiagen). The purified protein was dialyzed gradually to 1 M urea and
used to immunize rabbits (Faculty of Medicine, University of Toronto). Antisera
were then affinity purified as described previously (2). For Western blotting, 10
g of yeast extract was separated by SDS-polyacrylamide gel electrophoresis
(PAGE) (9% polyacrylamide) and transferred to nitrocellulose with a semidry
transfer apparatus (Bio-Rad). Immunoblots were probed with a 1:1,000 dilution
of affinity-purified Stb1 antibody and subsequently with a 1:5,000 dilution of goat
anti-rabbit immunoglobulin-peroxidase (Bio-Rad). Proteins were visualized by
enhanced chemiluminescence (Renaissance detection system; New England Nu-
clear) followed by exposure to X-ray film (Xar-5; Kodak).
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FIG. 1. Binding of p48 (Stb1) to Swi6 protein affinity chromatography columns. (A) Yeast extracts were passed over a control column with resin alone (ctrl; lane
1), a column coupled with Swi6 protein (lane 2), and a column coupled with a Swi6 ligand with the central ankyrin region deleted (Swi6AM; lane 3). The columns were
washed and eluted with 1% SDS. Eluates were resolved by SDS-PAGE, blotted onto nitrocellulose, and probed with a radioactively labelled Swi6 protein probe (see
Materials and Methods). The positions of migration of p48 and Swi4 are shown to the right. Molecular size markers are indicated on the left (in kilodaltons). (B)
Microsequencing of an 11-amino-acid peptide from the 48-kDa protein. Shown is an alignment of the sequence of a peptide derived from p48 and a predicted Stb1l
peptide (amino acids [aa.] 288 to 298). (C) Swi6 protein affinity chromatography with extracts from stb1A cells. Extracts made from either wild-type cells (wt) or a sthIA
strain were loaded onto either a control column (ctrl) or a Swi6-coupled column (Swi6) and eluted with 1% SDS. p48 (Stb1) was detected as described for panel A.

In vitro kinase assays with Cln-associated kinase. Clnl-, CIn2-, and Clb2-
associated kinases were immunoprecipitated from yeast strains bearing hemag-
glutinin-tagged (HA) forms of each cyclin, by using the 12CAS5 antibody. The
immunoprecipitation-kinase assay was performed as described previously (51).
In each reaction, 0.5 pg of purified StbH/H protein (see the previous section) and
1.0 g of histone H1 were added as exogenous substrates. For kinase reactions,
the Stb1 protein was further dialyzed against kinase buffer prior to use.

Phosphatase analysis of Stbl phosphoforms. For phosphatase treatment of
cell extracts, a log-phase yeast culture was lysed in modified lysis buffer (100 mM
Tris [pH 8.0], 100 mM NaCl, 2 mM MnCl,, 10% glycerol, 1 mM dithiothreitol,
and protease inhibitors as described in reference 20) by using agitation in the
presence of glass beads. Approximately 150 pg of each extract was treated with
1,600 U of lambda protein phosphatase (New England Biolabs) for 0.5 h at 30°C.
Where indicated, phosphatase inhibitors were present at 5 mM EDTA, 50 mM
NaF, 50 mM B-glycerophosphate, and 1 mM sodium vanadate. The phosphatase
reactions were stopped by addition of an equal volume of SDS sample buffer and
electrophoresed on SDS-9% polyacrylamide gels for Western blot analysis.

Microscopy. Cells were grown in YPD medium to log phase and observed at
a magnification of X630 with Nomarski optics and a charge-coupled device
camera mounted on a Leica DM-LB microscope. Images from the camera were
captured and analyzed by using the Northern Exposure Imaging system (Empix
Imaging, Inc., Mississaugua, Ontario, Canada). Where indicated, the percentage
of budded cells in each sample was determined by counting at least 300 cells per
sample.

RESULTS

Interaction of Stbl with Swi6. To investigate the function
and regulation of Swi6, we used protein affinity chromatogra-
phy to look for proteins in crude yeast extracts that physically
associate with Swi6. Since some specific Swi6-binding proteins
may be obscured by yeast proteins that bind nonspecifically to
the column resin (Fig. 1 in reference 20), the Swi6 affinity
column eluates were blotted onto nitrocellulose and probed
with radiolabelled Swi6 protein. Using this far-Western proto-
col, we detected a 48-kDa protein (p48) in eluates from the
Swi6 column (Fig. 1A, lane 2) but not in eluates from the
control column (column resin with no coupled protein [lane
1]). The p48 band was absent in eluates from a column conju-
gated with a Swi6 protein derivative with the central ankyrin
repeat region deleted (Swi6AM). Swi4 and Hrr25, two other
Swi6-binding proteins, still bound to the Swi6AM ligand (lane
3) (20), indicating that the Swi6AM protein is sufficiently
folded to maintain these protein interactions.

Microsequencing of p48 yielded an 11-amino-acid peptide

(Fig. 1B) that matched perfectly with amino acids 288 to 298 of
Stb1, a novel protein that was first identified in a two-hybrid
screen with Sin3 (24). Other peptides obtained in the micro-
sequencing analysis corresponded to a major protein contam-
inant that bound nonspecifically to the column control resin
(Fig. 1 in reference 20). Due to the presence of this contami-
nant, the far-Western blot was necessary to visualize p48 in the
column eluates. The p48 band was absent in eluates from Swi6
affinity columns loaded with an extract from a stb1A strain (Fig.
1C), confirming that p48 was indeed Stb1. The binding of Stbl
to Swi6 in the far-Western blot assay indicates that the Stb1-
Swi6 interaction is direct. We conclude that Stbl interacts
directly with Swib6 in vitro and that this interaction requires the
ankyrin repeats in Swib.

Genetic interactions with szb1A. Our finding that Stb1 inter-
acts in vitro with Swi6, a regulator of Start transcription,
prompted us to look for cell cycle defects in the stb/A mutant.
We found no defects in the stb/A mutant in terms of growth
rate, cell cycle progression, or transcript levels and cell cycle
periodicity of a panel of Start-expressed genes (data not
shown). Similarly, another study did not find a requirement for
STBI in expression of HO (24).

As mentioned above, certain combinations of mutations af-
fecting the components of SBF and MBF exhibit lethal genetic
interactions with one another (for example, swi4Aswi6A and
swi4AmbplA strains are not viable). Because we found that
Stb1 interacted physically with Swi6, we tested for genetic
interactions between STBI and SWI4, SWI6, and MBPI. No
obvious additional defects were found in stblAswi4A,
stb1Aswi6A, or stb1AmbpIA strains in terms of growth rate or
cell morphology (data not shown).

As noted previously, a number of genetic observations sug-
gest that the Cln3-Cdc28 kinase is required for efficient acti-
vation of transcription at Start (11, 48). However, CLN3 is not
absolutely required for activation of SBF- and MBF-depen-
dent gene expression. In the absence of CLN3, activation of
Start transcription is only delayed. These observations suggest
that other regulators, such as BCK2, may activate SBF and
MBF in the absence of CLN3 (10, 13). We constructed a
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FIG. 2. Growth characteristics of the stbIA cIn3A double mutant. (A) Slow-
growth phenotype of a stb1Acln3A mutant strain. Wild-type (wt) (BY263), stbIA
(BY805), and c/n3A (BY655) strains and two isolates of the stbIAcln3A double-
mutant strain (BY822 and BY824) were streaked onto a YPD plate and incu-
bated at 30°C. (B) Morphology of wild-type, stb1A, cIn3A, and stb1 Acin3A strains.
Wild-type (BY263), stbIA (BY806), cin3A (BY655), and stb1Acin3A (BY822)
strains were grown to mid-log phase in rich medium. The cells were viewed with
Nomarski optics and photographed. (C) DNA content as measured by FACS
analysis of samples shown in panel B). The positions of cells with G, or G, DNA
contents are indicated by 1IN and 2N, respectively. The percentages of budded
and unbudded cells are shown below the FACS profile.

C IN 2N

FACS
%budded 76 68
% unbudded 24 32

stb1Acln3A double mutant to test whether STB/ and CLN3
might be functioning in parallel to activate Start transcription.
When cultured in rich or minimal media, both the c/n3A strain
and the stbIA mutant had growth rates comparable to the
wild-type strain (Fig. 2A and data not shown). The stb1Acin3A
double mutant grew much more slowly than the wild-type
strain, with an average doubling time in rich media of 4.5 h,
compared with 1.5 h for the wild-type, c/n3A, and stbIA strains
(Fig. 2A and data not shown). Analysis of cell morphology and
DNA content in log phase cultures revealed that the
stb1Acln3A double mutant cells accumulated in the G, phase
as predominantly large, unbudded cells (Fig. 2B and C). Of the
Cdc28 G, cyclins, only CLN3 was required for normal cell cycle
progression in the absence of STBI; no additional growth de-
fects were observed in stblAciniAcln2A mutants (data not
shown). These observations support the notion that STBI may

IN 2N

IN 2N IN 2N

75 32
25 68

be acting in parallel with CLN3 to regulate Start transcription.
Consistent with a role for STBI during the late G, phase, STBI
transcript levels fluctuated during the cell cycle, with peak
levels in late G, coincident with maximal expression of other
Start-regulated genes (Fig. 3 [CLB5 is shown]). Another group,
using microarray hybridization, also found that STBI was ex-
pressed at the same time as other Start-expressed genes (45).
The promoter region 500 bp upstream of the STBI start codon
contains two matches to the MCB consensus and one potential
SCB element (CGCGAAA); these sequences may be respon-
sible for the Gy-specific pattern of STBI gene expression.
Taken together, our results suggest that STBI plays a role in
G, progression.

STBI is required for timely expression of Start genes in
cln3A mutants. The phenotype of the stb/Acln3A double mu-
tant suggested that, like BCK2, STBI may act in a parallel
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FIG. 3. Analysis of STBI gene expression through the cell cycle. (A) Cell
cycle Northern blot analysis by a pheromone block-release method (see Mate-
rials and Methods). A wild-type strain (W303) was synchronized in the G, phase
by treatment with a-factor and released into YPD medium. RNA was prepared
from samples taken every 15 min for Northern analysis with STBI, CLB5, and
ACT!I (actin) probes. The lane labelled log shows RNA isolated from a log-phase
culture, and the lane labelled a-F shows RNA isolated from the pheromone-
arrested cells. (B) Quantitation of the Northern blot shown in panel A. The STB1
and CLBS signals were quantitated by PhosphorImager analysis, and the values
were normalized to the ACTI loading control before plotting. Open circles,
CLBS5 transcript; solid squares, STBI transcript.

pathway with CLN3 for activating transcription at Start. To test
this hypothesis, small G, cells were isolated from wild-type,
cln3A, stblA, and stbl1Acin3A cultures by centrifugal elutria-
tion. The elutriated cells were inoculated into fresh medium,
and Start transcription, cell size, and budding index were mon-
itored as the cells progressed synchronously through the cell
cycle. Expression of the CLNI, CLN2, and RNRI genes was
analyzed. CLN1 transcription is regulated through MCB ele-
ments that are dependent upon SBF (Swi4/Swi6) (36), CLN2 is
regulated through both SCB and MCB elements and also
through a novel promoter element(s) that is dependent on
SWI4 (9, 47), and RNRI is controlled through MCB elements
that are dependent on MBF (Mbp1/Swi6) (12). We found that
CLNI1, CLN2, and RNRI transcripts began to accumulate in
both the wild type and the stb/A mutant at an average cell
volume of 25 fl (Fig. 4A and B). As previously reported (51),
activation of these genes was significantly delayed in the c/n3A
mutant, with transcripts accumulating at a cell volume of
roughly 40 fl (Fig. 4). The delay in transcriptional activation
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was even more pronounced in the stbIAcln3A double mutant;
the CLNI and CLN2 transcripts began to accumulate at a cell
volume of about 60 fl (Fig. 4). There was no clear induction of
RNRI in the stbIAcin3A mutant. We conclude that although
Start transcripts are induced with similar kinetics in wild-type
and stb1A strains, STBI is important for the induction of Start
transcription in a c/n3A strain.

Figure 4B shows a small difference in the peak height of the
transcript levels in the stb/A mutant relative to the wild-type
strain. This difference between the stb/A mutant and the wild-
type cells may reflect poorer synchronization of the stbIA
strain by centrifugal elutriation, since stbIA cells synchronized
by a-factor block and release exhibited Start transcription pro-
files identical to the wild type (data not shown).

Overexpression of the G, cyclins CLNI and CLN2 can res-
cue the growth defects of strains mutated for known regulators
of Start transcription (10, 13, 34, 35). This genetic suppression
suggests that inadequate expression of CLN genes accounts for
the cell cycle arrest or slow-growth phenotype of these strains.
Likewise, the defect in timely activation of Start transcription
in the stb1Acin3A double mutant may account for the slow-
growth phenotype in this strain. To test this possibility, we
transformed the stb1Acln3A double-mutant strain with a high-
copy-number plasmid carrying the CLNI gene or a plasmid
expressing CLN2 from a constitutive promoter. Overexpres-
sion of either CLNI or CLNZ2 suppressed the slow-growth
phenotype of the stblAcln3A mutant, suggesting that the G,
delay in this strain is due to inadequate expression of CLNs
(Fig. 5). Since Stbl and Swi6 physically interact, Stbl may
affect Start transcription directly through SBF and/or MBF.

Phosphorylation of Stb1l by Cln-associated kinases in vivo
and in vitro. To further explore the function of Stbl, we in-
vestigated the relationship between Stb1 and Cln-Cdc28 kinase
complexes. The Stbl amino acid sequence contains five puta-
tive Cdc28 phosphorylation sites (S46, S111, S128, T191, and
T351, using the consensus S/T, P, x, basic [31]). Epitope-tagged
cyclins were used to immunoprecipitate Cln1-Cdc28 and Cln2-
Cdc28 kinases from yeast extracts (51, 52). The immunopre-
cipitates were incubated with [y->*P]ATP and tested for kinase
activity toward purified recombinant Stb1l. Histone H1, a sub-
strate commonly used to assay Cdc28 kinase activity, was in-
cluded as a control in the kinase reactions. Stb1 was an excel-
lent substrate for both the Cln1-Cdc28 and CIn2-Cdc28 kinases
in vitro and was a better in vitro substrate than histone H1 (Fig.
6, lanes 3 to 6). Stb1 was also phosphorylated by CIn3-Cdc28
kinase complexes purified from insect cells (53a). In contrast,
Stb1 was less effectively phosphorylated by Cdc28 associated
with the CIb2 mitotic cyclin (Fig. 6, lanes 7 and 8). All three
forms of Cdc28 tested in the experiment in Fig. 6 were nor-
malized with respect to phosphorylation of Histone H1.

The ability of G,-specific forms of Cdc28 to phosphorylate
Stb1 in vitro raised the possibility that Stbl is a downstream
target of Cln-Cdc28 kinases in vivo. To test this possibility, we
first asked whether Stb1 was a phosphoprotein in vivo. Immu-
noblot analysis with affinity-purified antibodies to Stb1 recog-
nized several isoforms of Stb1 in lysates from log-phase yeast
cells (Fig. 7A, lane 2). The antibodies recognized endogenous
Stb1 (data not shown), but the Stb1 isoforms were more easily
detected in a strain bearing a high-copy-number plasmid ex-
pressing STBI from its own promoter (see Materials and
Methods) (Fig. 7A). Phosphatase treatment of the extract re-
sulted in loss of the slower-migrating species (Fig. 7A, lane 3,
bands ¢ and b) and an increase in the fastest-migrating isoform
(band ¢). The presence of phosphatase inhibitors in the phos-
phatase reaction prevented the conversion to the fastest-mi-
grating isoform ¢ (Fig. 7A, lane 4). We conclude that Stb1 is a
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FIG. 4. Activation of Start transcription in stb1Acin3A mutants. (A) Cell cycle Northern blot analysis by centrifugal elutriation. Wild type (WT, BY263), sthIA
(BY805), cin3A (BY655), and sth1Acin3A (BY822) cultures were synchronized by isolating small G, daughter cells by centrifugal elutriation. The small daughter cells
were inoculated into YPD medium. Aliquots were taken at 15- or 20-min intervals for total-RNA isolation, budding analysis, and FACS analysis of the DNA content
(results not shown). Levels of CLNI, CLN2, RNR1, and ACTI (actin) transcripts were determined by Northern blot analysis of the total RNA (relevant probe indicated
to the right of each panel). The mean cell size for each fraction (in femtoliters), also shown at the top, was estimated by using a Coulter Channelizer. (B) Quantitation
of the Northern blot data shown in panel A. CLNI, CLN2, and RNRI transcript levels were measured by PhosphorImager analysis and normalized against ACT]
transcript levels as an internal control. The normalized expression levels were plotted against the mean cell size.

phosphoprotein in vivo and that the slower-migrating species
detected on SDS-PAGE correspond to hyperphosphorylated
forms of Stb1.

Because we saw in vitro phosphorylation of Stb1l by Cln-
associated kinases, we tested whether the Stb1 phosphoforms
detected in vivo are dependent on the CLN genes genetically.
Although each CLN normally plays distinct roles in wild-type

yeast cells, mutational analyses have shown that the CLN genes
are genetically redundant. That is, any single CLN gene is
sufficient to support cell viability and cell cycle progression.
Given this genetic redundancy, we assayed Stb1 phosphoforms
in yeast extracts from strains with all three CLN genes deleted.
Since a strain lacking CLNI, CLN2, and CLN3 would normally
arrest at Start, the cells were kept alive by deletion of the
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B-type Cdk inhibitor SICI (41, 50) and by expression of CLN3
from the inducible GAL promoter (GAL-CLN3) (52). The
cInl,2,3A siclAGAL-CLN3 strain was first grown on galactose-
containing medium, to turn on CLN3 expression (Fig. 7B,
lanes 1 to 3) and later transferred to glucose-containing me-
dium to repress CLN3 expression, thereby depleting all Cln
products from the yeast cell (lanes 4 to 7). We used anti-Stb1l
antibody immunoblots on extracts from the Cln-depleted cells
to show that the phosphorylated isoforms of Stb1 were depen-
dent on CLN function (Fig. 7B). When CIn3 was the only
source of Cln proteins, only the two lower phosphoforms of
Stb1 were detected (Fig. 7B, lane 3, bands b and c¢). Relative to
band ¢, band b was less intense in extracts from the clnAGAL-
CLN3 strain grown on glucose than in extracts from the wild-
type strain. When GAL-CLN3 expression was shut off in the

presence of glucose, the two upper bands (¢ and b) disap-
peared and band c increased in intensity. Therefore, Stb1 phos-
phoforms are dependent on CLN function in vivo. In conjunc-
tion with the specific phosphorylation of Stb1 by Cln kinases in
vitro, this result strongly suggests that Stb1 is a direct target of
Cln-associated kinases in vivo.

Cell cycle-dependent phosphorylation of Stb1. Because our
analysis with asynchronous cultures showed that Stb1l was
phosphorylated in a Cln-dependent manner, we next asked if
phosphorylation of Stbl was cell cycle periodic to reflect the
periodic abundance of Cln proteins. To examine the phosphor-
ylation of Stb1 throughout the cell cycle, a-factor mating pher-
omone was used to arrest cells in the G, phase before Start,
and the arrested cells were released into fresh medium. Ex-
tracts were prepared from samples as the culture progressed
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FIG. 5. Suppression of the slow-growth defect of the sthIA c/n3A mutant by overexpressed CLN genes. The following yeast strains were grown to log phase in
minimal medium, serially diluted, and spotted onto YPD plates: BY822 (stb1Acln3A) transformed with YEp351 (vector) (row 1), BY822 transformed with a plasmid
expressing CLN2 from the low-level constitutive S. pombe adhl promoter (adh1-CLN2) (row 2), BY822 transformed with a high-copy-number plasmid containing CLN
(2nCLNTI) (row 3), BY822 with STBI on a high-copy-number plasmid (2uwSTBI) (row 4), and a wild-type strain (BY263) transformed with vector (row 5). The plates

were incubated at 30°C for 2 days and photographed.

synchronously through the cell cycle (5). Figure 8 shows an
immunoblot with anti-Stb1 antibodies on samples isolated
from a synchronous culture. The slower-migrating, hyperphos-
phorylated forms of Stbl (bands a and b) were absent in cells
arrested by a-factor treatment (Fig. 8A, lane 3). The reduced
phosphorylation of Stbl in response to pheromone mirrored
the inhibition of CIn1,2-Cdc28 kinase that is seen in a-factor-
treated cells (39). The upper Stbl phosphoforms then gradu-
ally reappeared as the cells progressed synchronously through
the cell cycle (lanes 4 to 7). To monitor the timing of Stbl
phosphorylation during the cell cycle, the accumulation of the
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FIG. 6. Phosphorylation of Stb1l by Cdc28 kinases in vitro. Strains bearing
HA (hemagglutinin)-tagged alleles of CLN1, CLN2, and CLB2 were lysed, and
the tagged cyclin-Cdk complexes were immunoprecipitated with anti-HA anti-
bodies. [y-*?P]JATP and exogenous substrates were added to the immunopre-
cipitates (1 g of histone H1 to all reaction mixtures and 0.5 pg of Stb1 protein
to reaction mixtures indicated above the lanes). Migrations of molecular size
markers are shown to the left, and those of phosphorylated Stb1 and histone H1
are shown to the right.

SBF-regulated PCLI transcript was used as a marker for Start
transcription (Fig. 8A), and FACS analysis of the cellular DNA
content was used as an indicator for DNA synthesis and cell
cycle position (Fig. 8B). We found that Stb1 phosphorylation
reappeared after the appearance of PCLI transcripts (Fig. 8A,
lanes 5 and 6), but before DNA replication (Fig. 8B, 30 min).
During the peak of Stb1 phosphorylation, only the two upper
phosphoforms (a and b) were seen (Fig. 8A, lanes 6 to 8). The
Stb1 phosphoforms then began to disappear in the G, phase
(Fig. 8A, lane 9; Fig. 8B, 75 min). Thus, Stb1 is phosphorylated
in a cell cycle-dependent manner in vivo, with Stb1 phospho-
forms beginning to accumulate early in the cell immediately
after the appearance of Start-dependent transcripts. The tim-
ing of Stbl phosphorylation is consistent with our data sug-
gesting that Stbl is a substrate for Cln-associated kinases.

DISCUSSION

In this paper, we describe a series of experiments suggesting
a role for Stb1 in the activation of transcription at Start; spe-
cifically, we found that STB7 was important for Start transcrip-
tion when CLN3 is deleted. Compared with the c/n3A mutant,
the stbIAcln3A mutant was slower growing, had larger cells,
showed a more pronounced G, delay, and underwent Start
transcription at a larger cell volume. The slow-growth pheno-
type of the stbIAcIn3A mutant was suppressed by ectopic ex-
pression of CLNI or CLN2, confirming that the slow-growth
phenotype was due to the delayed timing of Start transcription.
Stb1 may affect Start transcription through its interaction with
Swi6. The Stb1 protein was phosphorylated by Cln-Cdc28 ki-
nases in vitro and was phosphorylated in vivo in a CLN-de-
pendent manner. We discuss the possible roles for Cln-depen-
dent phosphorylation of Stb1 below.

Swi6-Stb1 interaction. In this study, we describe a physical
interaction between Swi6 and Stb1 in vitro. The Swi6 ankyrin
repeats were required for binding of Stb1 to a Swi6 column,
and Swi6 bound directly, in the absence of DNA or other
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FIG. 7. Analysis of Stb1l phosphoforms by Western blot analysis. (A) Anti-
Stb1 Western blot analysis of extracts prepared from log-phase cells transformed
with either empty vector (vector, lane 1) or a high-copy-number STBI plasmid
(2nSTBI, lanes 2 to 4). Extracts were untreated (lane 2), treated with protein
phosphatase (PPase) (lane 3), or treated with phosphatase and phosphatase
inhibitors (lane 4) prior to Western blot analysis. (B) Anti-Stb1 Western blot on
wild-type and clnlAcin2AcIn3A extracts. Extracts were prepared from wild-type
(WT) or clnlA cln2A cin3A sicIA (cinA, sicA, GAL-CLN3) mutant strains. The
sic] A mutation permits growth of the c/nA strain, which would otherwise die. The
strain also carried a genomic GAL-CLN3 gene, which allowed CLN3 expression
to be induced by culturing in galactose-containing medium. Extracts were pre-
pared after growth in medium with galactose, where GAL-CLN3 is induced (Gal,
lanes 2 and 3), and 2 h (lanes 4 and 5) and 3 h (lanes 6 and 7) after transfer to
medium with glucose (Glu) to shut off CLN3 expression. Lane 1 shows an extract
from a stbIA strain. The positions of migration of the various forms of Stbl are
indicated on the right by a, b, and c.

proteins, to Stbl in a far-Western blot assay. Consistent with
our affinity chromatography results, a small amount of Swi6
can be coimmunoprecipitated with Stbl from yeast extracts
(7a). In choosing to study the biological role of STBI, we did
not analyze in detail the regions of Stbl or Swi6 required for
their interaction. However, it will be interesting to assay Stb1l
binding to Swi4 or Mbpl, which also contain ankyrin repeats.
The close conservation of the ankyrin repeat region in cell
cycle-regulatory transcription factors of three yeast species
suggests that the ankyrin domains in these proteins may bind a
similar or conserved protein (6, 25). Indeed, crystallographic
studies of the Swi6 ankyrin repeat region predict that Swi6
family members have an arrangement of secondary-structure
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elements that is distinct from other ankyrin repeat proteins
(15). However, despite the apparent conservation of the
ankyrin repeat region in Swi6 family members, the Clb2 pro-
tein binds specifically to the Swi4 ankyrin repeats and not to
those in Swi6 or Mbp1 (44). This result suggests that in Swi4,
the ankyrin repeats mediate an interaction that is specific to
the Swi4 motifs.

A substitution mutation in the Swi6 ankyrin repeats, G347D,
has been suggested to cause a deficiency in protein-protein
interactions (14, 15). Whether the binding of Swi6 to Stbl
requires the region of Swi6 defined by the G347D mutation
remains to be tested. However, swi6 mutants defective for Stb1
binding may not have been isolated in the screen in which
G347D was isolated; this screen selected for swi6 mutants that
failed to express HO::lacZ, while stbIA mutants exhibit no
defects in HO or SCB::lacZ expression (20a, 24).

Regulation of Start transcription by Stb1l. We found that
Stbl and Swib6 interact directly in vitro, suggesting that Stbl
may activate gene expression by interacting with Swi6, a com-
mon subunit in SBF and MBF. Stb1 was originally identified in
a two-hybrid screen as a protein that bound the general tran-
scriptional repressor, Sin3 (24). If Stbl and Sin3 functionally
interact, it is possible that Stb1, bound to promoters via Swib6,
affects Start transcription through Sin3. However, no direct
role for Stbl has been reported in Sin3-dependent transcrip-
tional repression. Moreover, HO is the only Start-expressed
gene whose expression has been reported to be dependent on
SIN3. Although SIN3 does affect HO transcription, a role for
SIN3 in SBF-mediated transcription of HO has not been re-
ported (46), and the cell cycle-regulated expression of HO or
any other Start gene in a sin3A mutant has not been examined.
Sin3 was not detected in the Swi6 affinity column eluates (20a),
suggesting that Sin3 is not present in Swi6-Stb1 complexes.

Although a role for Stbl in transcriptional activation or
repression has not been ruled out, we suggest that Stb1 regu-
lates the timing of Start transcription. Mutation of STBI delays
Start transcription in a c/n3A mutant but does not significantly
affect the overall levels of Start transcripts (Fig. 4B); also, the
levels of Start transcripts in log-phase cultures of sth/A and
stb1Acln3A mutant cells were virtually identical to those in
wild-type cells (data not shown). Moreover, a stbIA strain
synchronized by a pheromone block-release protocol exhibited
an identical transcriptional profile to a wild-type strain (data
not shown; as noted in Results, the small difference between
the stb1A and wild-type transcription profile in Fig. 4B may be
due to differences in cell synchrony introduced by centrifugal
elutriation). Therefore, Stb1 does not affect the transcriptional
activation of Start genes per se but, rather, regulates the timing
of Start transcription. The regulatory role of Stb1 is manifest in
the stb1Acin3A mutant. We suggest that Stb1, like ClIn3, is a
specific regulatory of the timing of Start transcription.

Role of CLN-dependent phosphorylation of Stb1l. Stbl is
phosphorylated in vitro by Cln-associated kinases, and Stbl
phosphoforms in vivo are dependent on the CLN genes. Al-
though CLN3clnlAcIn2A cells showed Stbl phosphoforms
(Fig. 7B, lane 3, and data not shown), several observations
suggest that Cln1-Cdc28 and CIn2-Cdc28 are the physiological
kinases for Stb1 phosphorylation. First, we observed only low
levels of Stbl phosphorylation in a cniAcin2AGAL-CLN3
strain, despite overproduction of CIn3 (Fig. 7B, lane 3). Sec-
ond, the Stb1 phosphoforms in a CLNICLNZ2cln3A strain were
comparable to those seen in a wild-type strain (data not
shown). Third, Stb1 was phosphorylated after Start, at the time
when CInl and Cln2 levels are induced. Finally, in the c/n3A
mutant, CInl and CIn2 are sufficient to phosphorylate Stb1 at
the time of Start transcription (20a).
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FIG. 8. Cell cycle analysis of Stbl phosphoforms. (A) Western blot analysis of Stb1 phosphoforms in synchronized cell extracts. Extracts were prepared from
log-phase (log, lane 2), a-factor-arrested (arrest, lane 3), or synchronized (lanes 4 to 15) cells. Cells were synchronized in the G, phase by treatment with a-factor and
released into fresh medium, and samples were taken from the synchronized cultures at the time points indicated above the lanes (15-min intervals). Various forms of
Stb1 are denoted a, b, and ¢ (on the right). Total RNA was isolated from the same samples, and PCLI transcript levels were assessed by Northern blot analysis (below
the Stb1 Western blot). The timing of PCLI transcript appearance serves as a marker for Start transcription. (B) DNA content as measured by FACS analysis of

a-factor-treated and synchronous cells used in panel A.

So far, our studies have not addressed the functional role of
Stb1 phosphorylation. However, together with previous obser-
vations, our data suggest three possible models for the role of
CInl- and CIn2-dependent phosphorylation on Stbl. The first
model invokes a role for Stb1l phosphorylation in the down-
regulation of SBF-dependent transcription after Start. This
model is supported by our observation that Stbl is phosphor-
ylated shortly after the burst of transcription at Start and by
previous studies showing that CLNI and CLN2 are required
for the proper down-regulation of Start transcription (11, 48).
Since CLNI and CLN2 are important for budding and DNA
synthesis, a second model is that Clnl and CIn2 may phosphor-
ylate Stbl to mediate these post-Start functions. However,
neither of these two models accounts for the delay in Start
transcription that we observed in stb1Acin3A cells.

A third model centers on the transcriptional defect of the
stb1A cIln3A mutant and posits that Clnl and Cln2 kinases
phosphorylate Stbl to activate STBI-dependent transcription
at Start. This hypothesis is consistent with several observations.
First, Stb1 interacts directly with the Swi6 transcription factor
in vitro. Second, CLN1/2 and STBI are both important for
Start transcription in the absence of CLN3 (cInlAcln2Acin3A
mutants arrest before Start transcription, and stb1Acln3A mu-
tants are greatly delayed for Start transcription [reference 56
and this study]). Since both CLN1/2 and STBI positively affect
Start transcription, the simplest model for the function of
Clnl- and Cln2-dependent phosphorylation on Stbl is that
CInl and CIn2 kinases phosphorylate Stbl to activate Start
transcription. This model is not consistent with the appearance
of Stb1 phosphoforms after the peak in Start transcription in
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FIG. 9. Model for the role of STBI in activation of transcription at Start.
STBI and BCK2 play important roles in activating Start transcription in the
absence of CLN3 function and may define a parallel pathway(s) to CLN3 for
activating gene expression at Start. Stb1 probably regulates transcriptional acti-
vation through interaction with the Swi6 subunit of the SBF and MBF transcrip-
tion complexes. Stb1 is a substrate for CIn-Cdc28 kinases (most probably Cln1,2-
Cdc28; see the text for a discussion of the possible roles for Stbl
phosphorylation).

wild-type cells. However, in a c/n3A mutant, where STBI and
CLN1/2 become genetically important for the timing of Start
transcription, Stb1 phosphoforms appeared coincidentally with
the appearance of Start transcripts (20a). This result suggests
that Stb1 phosphoforms may become important in the c/n3A
mutant for activating Start transcription. Mutational analysis
of the Stb1l phosphorylation sites will probably resolve this
issue.

Parallel pathway(s) to CLN3 for activating start transcrip-
tion. Our data suggest that, like BCK2, STB1 functions parallel
to CLN3 in the activation of Start transcription (Fig. 9). In any
case, there are probably at least three pathways for activating
Start transcription because stblAcln3A double mutants still
undergo Start transcriptional activation, albeit at a much larger
cell size. At this point, we do not understand the molecular
details of how STB1, BCK2, or CLN3 activates transcription at
Start, and our experiments do not specifically address whether
STBI and BCK?2 function in the same or in parallel pathways.
However, our data suggest that STB1 is a downstream compo-
nent of at least one of these pathways, because it interacts
directly with the Swi6 transcription factor.

What might be the physiological role of CLN3-independent
pathways for activating Start transcription? In a wild-type cell,
deletion of BCK2 or STBI has little effect on the timing of Start
(reference 10 and this study) whereas c/n3A mutants undergo
Start at a larger cell size (51). These data imply that CLN3 is
the major activator of Start transcription and that the CLN3-
independent pathways are important in the c/n3A mutant only
as a “back-up” pathway. However, most studies on CLN3,
STBI, and BCK2 function used optimal growth conditions in
defined or rich media. Under these growth conditions, CLN3
may indeed be the most significant activator of Start transcrip-
tion. However, there is no evidence that deletion of CLN3
affects the timing of Start in cells grown under suboptimal
conditions. CIn3 is downregulated, transcriptionally, transla-
tionally and by protein degradation, in response to poor nitro-
gen and carbon sources (16, 37, 38, 40). Paradoxically, cells
grown in poor carbon sources, where CIn3 activity is low,
undergo Start at a smaller cell size (22, 32). This result is
unexpected since c/n3A cells are large and cells overexpressing
CLN3 are small (32, 52). These observation suggest that in
poor carbon and/or nitrogen sources, CLN3 may play a less
dominant role in activating Start transcription. The importance
of the CLN3-independent pathways for activating SBF- and
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MBF-dependent transcription may become manifest in cells
grown under suboptimal growth conditions.
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