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Repression of G,/S Transcription Is Mediated via Interaction of the
GTB Motifs of Nrm1 and Whi5 with Swi6
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In Saccharomyces cerevisiae, G,/S transcription factors MBF and SBF regulate a large family of genes important for entry to the
cell cycle and DNA replication and repair. Their regulation is crucial for cell viability, and it is conserved throughout evolution.
MBF and SBF consist of a common component, Swi6, and a DNA-specific binding protein, Mbp1 and Swi4, respectively. Tran-
scriptional repressors bind to and regulate the activity of both transcription factors. Whi5 binds to SBF and represses its activity

at the beginning of the G, phase to prevent early activation. Nrm1 binds to MBF to repress transcription as cells progress
through S phase. Here, we describe a protein motif, the GTB motif (for G,/S transcription factor binding), in Nrm1 and Whi5
that is required to bind to the transcription factors. We also identify a region of the carboxy terminus of Swi6 that is required for
Nrm1 and Whi5 binding to their target transcription factors and show that mutation of this region overrides the repression of
MBF- and SBF-regulated genes by Nrm1 and Whi5. Finally, we show that the GTB motif is the core of a functional module that is
necessary and sufficient for targeting of the transcription factors by their cognate repressors.

he cell cycle is driven by sequential waves of gene expression

coupled with regulated protein degradation. G,/S transcrip-
tion is activated at the beginning of a new cell cycle leading to the
expression of around 300 genes in the budding yeast Saccharomy-
ces cerevisiae, including the many genes responsible for morpho-
genesis, DNA replication, and DNA repair (1, 2). The G,/S family
of genes is controlled by two transcription factors, SBF and MBF,
each comprised of a common component, Swi6, and a sequence-
specific DNA binding protein, Swi4 and Mbpl, respectively. SBF
acts primarily as a transcriptional activator that regulates many
genes involved in morphogenesis and the timing of cell cycle com-
mitment. In contrast, MBF acts largely as a transcriptional repres-
sor that controls the expression of many genes involved in DNA
replication and repair (2, 3-5).

The G,/S transcription factors depend upon transcriptional
repressors to confer timely expression of their target genes. The
proper regulation of SBF targets requires the transcriptional re-
pressor Whi5 (6, 7), which, when bound to SBF during early G,
phase, represses its activity. Cln3/cyclin-dependent kinase (CDK)
phosphorylates Whi5, promoting dissociation from SBF and
export from the nucleus leading to transcriptional activation of its
targets. As cells progress through S phase, accumulation of Clb/
CDK activity phosphorylates SBF, releasing it from the promoters
and thereby repressing transcription of its target genes (8). Al-
though the mechanism of activation of MBF remains obscure, it is
activated coordinately with SBF in a manner dependent upon Cln/
CDK. However, inactivation of MBF-dependent transcription re-
quires binding of Nrm1, a transcriptional corepressor encoded by
an MBF target that, when expressed, represses MBF-dependent
transcription via a negative feedback loop (4). The distinct mech-
anisms for repression of SBF and MBF enable cells to differentially
regulate their target genes at the end of the G, phase. For example,
MBEF target genes are expressed in response to genotoxic stress,
whereas SBF targets are repressed. The effector protein kinase of
the S. cerevisiae S-phase checkpoint, Rad53, phosphorylates Nrm1
and prevents its binding to the promoters, allowing the sustained
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expression of MBF target genes during DNA replication stress, a
response required to maintain genomic stability and cell viability
(4,9, 10).

In the distantly related fission yeast, Schizosaccharomyces
pombe, regulation of G,/S transcription relies entirely on MBF,
which is comprised of two copies of the Swi6 homolog, Cdc10,
along with Res1 and Res2 (11). In fission yeast, SpNrm1 binds to
and inhibits MBF-dependent transcription as cells progress
through S phase (4), and, as in the budding yeast, that regulation is
antagonized by genotoxic stress (12). Despite poor conservation
of the G,/S transcription factors and their transcriptional repres-
sors at the level of amino acid sequence between yeast and hu-
mans, there is striking conservation of the regulatory pathways by
which these factors exert their effects. In mammalian cells, the
G,/S transcriptional activator E2F1-E2F3, which exhibits no se-
quence homology to SBF components, is regulated by the retino-
blastoma tumor suppressor and transcriptional repressor Rb in a
manner analogous to the regulation of SBF by Whi5 in budding
yeast. Rb binds to E2F until accumulation of G, cyclin/CDK ac-
tivity phosphorylates it and releases it from promoters, allowing
G, /S transcription to be activated (13). The high degree of conser-
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TABLE 1 List of yeast strains used in this study

Nrm1 and Whi5 Bind Swi6 via Their GTB Motifs

Yeast strain Genotype Reference or source
CWY231 15Daub; MATa adel leu2-3,112 his2 trp1-1 ura3Ans barlA 16
CWY758 SWI4-3XHA-KAN* K. Flick and C. Wittenberg, unpublished data
CWY874 mbpl::URA3 17
CWY1415 whi5:KAN" 7
CWY1446 WHI5-13XMyc-KAN" 7
CWY1520 MBP1-TAP-KAN* 4
CWY1521 SWI4-TAP:KAN* This study
CWY1559 NRM1-13XMyc-URA3 4
CWY1561 NRM1-13XMyc-URA3 MBPI1-TAP-KAN* 4
CWY1624 swid:: KAN" 4
CWY1628 NRM1-13XMyc-URA3 MBP1-TAP-KAN" swi6::TRP1 4
CWY1733 whi5:KAN" URA3:WHI5W'-13 X Myc-HIS2 This study
CWY1739 whi5:KAN® URA3:WHI5"'?-13XMyc-TRPI SWI6-3XHA-LEU2 This study
CWY1740 whi5:KAN" URA3:WHI5W'-13 X Myc-HIS2 SWI4-3X HA-TRP1 This study
CWY1744 whi5:KAN" URA3:WHI5-13 X Myc-HIS2 SWI4-3XHA-TRPI This study
CWY1745 whi5:KAN" URA3:WHI5-13 X Myc-HIS2 SWI6-3XHA-LEU2 This study
CWY1763 SRL3-13XMyc-TRP1 This study
CWY1821 TRP1:GAL-NRMIAN-13XMyc-URA3 4
CWY1868 WHI5-13XMyc-KAN" swi6::URA3 This study
CWY1989 nrml1:TRPI Ylplac211-nrmIAGTB-13 X Myc-KAN® This study
CWY1993 NRM1-13XMyc-URA3 SWI6-3XHA-LEU2 This study
CWY199%4 nrml:TRPI Ylplac211-nrm1AGTB-13XMyc-KAN" SWI6-3XHA-LEU2 This study
CWY2344 NRM1-13XMyc-KI URA3 MBP1-TAP-KAN'* SWI6AC-3 XHA-HIS2 This study
CWY2345 TRP1::GAL-NRMIAN-13XMyc-URA3 SWIGAC-3XHA-HIS2 This study
CWY2361 WHI5-13XMyc-KAN" SWI6AC-3XHA-URA3 This study
CWY2369 SWI6AC-3XHA-URA3 This study
CWY2370 SWI6-3XHA-URA3 This study
CWY2381 SWI6AC-URA3 This study
CWY2425 WHI5-13XMyc-KAN" SWIGAC-URA3 This study

vation of the G,/S transcriptional regulatory pathway indicates
thatit is crucial for maintaining fitness in these organisms. Indeed,
mutation of the G,/S transcription factors and their regulatory
proteins, such as Rb, is a hallmark of cancer (14).

Here, we show that the transcriptional repressors Whi5 and
Nrm1 both interact with the carboxy terminus of Swi6 to inhibit
transcription. Deletion of the Swi6 carboxy terminus renders cells
insensitive to both Nrm1 and Whi5. We also identify a motif
shared by the transcriptional repressors that is necessary and suf-
ficient for their interaction with the Swi6 carboxy terminus. This
motif, the GTB (G, /S transcription factor binding) motif, is con-
served among fungi and represents the core of a transferable do-
main that is sufficient to confer the specificity of Nrm1 and Whi5
for MBF and SBF, respectively. These findings indicate that, in
addition to conservation of the pathways for G,/S transcription
regulation, the structural basis for the interaction between the
repressors and their target transcription factors is conserved.

MATERIALS AND METHODS

Strains. All yeast strains used in this study were derived from 15Daub
(MATaadel leu2-3,112 his2 trp1-1 ura3Ans bar1A). The yeast strains used
are presented in Table 1. Generation of a SWI6 mutant encoding a protein
that lacks the last 50 amino acids of the C terminus (SWI6AC), nrml
encoding a protein with a deletion of the GTB motif (nrm1AGTB), and all
the tagged proteins and deletion mutants was performed using the PCR
method described by Longtine et al. (15). Whi5"'Q, consisting of Whi5
with a mutation of R185, A189, and K192 to W185, 1189, and Q192,
respectively, was constructed via site-directed mutagenesis with a
QuikChange XL site-directed mutagenesis kit (Agilent Technologies), fol-
lowed by DNA sequencing to confirm the generation of mutations.
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Antibodies. The antibodies against budding yeast Swi4 and Swi6 were
prepared by D. Lee and N. F. Lowndes and characterized by M. R. Harris,
D. Lee, S. Farmer, N. F. Lowndes, and R. A. M. de Bruin (submitted for
publication).

Cell synchronization and cell size experiments. Mating pheromone
arrest synchrony experiments were carried out as described previously
(4). For cell size experiments, cells were grown exponentially in appropri-
ate medium, consisting of yeast extract, peptone, and dextrose (YEPD) or
YEP-galactose, and size was determined using a Coulter Z2 (Beckman)
cell counter.

Coimmunoprecipitation. Immunoprecipitations were carried out
using lysis buffer (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA,
0.2% Triton X-100) with protease inhibitors (1 pg/ml pepstatin, 1 wg/ml
leupeptin). Immunoprecipitated proteins were resolved in 10% SDS-
PAGE gels, and antibodies anti-Myc, antihemagglutinin (HA), anti-Swi6,
anti-Swi4, and peroxidase-antiperoxidase (PAP) soluble complex were
used to detect the tagged proteins appropriately.

Pulldowns. Glutathione S-transferase (GST)-GTB (Nrml), GST-
GTB (Whi5), and GST tag alone were expressed in Escherichia coli
BL21(DE3) RIL and purified by using glutathione-Sepharose beads. Beads
were incubated with extracts from the appropriate yeast strains in lysis
buffer (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.2%
Triton X-100) with protease inhibitors (1 pug/ml pepstatin, 1 pg/ml leu-
peptin) for 2 h at 4°C. Next, beads were washed four times with the same
lysis buffer and resolved by 10% SDS-PAGE. Appropriate antibodies were
used to detect the tagged proteins.

Real-time PCR and RT-PCR. Total RNA was isolated using an RNeasy
Kit (Qiagen). iQ SYBR green Supermix (Bio-Rad) was used for quantita-
tive PCR on chromatin immunoprecipitation (ChIP) samples, and an
iScript OneStep RT-PCR kit with SYBR green (Bio-Rad) was used for
reverse transcription-PCR (RT-PCR). Reactions were run on a Chromo-4
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FIG 1 C terminus of Swi6 is required for Nrm1 binding to MBF. (A) Alignment of the last 50 residues of S. cerevisiae (Sc) Swi6 and S. pombe (Sp) Cdc10. (B)
Nrm1 does not interact with MBF when the C terminus of Swi6 is deleted. Immunoblot showing whole-cell extracts (WCE), anti-Myc, and IgG immunopre-
cipitation (IP) of Mbpl-TAP or Nrm1-Myc in a wild-type or SWI6AC background. All immunoblots were derived from samples run on a single SDS-
polyacrylamide gel. (C) C terminus of Swi6 is required for Nrm1 binding to MBF-dependent promoters. Quantitation of Nrm1-Myc binding to RNRI promoter
(prom) DNA by chromatin immunoprecipitation (ChIP) in wild-type, swi6A, and SWI6AC cells growing exponentially. (D) MBF-regulated transcription is
induced in SWI6AC cells. Wild-type and SWISAC cells exponentially growing in rich medium were synchronized in G, by a-factor and subsequently released
into rich medium. MBF-regulated gene RNRI RNA from arrested cells (0 min) and from cells released from the arrest for the indicated interval was quantitated
by RT-qPCR, and results are shown as a percentage of the maximal RNA level in wild-type cells. (E) Overexpression of a stable form of Nrm1 does not increase
cell size in SWI6AC cells. Cell size was determined for wild-type, GAL-NRMIAN, SWI6AC, and SWI6AC GAL-NRMIAN cells growing exponentially in

galactose-containing medium to induce Nrm1AN overexpression. a, anti.

qPCR (quantitative PCR) I system (M] Research) under standard PCR
and RT-PCR conditions. Data were analyzed by using MJ Opticon Mon-
itor, version 3.0, analysis software.

ChIP analysis. Chromatin immunoprecipitation was performed as
described previously (12).

RESULTS

The C terminus of Swi6 is required for Nrm1 binding to MBF.
The interaction between Nrm1 and MBF in Schizosaccharomy-
ces pombe requires the last 61 residues of the carboxy terminus
of Cdc10 (12). Since Nrm1 regulation of MBF in S. pombe and
S. cerevisiae is conserved (4), we determined whether the se-
quences required for the interaction between Nrml and its
target transcription factor are also conserved. SpCdcl0 and
ScSwib, its functional homolog in S. cerevisiae, are poorly con-
served in terms of sequence. The alignment of the two proteins
shows that only the carboxy-terminal half of the protein is
conserved, with 30% identity and 49% similarity. Interestingly,
the conservation is highest within the last 50 residues, exhibit-
ing 45% identity and 72% similarity (Fig. 1A), suggesting that
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the carboxy terminus of ScSwi6 and that of SpCdcl0 might
have similar functions.

To study the function of the C terminus of Swi6, we generated
a Swi6 mutant that lacks the last 50 amino acids, which we refer to
as Swi6AC. The effect of that mutant on the interaction between
Swi6 and its binding partners was evaluated by coimmunoprecipi-
tation in cells expressing either wild-type Swi6 or Swi6AC along
with tandem affinity purification (TAP)-tagged Mbp1l and Myc-
tagged Nrm1 (Fig. 1B). Immunoprecipitation of Nrm1-Myc also
precipitates Mbp1-TAP, and vice versa. However, when the car-
boxy terminus of Swi6 was deleted, the interaction between
Nrm1-Myc and Mbp1-TAP was no longer detected. Importantly,
Mbp1 still binds to Swi6AC, indicating that the deletion of the C
terminus affects Nrm1 binding but not the formation of the MBF
complex.

To establish whether the effect of the Swi6 carboxy terminus
deletion on the interaction between Nrm1 and MBF is also re-
flected in their interaction when MBF is bound to DNA, we per-
formed chromatin immunoprecipitation (ChIP) of Nrm1 in cells
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expressing wild-type SWI6, swi6A, and SWI6AC during late G,
phase. Cells were synchronized during G, phase by treatment with
the mating pheromone a-factor and then released into the cell
cycle for 60 min, the interval when Nrm1 binds to the MBF-de-
pendent promoters. Binding of Nrm1 to the MBF target was ab-
rogated in the SWI6AC mutant, similar to the swi6A mutants,
confirming the importance of the carboxy terminus of Swi6 for
Nrm1 binding (Fig. 1C).

Transcription of MBF target genes is repressed as cells progress
from G, into S phase as a consequence of Nrm1 binding to MBF at
promoters although, in the absence of Nrm1, those genes are re-
pressed after a delay by Clb/CDK (4, 8). Thus, we expect SWI6AC
cells to exhibit a delay in repression of MBF targets as cells prog-
ress into S phase. To test this hypothesis, we analyzed expression
of the MBF target gene RNRI in wild-type and SWI6AC cells syn-
chronized in G, with a-factor and released into the cell cycle. As
shown in Fig. 1D, SWI6AC cells exhibit sustained RNRI expres-
sion, indicating that in the absence of the C terminus of Swi6,
Nrm1 can no longer bind to MBF and repress its targets.

To determine whether the effect of SWI6AC on Nrm1 binding
and gene expression was detectable in terms of cellular phenotype,
we evaluated whether overexpression of a stabilized form of Nrm1
(Nrm1AN) in the SWIGAC background leads to the increase in
cell size as a result of the cell cycle delay during G, phase that was
previously associated with the NRMIAN mutant (4). Whereas
wild-type cells expressing Nrm1AN from the GALI promoter are
significantly larger than wild-type cells, the overexpression of
Nrm1AN has no effect in cells lacking the C terminus of Swi6 (Fig.
1E), consistent with a failure of Nrm1 to repress MBF-regulated
transcription.

Together, these observations indicate that the last 50 amino
acids of Swi6 are crucial for Nrm1 binding to MBF and for its
function as a repressor of MBF-regulated transcription.

Whi5 binds to SBF through the C terminus of Swi6. In addi-
tion to its role in the formation of MBF, Swi6 also participates in
the formation of the SBF transcription factor along with the DNA
binding protein Swi4. SBF is bound by the transcriptional repres-
sor Whi5 at the beginning of G, phase, leading to the repression of
SBF targets. Deletion of Whi5 derepresses transcription during
early G, phase and promotes premature bud formation and pro-
gression through G,/S transition, leading to the production of
smaller daughter cells (6, 7, 18). We noticed during our analysis of
the effect of GAL-NRM1 on the SWI6AC mutant that the cells are
smaller than wild-type cells, at least when grown on galactose (Fig.
1E). That phenotype is consistent with a loss of function of Whi5,
suggesting that the carboxy terminus of Swi6 might also be re-
quired for the interaction between Whi5 and SBF. To test this
possibility, wild-type and SWI6AC cells were grown in rich glu-
cose medium, and cell size was analyzed (Fig. 2A). The SWI6AC
mutant cells are smaller than wild-type cells, consistent with a role
for the carboxy terminus of Swi6 in the interaction between Whi5
and SBF.

To determine whether deletion of the last 50 residues of Swi6
abrogates Whi5 binding, we evaluated that interaction in SWI6AC
mutants expressing Myc-tagged Whi5 from the endogenous lo-
cus. Whereas Whi5 coimmunoprecipitates with Swi6 and Swi4 in
wild-type cells, neither Swi6 nor Swi4 coimmunoprecipitates with
Whi5 in SWI6AC mutants (Fig. 2B). However, Swi4 still binds to
Swi6AC, demonstrating that, similar to the situation with Nrm1
and MBF, the carboxy terminus of Swi6 is important for its inter-
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action with the transcriptional repressor Whi5 but not for the
formation of the SBF complex (Fig. 2B).

To determine whether the loss of interaction between Whi5
and SBF observed by coimmunoprecipitation also holds for SBF
bound to chromatin, ChIP analysis of Myc-tagged Whi5 was per-
formed in wild-type cells and swi6A and SWI6AC mutants. In
wild-type cells arrested during G, by a-factor, Whi5 binds to the
promoters of the SBF-dependent genes, CLN2 and SVS1, but not
to the MBF-dependent gene promoter RNRI (Fig. 2C). However,
that binding is completely abrogated when the carboxy terminus
of Swi6 is deleted, indicating that this region of Swi6 is required for
binding between Whi5 and SBF at promoters.

Consistent with the role of Whi5 as a transcriptional repressor,
SBF-dependent transcription is activated prematurely during the
cell cycle in the absence of Whi5 (7). To determine whether the
deletion of the C terminus of Swi6 recapitulates that behavior, we
evaluated the expression of the SBF-dependent transcript CLN2
during the cell cycle in wild-type and SWI6AC mutant cells syn-
chronized by a-factor arrest and released. CLN2 expression is ac-
tivated prematurely in SWI6AC mutants, consistent with the re-
quirement for the carboxy terminus of Swi6 for Whi5 binding to
SBF and for its function as a transcriptional repressor (Fig. 2D).
Importantly, the robust periodic activity of G,/S genes in the
SWI6AC mutant demonstrates that, despite its incapacity to bind
to the transcriptional repressors, Swi6AC is competent to form a
fully functional G,/S transcription factor.

Nrm1 and Whi5 share a region of homology designated the
GTB motif. The 50 carboxy-terminal amino acids of Swi6 are
required for binding of the transcriptional repressors Nrm1 and
Whi5 to MBF and SBF, respectively (Fig. 1 and 2). This suggested
that Nrm1 and Whi5 might share a structural motif required for
that interaction. Alignment of Nrm1 and Whi5 homologs in S.
cerevisiae and S. pombe reveals a conserved region of 11 residues
contained within a predicted alpha-helical domain that has the
consensus motif LXXRLXXAXXK (Fig. 3A). That motif defines a
protein family in S. cerevisiae that includes Whi5, Nrm1, and Srl3,
a CDK-binding protein of unknown function (19). Interestingly, a
protein that appears to behave as a functional homolog of both
Nrm1 and Whi5 was recently identified in Candida albicans based
upon the presence of that motif, which appears to be extensively
conserved among fungal species (20). The motif has also been
identified via bioinformatics approaches and has been named the
“Whi5-like” motif (21). We refer to this as the G,/S transcription
factor binding (GTB) motif, based upon its function in Nrm1 and
WHhi5 (see below).

The GTB motif is required for the function of Nrm1 and
Whi5 as transcriptional repressors. To determine whether this
motif fulfills a functional role in the regulation of the G, transcrip-
tion factors by their transcriptional repressors, we mutated the
motifs and evaluated the effect on that interaction. First, we de-
leted the GTB motif in Nrm1 and assessed the ability of the mu-
tant, which we designated nrmIAGTB, to bind to Swi6. Whereas
wild-type Nrm1 coimmunoprecipitates with Swi6, coimmuno-
precipitation of Myc-tagged Nrm1AGTB with Swi6 was not de-
tected (Fig. 3B), indicating that the GTB motif is required for
Nrm1 interaction with Swi6. To establish whether this mutation
also affected the interaction of Nrm1 with MBF bound to promot-
ers, ChIP was performed using wild-type cells and nrmIAGTB
mutants synchronized in G, phase by a-factor arrest and released
for 60 min, the time of peak binding of wild-type Nrm1 to pro-
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FIG 2 C terminus of Swi6 is required for Whi5 binding to SBF. (A) SWI6AC cells are smaller than wild-type cells. Cell size was determined for wild-type,
SWI6AC, and whi5A cells growing exponentially in rich medium. (B) C terminus of Swi6 is required for Whi5 interaction with SBF. Immunoblot showing
whole-cell extracts (WCE), anti-Myc, and anti-Swi4 immunoprecipitation (IP) of Swi4 or Nrm1-Myc in a wild-type or SWI6AC background. All immunoblots
were derived from samples run on a single SDS-polyacrylamide gel. (C) Deletion of the C terminus of Swi6 abrogates Whi5 binding to SBF-dependent promoters.
Quantitation of Whi5-Myc binding to RNRI (MBF dependent), CLN2, and SVSI (SBF dependent) promoter DNA by chromatin immunoprecipitation (ChIP)
in wild-type, swi6A, and SWI6AC cells growing exponentially. (D) SBF-regulated transcription is induced earlier in SWI6AC cells. Wild-type and SWI6AC cells
growing exponentially in rich medium were synchronized by a-factor and subsequently released into rich medium. CLN2 RNA from arrested cells (0 min) and
cells released from the arrest for the indicated interval was quantitated by RT-qPCR, and results are shown as a percentage of the maximal RNA level in wild-type

cells.

moters. In contrast to binding with wild-type Nrm1, binding to
MBEF-regulated promoters was lost when the GTB motif of Nrm1
was deleted (Fig. 3C), indicating that this region is, indeed, neces-
sary for Nrm1 binding to MBF at promoters. Finally, we evaluated
the effect of the AGTB mutation upon the ability of Nrm1 to
repress MBF-regulated transcription. Wild-type and nrmIAGTB
cells were synchronized during G, phase and released into the cell
cycle, and the expression of MBF and SBF target genes was ana-
lyzed. Whereas CLN2, an SBF target gene, is not affected by the
nrmIAGTB mutation, RNRI expression is hyper-induced, and
the duration of expression is extended in the mutant (Fig. 3D).
This is similar to the effect of deletion of the NRM1 gene (4),
indicating that the GTB motif is required for Nrm1 function as a
transcriptional repressor.

We then asked whether the same motif in Whi5 was relevant
for its repression of SBF-regulated gene expression during early G,
phase. Three of the highly conserved residues of the GTB motif of
Whi5, R185, A189, and K192, were mutated to W185, 1189, and
Q192, respectively, to generate the whi5*"'? mutant. Myc-tagged
Whi5 or Whi5W'Q was introduced into strains expressing either
HA-tagged Swi4 or Swi6, and the interaction between these pro-
teins was evaluated by coimmunoprecipitation (Fig. 4A). Whereas
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wild-type Whi5 coimmunoprecipitates with both Swi4 and Swi6,
as previously reported (6, 7), neither component of SBF was ob-
served in immunoprecipitates of Whi5"'<, consistent with a role
for the GTB motif of Whi5 in its interaction with Swi6. To deter-
mine whether this defect was also reflected in the binding of Whi5
to SBF at its target promoters, we performed ChIP with wild-type
Myc-tagged Whi5 or Whi5"'? in cells arrested in G, phase by
a-factor, the interval in which Whi5 binding to promoters is max-
imal, and released for 40 min, the interval of peak SBF expression
(Fig. 4B). Whereas binding of wild-type Whi5 to the SBF-depen-
dent promoters CLN2 and SVSI was observed, binding of
Whi5"VQwas not detected in the G,-arrested cells, consistent with
arequirement of the GTB motif for Whi5 binding to SBF at target
promoters. Finally, we examined the effect of the whi5""'? mutant
on SBF-dependent transcription during G, phase. Expression of
G, genes was analyzed in wild-type cells and whi5>"'? mutants
synchronized with a-factor and released, as described previously.
Whereas the expression of RNR1, an MBF-regulated target, was
not significantly affected by the whi5"'? mutant (Fig. 4C, left
panel), expression of CLN2, an SBF-regulated gene, was prema-
turely induced in the mutant strain (Fig. 4C, right panel), consis-
tent with an essential role of the GTB motif for Whi5 function. To
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level in wild-type cells.

establish whether the loss of binding of Whi5"!'? and the associ-
ated premature transcriptional activation of SBF target genes have
a phenotypic consequence, we evaluated the effect of the mutation
on cell size, a characteristic affected by the loss of Whi5 function
(Fig. 4D) (7, 18). As predicted, whisW1Q cells growing exponen-
tially in rich medium, like whi5A cells, are significantly smaller
than wild-type cells, confirming that the GTB motif is crucial for
the established roles of Whi5.

The GTB motif-containing protein Srl3 binds to SBF-regu-
lated promoters in hydroxyurea-treated cells. The GTB motif is
conserved throughout evolution and is needed for both the Nrm1
and Whi> transcriptional repressors to bind to their target tran-
scription factors and inhibit their activity. Together, these obser-
vations suggest that the GTB motif might act as a functional mod-
ule that proteins use to interact with G,/S transcription factors.
Thus, identifying GTB motif-containing proteins could provide a
new way to discover unknown regulators of the G,/S transcription
in S. cerevisiae as well as the functional analogs of Nrm1/Whi5 in
distantly related species. To test this hypothesis, we focused on
Srl3, the only protein in budding yeast, other than Nrm1 and
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Whi5, that contains a GTB motif. Srl3 was originally identified in
a high-throughput screen as a suppressor of Rad53 lethality, but
its function remains unknown (22). Binding of Myc-tagged Srl3 to
either SBF- or MBF-dependent promoters could not be detected
by ChIP in cells synchronized during G, phase with a-factor and
released into the cell cycle (Fig. 4E and data not shown). However,
when cells were released from a-factor arrest in the presence of
hydroxyurea (HU), a genotoxic agent that generates DNA repli-
cation stress and activates a Rad53-dependent checkpoint signal,
Srl3 binding to the CLN2 promoter was observed (Fig. 4E), further
supporting the idea that the GTB motifacts as a functional module
that allows proteins to interact with G,/S transcription factors.
The basis for Srl3 binding to the CLN2 promoter in response to
HU and its biological consequences remain to be established.
The GTB motif is sufficient for both binding and specificity
of the G,/S transcriptional repressors. To further pursue the hy-
pothesis that the GTB motif is a functional module, we wanted to
determine whether the isolated motif was sufficient to bind to
Swi6. To address this question, a plasmid was constructed in
which the DNA encoding 27 residues of Nrm1 that constitute a
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predicted a-helix containing the conserved GTB motif (Fig. 5A)  Surprisingly, the Nrm1 GTB motif bound Swi6 with TAP-
was appended to that encoding the carboxy terminus of glutathi- Mbpl but not TAP-Swi4, indicating that this small protein
one S-transferase (GST) for expression in E. coli. The GST-GTB  fragment is sufficient to determine the specificity to bind MBF,
motif fusion protein was subsequently isolated from bacterial ex-  but not SBF (Fig. 5C). Moreover, Swi6 binding is strongly fa-
tracts using glutathione-Sepharose beads, and the beads were in-  cilitated by the presence of Mbpl, as the Nrm1 GTB motif
cubated with yeast extracts from cells expressing either wild-type  binds only very weakly to Swi6 in extracts from the mbpIA
Swi6 or SwibAC. The GST-GTB motif fusion, but not GST alone, mutant. Despite the capacity of the GTB motif to bind Swi6 in
bound to wild-type Swi6 in yeast extracts (Fig. 5B), demonstrating  the absence of Mbp1, no binding of the intact Nrm1 protein to
that the GTB motif itself was sufficient for Swi6 binding. Further- ~ Swi6 has been observed in the absence of Mbpl in vivo (4).
more, the same fusion protein failed to bind to Swi6AC, indicating  Together these data show that the GTB motif from Nrml is
that binding of Swi6 by the GTB motif retained the same require-  sufficient not only to bind Swi6 but also to establish the speci-
ments for binding as the intact Nrm1 protein. ficity of Nrm1 for the MBF complex.

Nrml binds specifically to MBF (4), in a manner that de- Our finding that the Nrm1 GTB is sufficient for both binding
pends upon the GTB motif. Consequently, it was of interest to  and specificity for MBF prompted us to ask whether a similar
determine whether the GTB motif itself was sufficient to confer ~ GTB-containing region of Whi5 could discriminate between SBF
specificity for MBF or whether additional specificity was con- and MBF. A construct encoding GST with a 27-amino-acid frag-
ferred by Nrm1 sequences outside that motif. Consequently, ment containing the predicted a-helix that includes the core GTB
we evaluated whether the Nrm1 GTB motif can discriminate  of Whi5 fused to the carboxy terminus was expressed using the
between Swi6 bound to Mbp1 and Swi6 bound to Swi4. Gluta-  same protocol as used for the GST fusion of the Nrm1 GTB and
thione-Sepharose beads containing the GST-GTB motif fusion incubated with extracts from cells expressing either wild-type
were used to bind Swi6 from extracts expressing either TAP-  Swi6 or SwibAC protein. However, that construct failed to bind to
tagged Mbp1l or TAP-tagged Swi4 or from an mbplA mutant. either the wild-type or mutant protein (data not shown). Further
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examination of the relationship between GTB-containing pro-
teins among fungi revealed additional conservation of sequences
carboxy-terminal to the GTB-containing a-helix (Fig. 6A). Based
upon the extended conserved sequence, we designed a GST fusion
protein with the 40-amino-acid GTB-containing peptide contain-
ing additional Whi5 sequences at the carboxy terminus and used it
in a similar regimen to that used for the smaller GST-GTB fusions
(Fig. 6A). The larger fusion protein bound to glutathione-Sephar-
ose beads efficiently pulled down wild-type Swi6 but not the mu-
tant Swi6AC protein (Fig. 6B), consistent with the failure of the
full-length Whi5 protein to associate with Swi6AC in vivo
(Fig. 2B). Thus, the capacity of the Whi5 GTB, but not the Nrm1
GTB, to bind to Swi6 requires the presence of conserved amino
acids carboxy-terminal to the core GTB motif.

We next examined the specificity of the extended Whi5 GTB
for G,/S transcription factors. Using a similar approach to that
used with the Nrm1 GTB fusion, glutathione beads containing the
GST fusion of the Whi5 GTB were used to evaluate SBF and MBF
binding in extracts from cells expressing TAP-tagged Swi4 and
Mbpl, respectively (Fig. 6C). Like the Nrm1 GTB, the Whi5 GTB
was sufficient to confer specificity of binding, in this case, to Swi4
but not Mbp1. Although it bound to Swi6 in the extracts express-
ing Mbp1-TAP, Swi6 was not bound to Mbp1-TAP. We conclude
that the isolated Whi5 GTB is sufficient for binding and specificity
for SBF.

Together these data establish that the GTB behaves as an au-
tonomous G,/S transcription factor binding module with the ca-
pacity to discriminate between distinct family members.
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DISCUSSION

Proteins consist of one or more domains or functional modules
that represent units of specific structure and function. While other
parts of the protein and their sequences may change considerably
during evolution, these modules are constrained to preserve struc-
ture and function (23, 24). Here, we have identified a functional
module that, based upon the behavior of two family members,
enables proteins to bind to members of the family of transcription
factors that regulate G,/S transcription.

We have shown that both transcriptional repressors, Whi5 and
Nrml, have a conserved motif (LXXRLXXAXXK) (Fig. 5A and
6A), named the G,/S transcription factor binding (GTB) motif
based upon its function. This motif is part of a predicted a-helix
that is required for the binding of the transcriptional repressors to
their transcription factor targets. Either deletion of the whole GTB
motif or mutation of its critical residues impairs Nrm1 and Whi5
binding to Swi6 such that they can no longer repress G,/S tran-
scription, indicating that the GTB motif is required for their func-
tion (Fig. 3 and 4). Moreover, the GTB motif is not only sufficient
for that interaction but also sufficient to establish the specificity of
binding (Fig. 5 and 6). Despite the generally poor amino acid
sequence conservation among the functional analogs of the tran-
scriptional repressors, the GTB motif is well conserved evolution-
arily throughout the Ascomycota phylum (Fig. 5A and 6A) with
homologs in some very distantly related genera, including mem-
bers of the Basidiomycetes (data not shown). In fact, an ortholog of
Nrm1/Whi5 that contains a GTB motif was recently identified in
Candida albicans (20). Together, these observations suggest that
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the GTB motifis a functional module that, at least based upon the
behavior of Whi5 and Nrm1, is necessary and sufficient for bind-
ing to the G,/S transcription factor complexes.

The GTB motif may be useful to identify proteins that bind
G,/S transcription factors in S. cerevisiae and other fungi. The
identification of a likely ortholog of Nrm1/Whi5 based upon the
conservation of that sequence provides one line of support for this
contention. Our finding that Srl3, an S. cerevisiae GTB motif-con-
taining protein of unknown function, binds to the SBF-dependent
gene CLN2 promoter also suggests a role in G,/S gene regulation
(Fig. 4E). Srl3 was identified in a screen for suppressors of Rad53
lethality, and it is found in a complex with the budding yeast
cyclin-dependent kinase Cdc28 (CDK1) (19, 22, 25). Further
studies will be required to determine whether Srl3 plays a role in
modulating G,/S transcription or plays some other role at the
CIn2 promoter. However, given that promoter binding is ob-
served only during replication stress, one exciting possibility is
that Srl3 functions as a bridge between CDK and SBF, facilitating
CDK-dependent phosphorylation of SBF under conditions of
DNA replication stress. Thus, the GTB motif is a conserved func-
tional module that may be generally useful for the identification of
novel G,/S regulatory factors.

We have also shown that the carboxy terminus of Swi6 is re-
quired for Nrm1 and Whi5 binding to MBF and SBF, respectively.
The last 50 residues of Swi6 are essential for the transcriptional
repressors to bind and repress G,/S transcription but not for the
formation or function of MBF and SBF complexes (Fig. 1 and 2).
The C terminus of Swi6 is well conserved among its homologs in
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other fungi. The carboxy terminus of Cdcl0, the S. pombe or-
tholog to Swi6, exhibits greater homology to the carboxy terminus
of Swi6 than do other regions of the two proteins, including the
well-conserved ankyrin repeats (26). The carboxy terminus of
Cdc10 plays a role in regulation of MBF-dependent transcription,
as shown by the elevation of G,/S transcription throughout the cell
cycle in the thermosensitive mutant Cdc10-C4, which lacks the
last 61 residues (27, 28). Interestingly, Cdc10-C4 still retains the
ability to bind to Resl and Res2 in the same way that Swi6AC
remains competent to form the MBF and SBF complexes with
Mbpl and Swi4 (29) (Fig. 1 and 2). The carboxy terminus of Swi6
has been reported to be required for its interaction with Mbp1 in
vitro (30-32). However, we show, in agreement with Sedgwick and
colleagues (33), that full-length Mbp1 interacts with Swi6 in vivo
independent of the carboxy terminus (Fig. 1B).

Like the GTB motif, the carboxy terminus of Swi6 is extensively
conserved throughout the Ascomycota (data not shown), while the
rest of the protein sequences exhibit greater divergence. Thus, the
Swi6 C terminus represents a complementary functional module
to the GTB motif that has been evolutionarily conserved, presum-
ably to maintain appropriate regulation of G,/S transcription.
That is, it appears likely that the GTB motif is conserved as an
interface for the interaction of the transcriptional repressors to
interact with their target transcription factors, whereas the Swi6
carboxy terminus provides a complementary module for interac-
tion with regulators bearing the GTB motif.

Akey question concerning the regulation of G,/S transcription
in S. cerevisiae is how transcriptional repressors achieve specificity
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for their target transcription factors. Whereas some fungal species,
such as S. pombe, have only one G,/S transcription factor, which is
homologous to MBF, in budding yeast the task of regulating G,/S
genes is distributed between two factors, SBF and MBF, that ex-
hibit some overlap in promoter binding. The transcriptional re-
pressors Whi5 and Nrm1 bind to SBF and MBF, respectively, and,
in doing so, repress their targets (7, 12). Because the repressors are
subject to distinct regulatory signals that act via different mecha-
nisms, their binding specificity is critical in determining the na-
ture of the transcriptional response to those different signals. Con-
sequently, identifying the determinants of that specificity is crucial
for understanding their role and regulation. We find that both
repressors depend upon their GTB motif and the carboxy termi-
nus of Swi6, the common component of SBF and MBF, for that
interaction (Fig. 1 and 2).

One of two mechanisms may explain the capacity of the tran-
scriptional repressors to discriminate between the two transcrip-
tion factors. First, Whi5 and Nrm1 may interact directly with Swi4
and Mbpl, respectively, as well as with Swi6. Alternatively, the
carboxy terminus of Swi6é may assume a different conformation
when bound to Swi4 or Mbp1, thereby promoting specific recog-
nition by Whi5 and Nrm1. Although we have not addressed that
question directly, we have demonstrated that the GTB motifs of
Nrml and Whi5 are sufficient to discriminate between SBF and
MBF, respectively, and that the isolated motifs bind very weakly to
Swi6 in the absence of Swi4 or Mbp1 (Fig. 5C and 6C). The capac-
ity to bind Swi6 in the absence of the other transcription factor
component appears not to occur with the intact repressors, sug-
gesting that there is a conflict between other portions of the re-
pressor proteins and the intact transcription factor. Nevertheless,
we conclude that these short polypeptide fragments containing
the GTB motif not only contain the residues necessary for Swi6
binding but also have diversified sufficiently to confer specificity
for a particular transcription factor.

The functional GTB motif module has been evolutionarily
constrained, presumably because it forms the surface responsible
for the interaction between the transcriptional repressors and
their target G,/S transcription factors. However, the remaining
Whi5 and Nrm1 proteins have evolved significantly such that the
repressors not only bind different transcription factors but also
that the regulation of that binding is subject to distinct mecha-
nisms of control. Whereas Whi5 binding to its target transcription
factor is regulated via CDK-dependent phosphorylation, Nrm1
binding to its target is primarily regulated by the timing of its
accumulation during the cell division cycle as cells progress to S
phase. That is, Nrm1 is regulated primarily at the level of gene
expression, whereas Whi5 is regulated posttranslationally via co-
valent modification. Thus, the consequence of the combined pres-
sures of evolution and conservation have led to this exquisitely
tuned system wherein two classes of G,/S genes are coordinately
expressed during the cell division cycle but subject to distinct reg-
ulatory inputs.
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