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The roles of DNA and Mcm1p interactions in determining the overlapping and distinct functions of the yeast
cell cycle regulatory transcription factors Fkh1p and Fkh2p were examined. Full-length recombinant Fkh1p
and Fkh2p were purified and their binding to bona fide promoters examined in vitro. Each protein bound a
variety of target promoters with similar specificity in vitro, consistent with the observation that these
proteins bind common promoters in vivo. However, in vivo, the Fkh1p and Fkh2p occupied different target
promoters to different extents, suggesting that each was primarily responsible for controlling a different set of
genes. Additional in vitro studies provided a mechanistic explanation for this differential promoter-occupancy.
Specifically, the Fkh2p, but not the Fkh1p, was capable of binding cooperatively with Mcm1p. The
Mcm1p–Fkh2p cooperative binding was enhanced by, but did not require, the presence of a Mcm1p-binding
site within a target promoter. Consistent with these data, Mcm1p was present at Fkh-controlled promoters in
vivo regardless of whether they contained Mcm1p-binding sites, suggesting a role for Mcm1p at promoters not
thought previously to be under Mcm1p control. Analysis of Fkh1p and Fkh2p binding to promoter targets in
vivo by use of mutant strains indicated that the two proteins compete for promoter-occupancy at a number of
target promoters. We postulate that Fkh1p and a stable Fkh2p/Mcm1p complex compete for binding to target
promoters and that the levels and/or binding activity of Fkh1p, but not Fkh2p, are most limiting for
promoter-occupancy in vivo. Interestingly, the in vitro DNA-binding assays, using a variety of promoter
targets, revealed that bona fide Fkh target promoters contained two or more Fkh-binding sites that allowed the
Fkh1p and Fkh2p proteins to form multiple protein–DNA complexes in vitro. Multiple Fkh-binding sites may
be a distinguishing feature of bona fide Fkh promoters in yeast and other organisms.
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Elucidating the rules regulating promoter-occupancy by
sequence-specific DNA-binding proteins is critical to
understanding transcription control in vivo. These rules
can be relatively simple if a cell expresses only one ver-
sion of a transcription factor with specificity for a par-
ticular target site. However, some cells, particularly
mammalian cells, simultaneously express several differ-
ent members of a transcription-factor family, each of
which is capable of binding to the same target site
(Amati and Land 1994; Levrero et al. 2000). In such ex-
amples, the rules regulating promoter-occupancy in vivo
are more complex but critically important, as each mem-
ber of a transcription factor family can have a different

impact on transcription by a given promoter (Amati and
Land 1994; Levrero et al. 2000).
Recently, two forkhead proteins, Fkh1p and Fkh2p

(forkhead homolog), have been shown to share promoter
targets and overlapping biological roles in cell cycle pro-
gression and differentiation in the single-celled yeast
Saccharomyces cerevisiae (for review, see Breeden 2000).
FKH1 and FKH2 are named for their homology to an
evolutionarily conserved family of transcription factors
classified on the basis of their forkhead (winged-helix)
DNA-binding domains (Clark et al. 1993; Lai et al. 1993;
Kaufmann and Knochel 1996; Kaestner et al. 2000). Tran-
scription factors in this family have roles in the cell
cycle and differentiation in a wide variety of eukaryotes
including humans (Medema et al. 2000; Nakamura et al.
2000; Tanaka et al. 2001), and there are many cell types
in which multiple forkhead family members with simi-
lar DNA-binding domains are expressed simultaneously
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(Lai et al. 1993; Hromas and Costa 1995; Kaufmann and
Knochel 1996). Significantly, Fkh1p and Fkh2p are ex-
ceptional examples of yeast transcription factors that
have clear tissue-specific homologs in mammals (Kauf-
mann and Knochel 1996; Yang et al. 1997), suggesting
that their biological roles and the mechanisms regulat-
ing their functions are conserved. The identification of a
large number of yeast Fkh-controlled genes by DNA mi-
croarray analysis (Zhu et al. 2000) and the availability of
all yeast gene regulatory sequences will allow the
mechanisms regulating promoter-occupancy by Fkh1p
and Fkh2p to be addressed rigorously.
Yeast Fkh1p and Fkh2p share 47% identity and 82%

similarity across the length of Fkh1p. Of particular rel-
evance to this study, Fkh1p and Fkh2p contain DNA-
binding domains that are 72% identical and, for the phe-
notypes tested, interchangeable (Hollenhorst et al. 2000),
suggesting that the two proteins share the same binding-
site specificity in vivo. Consistent with these overlap-
ping structural features, several recent studies indicate
that the Fkh1p and Fkh2p have overlapping functional
roles (for review, see Breeden 2000). Specifically, deletion
of both FKH1 and FKH2, but not either gene alone, leads
to pseudohyphal differentiation and significant reduc-
tions in transcription of CLB2 and similarly regulated
genes collectively referred to as the CLB2-cluster. CLB2-
cluster genes are transcribed in late S and G2/M phases of
the cell cycle (Spellman et al. 1998) and encode many
proteins, including the G2/M phase cyclin Clb2p, that
are necessary for normal cell cycle progression in yeast
(for review, see Futcher 1996). Slowing progression
through the G2/M phase of the cell cycle is required for
the pseudohyphal morphology (Lew and Reed 1993; Kron
et al. 1994). Therefore, loss of both FKH1 and FKH2 is
required for the pseudohyphal phenotype, at least in part,
because loss of both genes is required to dramatically
reduce cell cycle-regulated transcription of CLB2-cluster
genes. Because deletion of both FKH1 and FKH2 is re-
quired for these dramatic phenotypic and transcriptional
changes, a simple view is that these proteins have redun-
dant roles and in the absence of one, the other simply
provides the same function by regulating the same genes.
However, despite this apparently simple picture, other

data indicate that Fkh1p and Fkh2p actually have dis-
tinct roles in regulating the cell cycle and transcription
in yeast. For example, transcription of CLB2 is affected
differently by loss of either Fkh1p or Fkh2p alone (Hol-
lenhorst et al. 2000). Specifically, deletion of FKH1 en-
hances CLB2 transcription during most stages of the cell
cycle, whereas high-copy expression of FKH1 or deletion
of FKH2 reduces it. Because Fkh1p and Fkh2p can have
measurably different effects on the transcription ofCLB2
in vivo, and because both proteins can bind this pro-
moter in vivo (Koranda et al. 2000; Kumar et al. 2000),
the relative occupancy of the CLB2 promoter by Fkh1p
and Fkh2p is crucial for proper CLB2 expression. In ad-
dition, Fkh2p, but not Fkh1p, is a component of SFF (Swi
five factor) (Koranda et al. 2000; Kumar et al. 2000; Pic et
al. 2000; Zhu et al. 2000), a partially characterized pro-
tein complex that binds to promoters of genes in the

CLB2 cluster at sites required for their cell cycle-regu-
lated transcription (Lydall et al. 1991; Althoefer et al.
1995; Maher et al. 1995). Consistent with this observa-
tion, Fkh2p occupies CLB2-cluster promoters in vivo
more efficiently than Fkh1p (Koranda et al. 2000; Kumar
et al. 2000). These data indicate that Fkh1p and Fkh2p,
despite their similarities, may have different inherent
DNA-binding properties and/or interactions with other
gene regulatory proteins.
To address the outstanding questions relevant to pro-

moter-occupancy by Fkh1p and Fkh2p, we compared
promoter binding by both proteins in vitro and in vivo.
Our in vitro analysis revealed two biochemical differ-
ences between Fkh1p and Fkh2p. First, purified Fkh2p,
but not Fkh1p, could bind cooperatively with itself, and
second, Fkh2p, but not Fkh1p, could bind cooperatively
with Mcm1p, a second gene regulatory protein required
for transcription of genes in the CLB2 cluster (Lydall et
al. 1991; Althoefer et al. 1995; Maher et al. 1995). The
latter difference provided an explanation for the differ-
ences in relative promoter-occupancy by Fkh1p and
Fkh2p at a variety of promoters in vivo. Together, the in
vitro and in vivo data presented here support a model in
which Fkh1p is in competition with a stable Fkh2p/
Mcm1p complex for promoter-occupancy at Fkh-con-
trolled promoters, and Fkh1p levels and/or binding ac-
tivity are limiting. This model supports a simple mecha-
nism for how transcription and cell cycle progression can
be attenuated by regulation of Fkh1p and may be appli-
cable to mammalian promoters controlled by forkhead
proteins.

Results

Purified Fkh1p and Fkh2p bound similarly to SWI5
promoter DNA in vitro

One obvious explanation for the ability of one Fkh pro-
tein to compensate for the loss of the other in vivo is that
the two proteins have similar DNA-binding properties.
However, differences between the amino acid sequence
of Fkh1p and Fkh2p, including some notable differences
within their conserved forkhead DNA-binding domains,
could modulate the DNA-binding properties of these
two proteins uniquely (Overdier et al. 1994; Kaufmann
et al. 1995). Therefore, full-length recombinant yeast
Fkh1p and Fkh2p were each purified substantially from
baculovirus-infected insect cells (Fig. 1A, lanes 1 and 2)
and used in electrophoretic-mobility shift assays (EMSA)
with relevant radiolabeled substrate DNAs. Recombi-
nant Fkh1p and Fkh2p migrated with molecular weights
of 67 kD and 106 kD, respectively, close to the molecular
weights predicted by their primary sequence.
To test whether the recombinant Fkh1p and Fkh2p

bound a target promoter similarly and with specificity
for a Fkh sequence in vitro, a 200-bp region of the SWI5
promoter was used in an EMSA (Fig. 1B). SWI5 is one of
∼ 30 genes within the CLB2 cluster of genes whose cell
cycle-regulated transcription is abolished in strains con-
taining deletions of both FKH1 and FKH2 (Zhu et al.
2000). Significantly, both Fkh1p and Fkh2p bound to the
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SWI5 promoter DNA with similar apparent affinities as
determined by quantitative analysis of an EMSA (Fig.
1C, wild type, lanes 1–4, 9–12); Fkh1p and Fkh2p bound
the SWI5 promoter with apparent Kds of ∼ 12 and ∼ 5 nM,
respectively. The binding of both proteins to a SWI5-
promoter fragment containing a mutation of the best
match to an Fkh sequence was reduced significantly [Fig.
1B, SWI5* and C, lanes 5–8 (Fkh1p), 13–16 (Fkh2p)]. Re-
sidual binding of both proteins to the mutant SWI5 frag-
ment was observed at the highest concentrations of pro-
tein, consistent with the presence of a second lower af-
finity Fkh site in the SWI5 promoter [Fig. 1B and C, lanes
8 (Fkh1p) and 16 (Fkh2p)]. Taken together, these data
indicate that recombinant Fkh1p and Fkh2p bind the
SWI5 promoter similarly in vitro.
The presence of a second lower affinity Fkh site in the

SWI5 fragment could explain the faint low-mobility spe-
cies observed for the wild-type SWI5 promoter at the
highest concentrations of Fkh1p and Fkh2p (Fig. 1C,

lanes 4 and 12). To test whether the lower affinity site
was responsible for the lower mobility complex observed
in lane 12, this same concentration of Fkh2p was used in
a second EMSA with a SWI5 probe containing a muta-
tion in the predicted low-affinity Fkh site [Fig. 1C, lanes
17–18; see B for mutant sequence (SWI5**)]. The second
lower mobility complex observed with the wild-type
SWI5 promoter (Fig. 1C, lane 18) was not observed with
a SWI5 promoter containing a mutation in the low-af-
finity site (Fig. 1C, lane 17). Thus, the SWI5 promoter
contained at least two Fkh-binding sites capable of bind-
ing Fkh proteins.

Fkh1p and Fkh2p showed similar specificity
for a number of different CLB2-cluster gene
promoters in vitro

In vivo, Fkh2p has been shown to occupy CLB2-cluster
promoters to a greater degree than Fkh1p, as measured

Figure 1. Purified Fkh1p and Fkh2p
bound similarly to SWI5 promoter DNA
in vitro. (A) Recombinant Fkh1p–6xHis
(lane 1), Fkh2p–6xHis (lane 2), and
Mcm1p–6xHis (lane 3) were expressed in
insect Sf9 cells and substantially purified.
A total of 1 µg of purified Fkh1p and 0.5 µg
of Fkh2p or Mcm1p were analyzed on a
10% SDS–gel stained with Coomassie
Brilliant Blue. (B) The relevant region of
the 200-bp SWI5 promoter DNA that was
analyzed for Fkh1p and Fkh2p binding by
an EMSA. The strong and weak Fkh-bind-
ing sites and the Mcm1p-binding site in
this promoter are underlined. The nucleo-
tide changes in the two mutant SWI5 pro-
moters used are indicated by arrows
(SWI5*, strong site mutant; SWI5**, weak
site mutant). (C) A radiolabeled 200-bp
SWI5 promoter fragment (SWI5; lanes
1–4,9–12,18) or a mutant SWI5 promoter
fragment containing changes in either the
strong Fkh-binding site (SWI5*; lanes
5–8,13–16) or the weak Fkh-binding site
(SWI5**; lane 17) as indicated in B was
analyzed for binding to Fkh1p–6xHIS
(lanes 1–8) or Fkh2p–6xHIS (lanes 9–18).
SWI5 DNA was analyzed for binding to
either Fkh1p or Fkh2p at a final concen-
tration of 0 nM (lanes 1,5,9,13), 2.5 nM
(lanes 2,6,10,14), 10 nM (lanes 3,7,11,15),
and 40 nM (lanes 4,8,12,16,17–18). Free
DNA and Fkh/DNA and 2(Fkh)/DNA
complexes are indicated for both Fkh1p
and Fkh2p (lower mobility complexes are
labeled with an asterisk because the actual
protein stoichiometry in these complexes
has not been determined. Only the sim-
plest possibility has been shown.). The
complex labeled D is due to the binding of
a minor Fkh1p degradation product to the
SWI5 promoter DNA.
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by chromatin immunoprecipitation experiments (Ko-
randa et al. 2000; Kumar et al. 2000). Although our in
vitro data indicated that the Fkh1p and Fkh2p could bind
the SWI5 promoter DNA fragment similarly, it was pos-
sible that Fkh2p might bind some CLB2-cluster promot-
ers more efficiently than Fkh1p, thus explaining, at least
partially, the in vivo differences observed for the two
proteins. Therefore, we measured in vitro DNA binding
by Fkh1p and Fkh2p to a variety of CLB2-cluster pro-
moters (Fig. 2A, for summary, see B). Fkh1p and Fkh2p
bound to a variety of CLB2-cluster promoters including
SWI5,CLB2, andCDC20with similar apparent affinities
(Fig. 2A). In general, the two different proteins exhibited
the same relative preferences for a wide variety of pro-
moters within the CLB2 cluster (Fig. 2B). However, two
differences between the behavior of the two proteins in
an EMSA were observed. First, Fkh1p/DNA complexes
migrated as tight bands, whereas Fkh2p/DNA complexes
dissociated during electrophoresis and generated a smear
of radioactivity in the gel lanes (Fig. 2A, cf. lanes 7 and 8
with lanes 23 and 24, and lane 16 with 32). Second, and
perhaps more significantly, Fkh2p but not Fkh1p ap-
peared to bind some CLB2-cluster targets, most notably
the CLB2 promoter itself, via a cooperative mechanism
(Fig. 2A, lanes 26–28). Note the significantly increased
efficiency in binding to the CLB2 promoter for a rela-
tively small increase in the concentration of Fkh2p. This
behavior was not observed for Fkh1p (lanes 10–12). Thus,
purified Fkh1p and Fkh2p had similar target-site speci-
ficity in vitro, but Fkh2p exhibited cooperative binding
characteristics that, in principle, could stabilize its in-
teractions with some target promoters.
Interestingly, the CLB2-promoter DNA, as well as a

number of other promoter DNA fragments from the

CLB2 cluster (for summary, see Fig. 2B), formed a second
lower mobility complex in an EMSA with the highest
concentrations of either Fkh1 or Fkh2 protein [Fig. 2A,
lane 12 (Fkh1p) and lane 28 (Fkh2p)]. Thus, these pro-
moter fragments contained at least one additional lower
affinity Fkh site in addition to a strong predicted match
to the Fkh consensus, as was observed for the SWI5-
promoter DNA (Fig. 1B, lanes 4 and 12, and Fig. 2A, lanes
8 and 16). Thus, multiple Fkh-binding sites may be a
distinguishing feature of bona fide Fkh-controlled pro-
moters.

Additional Fkh target sites identified with
an extended Fkh-consensus binding site: Fkh1p
and Fkh2p bound to the FKH1 and FKH2
promoters in vitro

To identify additional Fkh target sites that could provide
insights into the mechanisms that govern promoter-oc-
cupancy by Fkh1p and Fkh2p, a more restrictive Fkh
consensus-binding site was determined by visual exami-
nation of the CLB2-cluster promoters that bound Fkh1p
and Fkh2p with the highest apparent affinities (Fig. 3A).
This sequence was used to search regions upstream of
predicted ORFs within the yeast genome. A total of 156
potential Fkh-binding sites with exact matches to this
consensus were identified, including one each within the
FKH1 and FKH2 promoters. A small subset of 200-bp
fragments from this pool of 156 was tested for the ability
to bind Fkh1p and Fkh2p in vitro and 4 of those frag-
ments tested are shown (Fig. 3B). Fkh1p bound the frag-
ments upstream ofHAT1, SIR1, FKH1, and FKH2 as well
or better than it bound the CDC20 promoter (Fig. 3B).
Thus, additional potential Fkh targets were identified on

Figure 2. Fkh1p and Fkh2p showed a
similar range of specificity for CLB2-clus-
ter gene promoters in vitro. (A) Radiola-
beled 200-bp fragments from the coding re-
gion of LYS2 (lanes 1–4, Fkh1p; lanes 17–
20, Fkh2p) and the promoter regions of
SWI5 (lanes 5–8, Fkh1p; lanes 21–24,
Fkh2p), CLB2 (lanes 9–12, Fkh1p; lanes
25–28, Fkh2p), and CDC20 (lanes 13–16,
Fkh1p; lanes 29–32, Fkh2p) were analyzed
in an EMSA for binding to Fkh1p or Fkh2p
as described in Figure 1. The LYS2-coding
region served as a control for nonspecific
binding by Fkh1p and Fkh2p. (B) A sum-
mary of relative promoter preferences of
Fkh1p and Fkh2p as determined by an
EMSA for a number of Fkh-controlled pro-
moters. The promoters are arranged, left to
right, from those that were bound most
efficiently to least efficiently by each Fkh
protein.
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the basis of a search of the yeast intergenic regions for
high-affinity target sites.
Interestingly, although Fkh1p and Fkh2p bound most

targets similarly in vitro, their binding behaviors with
the SIR1 fragment were quite different. Whereas Fkh1p
bound the SIR1 fragment efficiently, consistent with the
presence of a high-affinity Fkh site, Fkh2p bound this
fragment extremely inefficiently [Fig. 3B, cf. lanes 10–12
(Fkh1p) with lanes 28–30 (Fkh2p)]. Examination of the
Fkh1p/SIR1 interaction on an EMSA indicated that a
lower mobility complex did not form [Fig. 3B, cf. lanes
10–12 (SIR1) with lanes 1–3 (SWI5), lanes 13–15 (FKH1),
and lanes 16–18 (FKH2)]. These data suggested that the
presence of a second low-affinity binding site might con-
tribute to stable Fkh2p/DNA interactions. However, this
cannot be the sole explanation for stable binding by
Fkh2p, as Fkh2p bound reasonably well to the SWI5 pro-
moter that contained a mutation in the low-affinity Fkh
site (Fig. 1C, lanes 17–18). Regardless, it is noteworthy
that both the FKH1 and FKH2-promoter fragments
bound the Fkh1p and Fkh2p similarly and both con-

tained a second low-affinity Fkh-binding site (Fig. 3B,
lanes 15 and 17).

Differential promoter-occupancy by Fkh1p
and Fkh2p in vivo

If the promoter fragments that bound Fkh1p and Fkh2p
efficiently in vitro represented bona fide Fkh-binding
sites in vivo, then these promoter regions might be en-
riched in a protein–DNA fraction prepared by immuno-
precipitation of either Fkh1p–3xHA or Fkh2p–3xHA
from a yeast whole-cell extract. Therefore, yeast cells
harboring a chromosomal copy of either FKH1–3xHA or
FKH2–3xHA and yeast cells containing untagged ver-
sions of both genes (wild type) were used in chromatin
immunoprecipitation experiments with an antibody to
the Hemagglutinin epitope (�-HA). As judged by enrich-
ment of CLB2-cluster promoter DNA fragments in a
chromatin immunoprecipitation experiment, both Fkh
proteins bound to CLB2-cluster promoters in at least a
fraction of the yeast cells in an asynchronously growing
population (Koranda et al. 2000; Kumar et al. 2000).
To test whether Fkh1p and/or Fkh2p bound in vivo to

the potential Fkh-controlled promoters identified in
vitro as described above (Fig. 3B), these promoter targets
were analyzed by chromatin immunoprecipitation of
Fkh1p–3xHA or Fkh2p–3xHA. Although the HAT1,
SIR1, and FKH1 promoter regions contained Fkh consen-
sus sites and bound Fkh proteins in vitro, none of these
promoters was occupied measurably by Fkh1p or Fkh2p
in vivo (Fig. 4). Thus, a high-affinity Fkh-binding site
within a promoter may not be functional for binding by
either Fkh1p or Fkh2p in vivo. Significantly, however,
both Fkh1p and Fkh2p bound to the FKH2 promoter in at
least a fraction of the yeast cells in an asynchronously
growing population (Fig. 4). Therefore, in vitro binding
analysis revealed at least one new gene, FKH2, whose
promoter was occupied by the Fkh1 and Fkh2 proteins.
To test whether binding by Fkh1p to the FKH2 pro-

moter reflected a role for the Fkh proteins in controlling
transcription of FKH2, a FKH2-promoter–lacZ gene fu-
sion (FKH2p–lacZ) was integrated into a wild-type yeast
strain and an isogenic mutant strain containing dele-
tions of both FKH1 and FKH2 (fkh1� fkh2�). The expres-
sion of lacZ was monitored by measuring �-galacotosi-
dase activity (Fig. 4C). Significantly, the level of �-galac-
tosidase produced by the wild-type strain was 10-fold
higher than that produced by the fkh1� fkh2� strain,
indicating that the Fkh1p and Fkh2p were required for
the function of the FKH2 promoter. Thus, the forkhead
proteins regulate the expression of the FKH2 gene in
vivo.
With the exception of BUD3, Fkh2p–3xHA enriched

the CLB2-cluster promoter DNAs more effectively than
Fkh1p–3xHA, suggesting that Fkh2p bound these targets
more efficiently in vivo than Fkh1p (Koranda et al. 2000;
Kumar et al. 2000). However, in contrast to these CLB2-
cluster promoters that contain predicted strong Mcm1p-
binding sites, Fkh1p–3xHA bound the BUD3, FKH2, and
SUN4 promoters more efficiently than Fkh2p–3xHA,

Figure 3. Additional Fkh target sites identified with an ex-
tended Fkh consensus-binding site. (A) A high-affinity Fkh-
binding site determined by visual examination of CLB2-cluster
promoters bound most efficiently by Fkh1p and Fkh2p in vitro
is shown above the SFF consensus sequence reported previously
(Spellman et al. 1998). The nucleotide codes are as follows: N,
any base; S, G or C; W, A or T; R, A or G; Y, C or T. (B)
Radiolabeled 200-bp promoter fragments for SWI5 (lanes 1–3,
Fkh1p; lanes 19–21, Fkh2p), CDC20 (lanes 4–6, Fkh1p; lanes
22–24, Fkh2p), HAT1 (lanes 7–9, Fkh1p; lanes 25–27, Fkh2p),
SIR1 (lanes 10–12, Fkh1p; lanes 28–30, Fkh2p), FKH1 (lanes 13–
15, Fkh1p; lanes 31–33, Fkh2p), and FKH2 (lanes 16–18, Fkh1p;
lanes 34–36, fkh2p); were analyzed in an EMSA for binding to
Fkh1p or Fkh2p as described in Figure 1. Binding of each pro-
moter by a Fkh protein was examined at three different concen-
trations of Fkh1p (0, 5, and 20 nM) or Fkh2p (0, 10, and 40 nM).
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and it bound the SPS4 gene with a similar efficiency in
vivo (Fig. 4). Mcm1p is required for DNA binding by SFF
to CLB2-cluster promoters and proper expression of
genes within the CLB2 cluster (Lydall et al. 1991; Alt-
hoefer et al. 1995; Maher et al. 1995; Kumar et al. 2000).
The SUN4 and SPS4 genes were identified as potential
non-CLB2-cluster gene targets of Fkh1p/Fkh2p by ge-
nome expression analysis of a fkh1� fkh2� strain (Zhu et
al. 2000); neither gene contains a predicted match to a
Mcm1p-binding site. Interestingly, the BUD3 promoter,
a CLB2-cluster promoter that was occupied more effi-
ciently by Fkh1p–3xHA than Fkh2p–3xHA, has a muta-
tion within its Mcm1p-binding site. The BUD3-pro-
moter fragment failed to bind Mcm1p in vitro (data not
shown). Thus, in general, greater occupancy of target
promoters by Fkh2p compared with Fkh1p correlated
with the presence of a strong Mcm1p-binding site. In
contrast, those promoters without Mcm1p-binding sites

(FKH2, SUN4, and SPS4), or with a mutant Mcm1p-bind-
ing site (BUD3), were occupied equally well or more ef-
ficiently by Fkh1p–3xHA. Therefore, the relative
amounts of Fkh1p and Fkh2p present at target sites in
vivo was modulated significantly by promoter context,
and in particular, the presence of a match to a Mcm1p-
binding site.

Fkh2p, but not Fkh1p, bound to target promoters
cooperatively with Mcm1p in vitro

One simple mechanistic explanation for the differences
in Fkh1p and Fkh2p DNA binding in vivo was that each
protein was modulated differently by interactions with
Mcm1p. To test whether Mcm1p modulated the DNA-
binding properties of either Fkh1p and Fkh2p in vitro,
full-length recombinant Mcm1p was purified substan-
tially from baculovirus-infected insect cells (Fig. 1A,

Figure 4. Differential promoter-occupancy
by Fkh1p and Fkh2p in vivo. (A) Occupancy
of a variety of promoters by either Fkh1p
or Fkh2p was measured in vivo by perform-
ing chromatin immunoprecipitation experi-
ments with an �-HA antibody. Three isogenic
strains were analyzed after immunoprecipita-
tion (lanes 1–3) and prior to immunoprecipi-
tation (starting fraction, lanes 4–6) for the
presence of promoter fragments listed at left
by use of PCR and the appropriate promoter-
specific primers (Table 1). The strains ana-
lyzed were isogenic except for the presence of
a 3xHA-epitope tagged FKH gene [wild type,
lanes 1,4 (CFY145, FKH1 FKH2), FKH1–
3xHA, lanes 2,5 (CFY482, FKH1–3xHA
FKH2), and FKH2–3xHA, lanes 3,6 (CFY854,
FKH1 FKH2–3xHA)]. (B) Quantitative analy-
sis of chromatin immunuprecipitation that
were performed as in A except that PCR
was done in the presence of [�-32P]dCTP and
PCR products were analyzed after poly-
acrylamide gel electrophoresis by quantify-
ing with a PhosphorImager. Data are reported
as fold enrichment of promoter fragments in
the FKH1–3xHA (CFY482) or FKH2–3xHA
(CFY854) strains relative to the untagged
wild-type strain (CFY145). Data and error
from an average of three separate chromatin
immunoprecipitation experiments are re-
ported. (C) Analysis of �-galactosidase expres-
sion of a FKH2-promoter/lacZ/FKH2-termi-
nator (FKH2p–lacZ) gene fusion cloned into
pRS304 and integrated at the TRP1 locus
(TRP1�FKH2p–lacZ). The wild-type control
strain was FKH1 FKH2 and did not contain an
integrated copy of FKH2p–lacZ (wild type;
CFY145). Two additional isogenic strains
were compared that were each TRP1�FKH2p–
lacZ but differed in their FKH genotype. One
strain was wild type (FKH1 FKH2,
TRP1�FKH2p–lacZ; CFY1122) and the other contained deletions of both FKH1 and FKH2 (fkh1� fkh2�, TRP1�FKH2p–lacZ; CFY1120).
�-galactosidase assays were performed on ∼ 2.5 O.D. of cells as described (Miller 1972). The units reported in C are arbitrary relative
to the wild-type control that was given a unit value of 1.0. Each lane represents the average from four independent experiments.
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lane 3) and used in EMSAs with either Fkh1p or Fkh2p
(Fig. 5). Fkh1p bound with a similar affinity to the SWI5-
promoter DNA fragment in the absence or presence of a
constant amount of Mcm1p, (Fig. 5A, lanes 1–11, and B).
In striking contrast, Fkh2p bound the SWI5-promoter
fragment with a 100-fold higher affinity in the presence
of a constant amount of Mcm1p (Fig. 5A, lanes 12–27,
and B). These data indicated clearly that Fkh2p, but not
Fkh1p, bound cooperatively with Mcm1p to the SWI5
promoter in vitro.
The ability of Mcm1p to enhance the binding of

Fkh2p, but not Fkh1p, to the SWI5 promoter in vitro
explains why Fkh2p occupies most CLB2-cluster pro-
moters to a greater extent than Fkh1p in vivo. However,
Fkh2p does bind promoters in vivo that lack Mcm1p-
binding sites, albeit less efficiently. For example, the
FKH2 promoter, which lacks a Mcm1p-binding site and
failed to bind Mcm1p efficiently in vitro (Fig. 5C), bound
Fkh2p to some extent in vivo (Fig. 4). Therefore, to test
whether Mcm1p could enhance Fkh2p binding to this
promoter, we analyzed binding of Fkh2p to the FKH2

promoter in vitro in the absence and presence of Mcm1p
(Fig. 5D). Mcm1p enhanced binding of Fkh2p to the
FKH2 promoter significantly (Fig. 5D, lanes 1–10), albeit
less effectively than it enhanced binding of Fkh2p to a
promoter that contained an Mcm1p-binding site, be-
cause it required a higher concentration of Mcm1p.
Thus, in vitro Mcm1p enhanced binding by Fkh2p to a
promoter that lacked a Mcm1p-binding site, indicating
that Mcm1p might play a role in stabilizing Fkh2p/DNA
interactions in vivo at promoters that lack Mcm1p-bind-
ing sites.

Fkh2p stabilized Mcm1p–DNA interactions
at Fkh-controlled promoters in vivo

To test whether Mcm1p was present at Fkh-controlled
promoters in vivo that lacked Mcm1p-binding sites,
Mcm1p–3xHA occupancy was determined for several of
the promoters examined above by use of �-HA-directed
chromatin immunoprecipitation (Fig. 6). As expected,
Mcm1p–3xHA was present at both the CLB2 and SWI5

Figure 5. Fkh2p, but not Fkh1p, bound to
Fkh promoters cooperatively with Mcm1p
in vitro. (A) A radiolabeled 200-bp SWI5
promoter was analyzed for binding to
Fkh1p (lanes 1–11) or Fkh2p (lanes 12–27)
as described in Figure 1 in the absence
(lanes 1–5,12–19) or presence of a constant
final concentration of Mcm1p (3 nM; lanes
6–11,20–27). The final concentrations of
Fkh1p or Fkh2p were 0 nM (lanes 6,12,20),
0.019 nM (lanes 13,21), 0.075 nM (lanes
14,22), 0.30 nM (lanes 1,7,15,23), 1.2 nM
(lanes 2,8,16,24), 4.8 nM (lanes 3,9,17,25),
19 nM (lanes 4,10,18,26), or 77 nM (lanes
5,11,19,27). (B) The data from three sepa-
rate experiments, including the experi-
ment shown in A were plotted as percent
DNA bound by a Fkh protein (y-axis) vs.
concentration of Fkh protein (x-axis). Free
DNA was quantified by PhosphorImager
and percent DNA bound was determined
by subtracting the percent of free DNA
from 100% (% bound = 100% − % free).
The 100% value was determined as the to-
tal radioactivity in each lane. Each data
point is the average of three independent ex-
periments except for [Fkh2p] = 0.019 nM
and [Fkh2p] = 0.075 nM, which are the av-
erage of two data points. (C) Mcm1p bind-
ing to a radiolabeled 200-bp region of the
LYS2-coding region (lanes 1–4), the SWI5
promoter fragment (lanes 5–8), or the
FKH2 promoter fragment (lanes 9–12) was
analyzed by an EMSA as described in Fig-
ure 1. The final concentrations of Mcm1p
used were 0 nM (lanes 1,5,9), 49 nM (lanes
2,6,10), 147 nM (lanes 3,7,11), and 393 nM
(lanes 4,8,12). (D) A radiolabeled 200-bp

FKH2-promoter fragment was analyzed for binding by Fkh2p in the absence (lanes 1–6) or presence (lanes 7–12) of a high concentration
of Mcm1p (196 nM). The final concentrations of Fkh2p were 0 nM (lanes 1,7), 1.2 nM (lanes 2,8), 4.8 nM (lanes 3,9), 19 nM (lanes 4,10),
77 nM (lanes 5,11), and 308 nM (lanes 6,12).
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promoters that contain Mcm1p-binding sites. Signifi-
cantly, however, Mcm1p–3xHA was also present at the
FKH2, SPS4, and SUN4 promoters that contain weak or
no predicted Mcm1p sites (Fig. 6B). Thus, Mcm1p was
present at promoters that bound Fkh2p, regardless of
whether they contained Mcm1p-binding sites, suggest-
ing that Fkh2p–Mcm1p interactions recruited Mcm1p to
these promoters.
If interactions with Fkh2p play a role in stabilizing

Mcm1p at Fkh-controlled promoters in vivo, then dele-
tion of FKH2 should reduce occupancy of these promot-
ers by Mcm1p. Therefore, we compared Mcm1p–3xHA
at several promoters in strains that contained wild-type
FKH2 or a deletion of FKH2 (fkh2�) (Fig. 6). Significantly,
deletion of FKH2 reduced Mcm1p-occupancy of Fkh-
controlled promoters regardless of whether these pro-
moters possessed a Mcm1p-binding site. Strains contain-
ing a deletion of FKH2 expressed similar levels of
Mcm1p compared with a wild-type strain (data not
shown). Therefore, Fkh2p was required for a stable
Mcm1p–DNA interaction at Fkh-controlled promoters
in vivo.

Fkh2p/Mcm1p limited Fkh1p-occupancy
of CLB2-cluster promoters in vivo

At promoters that contained a Mcm1p-binding site,
Fkh2p bound more efficiently than Fkh1p in vivo. At
promoters that lacked a Mcm1p-binding site, Fkh1p
bound more efficiently than Fkh2p in vivo (Fig. 4). To-
gether, these data were consistent with the hypothesis
that Fkh1p and Fkh2p/Mcm1p compete for promoter-
occupancy at Fkh-controlled promoters. Therefore, we
tested whether Fkh1p–3xHA occupancy of Fkh-con-
trolled promoters was enhanced in a strain lacking FKH2
(Fig. 7A,B) and, conversely, whether Fkh2p–3xHA occu-
pancy was enhanced in a strain lacking FKH1 (Fig. 7C).
�-HA-directed chromatin immunoprecipitation experi-
ments were performed in two isogenic FKH1–3xHA-con-
taining strains that differed only at the FKH2 locus; one
strain contained wild-type FKH2, whereas the other con-
tained a fkh2� mutation (Fig. 7A,B). Significantly, at all
promoters examined, regardless of whether they con-
tained aMcm1p-binding site, deletion of FKH2 enhanced
promoter-occupancy by Fkh1p–3xHA. Similarly, chro-
matin immunoprecipitation experiments performed in
two isogenic FKH2–3xHA-containing strains that dif-
fered only at the FKH1 locus indicated that the presence
of Fkh1p limited the ability of Fkh2p to occupy several
promoters in vivo. These data indicate clearly that the
Fkh1p and Fkh2p proteins compete for occupancy of
Fkh-controlled promoters in vivo.

Discussion

In this work, we addressed the biochemical mechanisms
that determine relative promoter-occupancy by the Fkh1
and Fkh2 proteins in vivo. Our in vitro and in vivo data,
together with data presented in our earlier study (Hol-
lenhorst et al. 2000), support a model in which Fkh1p is
in competition with a stable Fkh2p/Mcm1p complex for

Figure 6. Fkh2p stabilized Mcm1p–DNA interactions at Fkh-
controlled promoters in vivo. (A) Occupancy of a variety of pro-
moters by Mcm1p–3xHA (lanes 2,3) was measured in vivo by
performing chromatin immunoprecipitation experiments with
an �-HA antibody as described in Figure 4. Three isogenic
strains were analyzed and the relative levels of the relevant
promoter fragments present in the immunoprecipitate (lanes
1–3) or prior to immunoprecipitation (starting fraction, lanes
4–6) are shown. The three isogenic strains were wild type
(CFY145) transformed with pRS316 [wild type (FKH1 FKH2)
lanes 1,4], mcm1��HIS3 (CFY1006) carrying a plasmid with
MCM1–3xHA (Ycp lac33 MCM1–3xHA) (lanes 2,5, MCM1–
3xHA), or mcm1��HIS3 fkh2��HISG (CFY1055) carrying the
MCM1–3xHA plasmid (lanes 3,6, MCM1–3xHA fkh2�). (B)
Quantitative chromatin immunoprecipitations were performed
as described in Figure 4. The quantitative data presented in the
histograms were obtained using two isogenic strains that each
contained the plasmid expressing MCM1–3xHA and either a
wild-type chromosomal FKH2 gene (MCM1–3xHA; black bars)
or a deletion of FKH2 (MCM1–3xHA fkh2�; gray bars). The
values were normalized relative to chromatin immunoprecipi-
tation performed in the wild-type strain (CFY145) as described
in Figure 4. The low values for Mcm1p binding to the FKH2 and
SUN4 promoters caused variation in the absolute values ob-
tained in individual experiments and, hence, large error values.
However, these error values overestimate the actual variation
observed, because although the absolute values changed be-
tween experiments, the trend was the same.. For example, en-
richment of the FKH2 and SUN4 promoters by Mcm1p–3xHA
was always lower in the fkh2� strain compared with the FKH2
strain.
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promoter-occupancy at Fkh-controlled promoters. We
postulate that the levels and or binding/activity of Fkh1p
are more limiting for promoter-occupancy, providing a
simple explanation for how differentiation and cell cycle
progression can be fine tuned through regulation of
Fkh1p.

Cooperative interactions at Fkh-controlled promoters
as a determinant of relative promoter-occupancy
by Fkh1p and Fkh2p

Purified Fkh1p and Fkh2p bound their DNA targets effi-
ciently in vitro and with similar specificity. Neverthe-
less, Fkh2p occupies most promoters within the CLB2
cluster to a greater extent than Fkh1p in vivo (Koranda
et al. 2000; Kumar et al. 2000). One striking biochem-
ical difference between Fkh1p and Fkh2p helped ex-
plain these promoter-occupancy differences. Specifi-
cally, Fkh2p, but not Fkh1p, showed cooperative binding
with Mcm1p. Because the majority of CLB2-cluster pro-
moters contain strong Mcm1p-binding sites, a Mcm1p/
Fkh2 interaction could stabilize substantially Fkh2p’s
interaction with CLB2-cluster promoters. Thus, Mcm1p

would be expected to lower the concentration of Fkh2p
relative to Fkh1p required for binding in vivo. As the
steady-state levels of Fkh1p and Fkh2p are similar in
vivo (Hollenhorst et al. 2000), these data help explain
why Fkh2p occupies promoters in this class more effec-
tively than Fkh1p.
We note that Fkh2p, but not Fkh1p, exhibited coop-

erative binding on its own that was most obvious at the
CLB2 promoter. This ability may be related to some fea-
ture of bona fide target promoters, as the SIR1 promoter
that contained a high-affinity Fkh site was bound by
Fkh1p but not Fkh2p in vitro and was not a bona fide
target promoter in vivo. One feature of Fkh-controlled
promoters that may have some role in stabilizing bind-
ing by Fkh2p in vivo is the presence of multiple Fkh-
binding sites. However, it remains to be determined
what role multiple Fkh-binding sites and Fkh2p coopera-
tive binding play in Fkh-controlled gene expression in
vivo.
Fkh1p more efficiently occupies a second class of Fkh-

controlled promoters in vivo relative to Fkh2p. This
class includes the BUD3 and the FKH2 promoters. A
common feature of promoters in this class is that they

Figure 7. Fkh2p/Mcm1p and Fkh1p limit
each other’s occupancy of CLB2-cluster
promoters in vivo. (A) Occupancy of a va-
riety of promoters by Fkh1p–3xHA was
measured in vivo by performing chroma-
tin immunoprecipitation experiments
with an �-HA antibody. Three isogenic
strains were analyzed after immunopre-
cipitation (lanes 1–3) and prior to immu-
noprecipitation (lanes 4–6) for the pres-
ence of promoter fragments listed at left
by use of PCR and the appropriate pro-
moter-specific primers. The strains ana-
lyzed were isogenic except for the pres-
ence or absence of FKH1, FKH2, or a HA
epitope tag: (FKH1 FKH2, wild type, CFY
145; FKH1–3xHA FKH2, CFY442; FKH1–
3xHA fkh2�, CFY443). (B) Quantitative
analysis of chromatin immunuprecipita-
tions that were performed as in A and ana-
lyzed as described for Fig. 4. The quantita-
tive data presented in the histograms were
obtained using two isogenic strains that
each contained a chromosomal copy of
FKH1–3xHA and either a wild-type copy
of FKH2 (FKH1–3xHA FKH2, CFY442,
black bars) or a deletion of FKH2 (FKH1–
3xHA fkh2�, CFY443, gray bars). The val-
ues were normalized relative to chromatin
immunoprecipitations performed in the
wild-type strain (CFY145) as described in
Fig. 4. (C) Occupancy of a variety of pro-
moters by Fkh2p–3xHA was measured in
vivo by performing chromatin immuno-
precipitation experiments with an �-HA
antibody. Three isogenic strains were ana-

lyzed after immunoprecipitation (lanes 1–3) and prior to immunoprecipitation (lanes 4–6) for the presence of promoter fragments listed
at left by use of PCR and the appropriate promoter-specific primers. The strains analyzed were isogenic except for the presence or
absence of FKH1, FKH2, or a HA epitope tag: (FKH1 FKH2, wild type, CFY 145; FKH2–3xHA FKH1, CFY854; FKH2–3xHA fkh1�,
CFY884).
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lack an obvious Mcm1p-binding site. Although Mcm1p
could enhance binding by Fkh2p to these promoters in
vitro, the concentration of Mcm1p required for efficient
Fkh2p binding was higher than at promoters that contain
Mcm1p-binding sites, such as CLB2-cluster promoters.
Thus, in vivo, Fkh1p would be expected to be more com-
petitive for binding to promoters that lack Mcm1p-bind-
ing sites, consistent with our observations. It is probable
that additional factors regulate Fkh1p binding to Fkh-
controlled promoters in this class, as Fkh1p was not de-
tected at the SIR1 or FKH1 promoters in vivo, even
though each of these promoters contained a high-affinity
Fkh-binding site.

A strategy for regulating Fkh-controlled
gene expression

Our data lead us to postulate that changes in the levels of
Fkh1p may have a more significant impact on relative
promoter-occupancy and regulation of Fkh-controlled
gene targets than changes in the levels of Fkh2p. In par-
ticular, if Fkh2p binds to its DNA targets as a complex
with Mcm1p, the levels of Fkh2p may not be the most
limiting factor for promoter-occupancy by Fkh2p under
most physiological conditions. Rather, the availability of
Mcm1p competent to interact with Fkh2p may be more
limiting than Fkh2p levels. If promoter-occupancy by
Fkh2p is not limiting in vivo, then one expectation is
that transcription regulation by Fkh2p might occur pri-
marily through recruitment of additional transcription
regulators such as Ndd1p (Koranda et al. 2000). This ex-
pectation is consistent with the observations that
Fkh2p-occupancy of CLB2-cluster promoters appears
constant throughout the cell cycle (Koranda et al. 2000)
and that high-copy expression of FKH2 has no obvious
effect on the cell cycle or transcription (Hollenhorst et
al. 2000). However, in contrast to Fkh2p, increasing the
levels of Fkh1p by approximately fivefold in vivo has a
significant effect on the cell cycle-regulated transcrip-
tion of CLB2 and the cell cycle (Hollenhorst et al. 2000).
Importantly, deletion of FKH1 has the opposite effect
and leads to a slight enhancement of CLB2mRNA levels
through much of the cell cycle (Hollenhorst et al. 2000).
These data indicate that one physiological role for Fkh1p
may be to attenuate transcription of CLB2 by competing
with Fkh2p for occupancy of the CLB2 promoter. Inter-
estingly, the levels of FKH1 mRNA change significantly
under a variety of different environmental conditions,
whereas the levels of FKH2 mRNA do not (Chu et al.
1998; Causton et al. 2001), providing compelling circum-
stantial evidence that changes in Fkh1p levels are physi-
ologically relevant to its role in gene expression.

SRF/forkhead interactions in mammalian
tissue-specific transcription

Mcm1p is the yeast homolog of mammalian serum re-
sponse factor (SRF; Hayes et al. 1988; Jarvis et al. 1989;
Treisman and Ammerer 1992), a MADS-box transcrip-
tion factor (Shore and Sharrocks 1995) that controls mul-

tiple genes required for cell proliferation and differentia-
tion in a variety of mammalian tissues (Johansen and
Prywes 1995). Recently, a forkhead transcription factor
that binds to the promoters of smooth muscle-specific
genes in combination with SRF has been identified (Hog-
gatt et al. 2000). An analysis of one of these promoters
reveals an arrangement of SRF and forkhead DNA-bind-
ing sites remarkably similar to the arrangement of
Mcm1p and forkhead-binding sites in CLB2-cluster pro-
moters. Thus, SRF may bind cooperatively with a fork-
head protein to these promoters that control genes re-
quired for the differentiation of smooth muscle. In addi-
tion, two different forkhead proteins, an activator and a
repressor, have been implicated in the regulation of
smooth muscle-specific gene transcription through the
same Fkh-binding site (Hoggatt et al. 2000). Similar ob-
servations have been made for forkhead/winged helix
control of other tissue-specific promoters (Sawaya and
Luse 1994). Thus, the use of MADS-box/forkhead inter-
actions and multiple forkhead proteins in the regulation
of functionally related genes has been conserved to a
significant degree between yeast and mammals

Materials and methods

Expression of purification of recombinant proteins

Baculoviruses expressing Fkh1p–6xHis, Fkh2p–6xHis, or
Mcm1p–6xHis were produced by cloning the coding regions of
each protein inframe with a C-terminal 6× histidine tag into
pVL1392 (Pharmingen) and transfecting with linearized viral
DNA (Baculogold) into insect Sf9 cells. For protein purification,
∼ 3 × 108 Sf9 cells were infected with the relevant virus. A
nuclear extract was prepared and precipitated with ammmo-
nium sulfate and resuspended in Buffer H (Bell et al. 1995).
Fkh1p–6xHis and Fkh2p–6XHis were each applied to a SP-seph-
arose column pre-equilibrated in BufferH/0.2 M KCl. The col-
umns were developed with a 0.2 to 0.75 linear KCl gradient and
peak fractions of Fkh1p–6xHis and Fkh2p–6xHis were deter-
mined by SDS-PAGE and pooled. The pooled fractions of
Fkh1p–6xHis, Fkh2p–6xHis, and an ammonium sulfate precipi-
tate of a nuclear extract containing Mcm1p–6xHis were each
equilibrated in Buffer N (50 mM Tris at pH 8, 0.5 M NaCl, 25
mM imidazole, 0.02%NP-40, 10% glycerol) and allowed to bind
in batch overnight to ∼ 0.5 mL of charged Ni-sepharose. The
resin was poured into a small column and the protein eluted in
Buffer N/0.5 M imidazole. The fractions containing protein
were transferred to Buffer H/0.15 M KCl by gel filtration. Pro-
tein concentrations were determined by comparison to a BSA
standard using Coomassie staining of a SDS–polyacrylamide
gel.

EMSAs

The 200-bp promoter fragments were obtained by PCR ampli-
fication of genomic DNA using the relevant PCR primers (Table
1) and subcloned into a pUC vector. To obtain radioactive
probes for use in EMSAs, the relevant fragment was amplified
from the appropriate subclone by performing standard PCR in
the presence of [�-32P]dCTP. The amplified fragment was then
purified from a polyacrylamide gel and quantified by liquid scin-
tillation counting. Purified probes (1000 cpm), ∼ 45 pM final con-
centration, were incubated with an excess of the relevant puri-
fied protein as indicated in the figure legends in EMSA buffer (20
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mM Hepes at pH 7.9, 50 mM KCl, 5 mM MgCl2, 3 mM DTT,
0.10 mg BSA, 0.25 mg/mL (final concentration) dI/dC, and 10%
glycerol) for 15 min at room temperature followed by 15 min on
ice. The samples were analyzed by electrophoresis through a
4.5% polyacrylamide gel at 200V at 4 °C for 2 h. The gels were
dried and quantified using a PhosphorImager.

Yeast strains

The yeast strains used in this study were constructed by use of
standard yeast molecular genetic techniques (Guthrie and Fink
1991) as described previously (Hollenhorst et al. 2000). The plas-
mid containing MCM1–3xHA (Ycp lac33 MCM1–HA) was pro-
vided by Elizabeth Grayhack (Kuo et al. 1997).

Chromatin immunoprecipitation and analysis
of immunoprecipitated DNA

Chromatin immunoprecipitations were performed as described
(Strahl-Bolsinger et al. 1997) except that the standard cross-link-
ing time was 15 min. Quantitative chromatin immunoprecipi-
tations were performed by including 2 µCi of �-[32P]dCTP in
each PCR reaction. PCR was directed by the relevant primer
pairs listed in Table 1. Radiolabeled products were separated by
gel electrophoresis through a 4.5% polyacrylamide gel and
quantified using a PhosphorImager. Fold-enrichments of a pro-
moter in these experiments are reported as values that have
been normalized by dividing the amount of promoter fragment
obtained from a chromatin immunoprecipitation of an epitope-
tagged strain by the amount obtained from a wild-type (un-
tagged) strain.
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