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The yeast MADS-box transcription factor Mcm1p plays an important regulatory role in several diverse
cellular processes. In common with a subset of other MADS-box transcription factors, Mcm1p elicits substan-
tial DNA bending. However, the role of protein-induced bending by MADS-box proteins in eukaryotic gene
regulation is not understood. Here, we demonstrate an important role for Mcm1p-mediated DNA bending in
determining local promoter architecture and permitting the formation of ternary transcription factor com-
plexes. We constructed mutant mcm1 alleles that are defective in protein-induced bending. Defects in nuclear
division, cell growth or viability, transcription, and gene expression were observed in these mutants. We
identified one likely cause of the cell growth defects as the aberrant formation of the cell cycle-regulatory
Fkh2p-Mcm1p complex. Microarray analysis confirmed the importance of Mcm1p-mediated DNA bending in
maintaining correct gene expression profiles and revealed defects in Mcm1p-mediated repression of Ty
elements and in the expression of the cell cycle-regulated YFR and CHS1 genes. Thus, we discovered an
important role for DNA bending by MADS-box proteins in the formation and function of eukaryotic tran-
scription factor complexes.

Members of the MADS-box family of transcription factors
play pivotal roles in regulating key biological processes in a
diverse range of eukaryotic organisms, including yeasts, plants,
lower vertebrates, and mammals (reviewed in reference 30). In
Saccharomyces cerevisiae, there are four MADS-box proteins,
ArgRIp, Rlm1p, Smp1p, and Mcm1p. Mcm1p is involved in
controlling several different processes, including arginine me-
tabolism, mating type determination, cell type-specific gene
expression (reviewed in references 10 and 30), and the cell
cycle (15, 16, 19, 24, 43). In addition, Mcm1p plays an impor-
tant role in controlling transcription via TY transposable ele-
ments (11, 41).

In order to achieve these diverse functions, Mcm1p interacts
with a series of different coregulatory proteins in a promoter-
specific manner (reviewed in reference 30). For example, mat-
ing type control is exerted by interacting with the activator
protein �1 or the repressor protein �2, which act in �-cells to
turn on �-cell- and turn off a-cell-specific genes, respectively
(3, 14). More recently, the forkhead transcription factor Fkh2p
has been shown to be a key partner for Mcm1p and forms the
Mcm1p-SFF complex, which drives the expression of genes
involved in the G2 and M phases of the cell cycle (15, 16, 24,
43).

A combination of biochemical and structural studies have
uncovered the molecular mechanisms by which MADS-box

transcription factors function. The MADS-box comprises the
N-terminal part of the minimal DNA-binding domain of these
proteins, and an additional C-terminal extension to the
MADS-box is required for efficient dimerization (reviewed in
reference 30). A series of biochemical studies (reviewed in
reference 30) and the structures of SRF, MEF2A, and Mcm1p
bound to DNA (13, 22, 26, 35) indicate that DNA binding is
mediated by amino acids in the MADS-box, with an �-helix
providing the key structural feature. In Mcm1p, additional
DNA contacts are made by an N-terminal extension to this
�-helix and residues in a loop between the two �-strands (35).

DNA bending by transcription factors is thought to be an
important facet of their function and plays a role in both the
DNA recognition process and determining the correct archi-
tecture of nucleoprotein complexes at promoters and enhanc-
ers (reviewed in reference 23). Mcm1p induces considerable
DNA bending in its binding sites (33, 35) In contrast, other
MADS-box proteins such as MEF2A, Rlm1p, and Smp1p in-
duce minimal DNA bending (13, 26, 37, 39). DNA bending
likely plays a key role in the regulation of gene expression by
MADS-box proteins, although to date, little evidence has been
gathered to support this hypothesis. In the case of Mcm1p, the
bending propensity of a binding site correlates well with the
ability of Mcm1p to correctly regulate transcription (1), but
mutational analysis of Mcm1p failed to conclusively demon-
strate a link between DNA bending and aberrant gene regu-
lation (2).

The mechanism of DNA bending by MADS-box proteins
appears to be evolutionarily conserved and is mediated by
residues in the MADS box (39). Residues which are located at
the N-terminal end of the DNA-binding �-helix and in the
�-loop region play important roles in mediating the differential
bending observed for different family members (37, 39). Fur-
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ther studies have identified a role for additional conserved
MADS-box residues in contributing to the DNA bending me-
diated by SRF and Mcm1p (2, 39). The sequence of the bind-
ing site also plays a major role in dictating the degree of
bending observed by a subset of MADS-box proteins, including
Mcm1p and SQUA (1, 2, 38, 39).

In this study, we investigated the mechanisms of DNA bend-
ing employed by the yeast MADS-box protein Mcm1p and the
functional consequences of reductions in DNA bending. We
demonstrate that residues in the �-loop region and at the
N-terminal end of the recognition helix play a key role in
determining the magnitude of DNA bending. Mcm1p mutants
that are defective in DNA bending were analyzed in vitro and
in vivo. We demonstrate the importance of Mcm1p-mediated
DNA bending in permitting the formation of ternary transcrip-
tion factor complexes in vitro and for regulating transcription,
normal cell growth and viability, and nuclear division and de-
termining correct gene expression profiles in vivo.

MATERIALS AND METHODS

Plasmid constructions and mutagenesis. The pBluescript-KS�-derived plas-
mids pAS37 (encoding METcoreSRF; amino acids 142 to 222) (27), and pAS704
(encoding coreMcm1; amino acids 1 to 98) (39) have been described previously.
pAS1247 (encoding Fkh2p amino acids 254 to 458 fused to Flag and His tags)
was constructed by inserting an NcoI- and XhoI-cleaved PCR fragment into the
same sites in pAS798.

For coreMcm1 mutants, plasmids encoding single point mutants, pAS715
(R19A), pAS717 (K24E), pAS719 (K29E), pAS744 (K40A), pAS746 (T66E),
and pAS748 (L68E), were constructed with fragments obtained from a two-step
PCR protocol (29) with two flanking primers, FOR and REVL, the template
pAS704, and the mutagenic primers ADS452, ADS453, ADS414, ADS500,
ADS501, and ADS502, respectively.

Plasmids encoding double mutants, pAS716 (R19A/K29E), pAS718 (K24E/
K29E), pAS743 (K29E/K38R), pAS747 (K29E/T66E), and pAS749 (K29E/
L68E), were constructed with the template pAS719 and the mutagenic primers
ADS452, ADS453, ADS499, ADS501, and ADS502, respectively. PCR products
were cleaved with NcoI and XbaI and ligated into pAS37 cleaved with the same
enzymes.

A series of Mcm1p mutants were generated with a mutagenic primer that
allowed random amino acids to be inserted at T66 (ADS869) or L68 (ADS687).
PCR products were cleaved with NcoI and XbaI and inserted into the same sites
in pAS704. The following Mcm1p mutants were identified by sequencing:
pAS1235 (L68D), pAS1237 (L68H), pAS1238 (L68M), pAS1239 (L68S),
pAS1240 (L68Y), pAS1250 (T66A), pAS1601 (T66G), pAS1602 (T66L),
pAS1603 (T66S), pAS1604 (T66V), and pAS1605 (T66W).

The following yeast expression vectors were created to express coreMcm1 de-
rivatives: pAS797 (Mcm1 amino acids 1 to 98; also called pSL2190 [7]) and
Mcm1(1-98), which is under the control of the MCM1 upstream promoter region
in vector pRS314, a CEN/ARS-TRP1 yeast shuttle vector (31). The mutant
Mcm1p clones pAS1210 (L68E), pAS1231 (K29E), and pAS1245 (T66E) were
created by replacing the EcoRI/BglII fragment from pAS797 with identically
cleaved PCR fragments from pAS748, pAS719, and pAS746, respectively.

The following bacterial expression vectors were created: pAS1223 (encoding
MAT�1 amino acids 1 to 176 fused to Flag and His tags) and pAS1232 (encoding
MAT�2 amino acids 1 to 211 fused to Flag and His tags) were created by
inserting NcoI/XhoI fragments from pAS1216 and pAS1217, respectively, into
the same sites in pETnef-PFH (42). The intermediary plasmids pAS1216 and
pAS1217 were created by inserting NcoI- and XhoI-cleaved PCR fragments into
pAS1209. pAS1752 (encoding Fkh2p amino acids 254 to 458 fused to glutathione
S-transferase [GST]) was constructed by inserting an EcoRI- and XhoI-cleaved
PCR fragment into the same sites in pGEXKG (12).

The circular permutation vectors pAS720 (SRET7), pAS722 (QPSTE3),
pAS724 (QPPAL) (39), pAS76 (serum response element [SRE]) (28), and
pAS152 (N10) (37) have been described previously.

The phasing vectors pAS525 to -529, which contain four phased A:T tracts and
the N10 binding site, with distances between the center of the last A:T tract and
the center of the N10 binding site of 30, 32, 35, 37, and 40 bp, respectively, have
been described previously (39).

Details of PCR primers and mutagenic oligonucleotides can be supplied upon
request. The sequences of all plasmids encoding mutant proteins and PCR-
derived sequences were confirmed by automated or manual dideoxy sequencing.

Protein production and pulldown assays. Wild-type and mutant Mcm1p pro-
teins and Fkh2p derivatives were produced by coupled or sequential in vitro
transcription and translation and subsequently analyzed and quantified as de-
scribed previously (37). The polyhistidine tagged-proteins �1 and �2 were ex-
pressed in Escherichia coli BL21(DE3)/pLysS and purified by nickel affinity
chromatography according to standard procedures (40). GST pulldown assays
were carried out as described previously (29) with GST-Fkh2 and in vitro-
translated Mcm1p derivatives.

Gel retardation, circular permutation, and phasing analysis. In this study, we
probed the mechanism of protein-induced DNA bending by Mcm1p and the
functional consequences of loss of bending with the core DNA-binding domain
of Mcm1p (amino acids 1 to 98). Yeast cells harboring this truncated Mcm1p
protein are viable, and this core domain exhibits the majority of the molecular
characteristics observed with the full-length protein (6, 9, 25). This core domain
represents a globular part of the protein (35) (Fig. 1) and is thus less likely to
generate anomalously migrating protein-DNA complexes in nondenaturing gels
due to protein shape. Similar constructs have been used previously to analyze
protein-induced DNA bending by other MADS-box proteins (37, 39).

Gel retardation assays were carried out essentially as described previously (37)
on the c-fos SRE (29), the N10 site (28), the SRET7, QPSTE3, and QPPAL sites
(39), the STE6 site (20), and the SWI5 site (34). The STE6 site was made by
annealing ADS684 (5�-CTAGTCGACATGTAATTACCTAATAGGGAAATT
TACACGCTCGA-3�) and ADS685 (5�-CTAGTCGAGCGTGTAAATTTCCC
TATTAGGTAATTACATGTCGA-3�) (20). Mcm1p and �1, �2, and Fkh2 de-
rivatives used in Fig. 1, 3, and 4 were made by in vitro transcription-translation
or purified from E. coli (see above).

Yeast extracts for gel retardation analysis (Fig. 2E) were made as described
previously (6). Relative DNA-binding affinities were calculated by phosphorim-
ager analysis of DNA-protein complexes (FUJI BAS1500; TINA 2.08e software).
Experiments were carried out to achieve �50% total DNA binding in protein-
DNA complexes. Under these conditions, relative binding affinities within an
experiment can be calculated by direct quantification of DNA-protein com-
plexes. The scoring of these relative binding affinities is indicated in the figure
legends.

For circular permutation analysis, DNA fragments were produced by appro-
priate restriction enzyme digestion of PCR products derived from the vectors
pAS76 (containing the c-fos SRE), pAS152 (N10), pAS720 (SRET7), pAS722
(QPSTE3), and pAS724 (QPPAL) and subsequently purified as described pre-
viously (28, 39). For details of the production of a full series of restriction
fragments containing the circularly permuted sites used in Fig. 1, see West and
Sharrocks (39). Circular permutation analysis was carried out on 5% polyacryl-
amide gels cast in 1� Tris-borate-EDTA (TBE).

Curve fitting and apparent DNA bend angles were calculated as described
previously (37). Bend angles are not absolute but are given with respect to that
of wild-type Mcm1p under the conditions used and are referred to as apparent
bend angles. Bend angle values are quoted as the average of three independent
experiments. Error bars shown on the graphs represent standard deviations from
three independent experiments and in most cases are barely visible due to the
high reproducibility of the results. Standard deviations (n � 1) of bend angles are
in the range from 0.5 to 1.6°. Estimated relative bend angles were calculated from
three-point bending assays with the simplified equation �M/�E � cos�/2, where
�M and �E are the relative mobilities of complexes on fragments where the
center of the binding site is located at the middle or at the end, respectively, and
� is the bend angle (36). These bend angles are typically lower in this assay than
from complete circular permutation assays, as curve fitting permits theoretical
maxima and minima to be extrapolated beyond the values obtained from the
measurable parameters (where the center of the binding site cannot be located
at the end of the fragments).

For phasing analysis, DNA fragments were produced by PCR amplification of
the inserts from pAS525 to -529 with the primer pair ADS262/ADS346. The
resulting probes contain the N10 binding site with its center located between 30
and 40 bp from the center of the last A:T tract. The fragment ends are 71 bp and
75 bp from the center of the N10 site and the last A:T tract, respectively, and the
magnitude of the intrinsic bend (72°) is identical to that observed for Mcm1p
(35). These parameters were optimized for this study as described previously
(39). Binding sites were purified and phasing experiments were carried out as
described for the circular permutation experiments. Data are shown fitted to a
cosine function as described previously for circular permutation analysis (28).

All figures were generated electronically from either phosphorimager files or
scanned images of autoradiographic images with Picture Publisher (Micrografx)
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or Adobe PhotoDeluxe (Adobe) and Powerpoint (Microsoft) software. Final
images are representative of the original autoradiographic images.

Yeast strain generation, growth and viability assays, spindle defects, and
reporter gene assays. The yeast reporter strains were derived from YY1901
[MAT� P(PAL)-lacZ::fus1/pSL1574], YY2049 [MAT� QP(STE3)-lacZ::fus1/
pSL1574], and YY2052 [MATa P(PAL)-lacZ::fus1/pSL1574], where pSL1574 is a
plasmid which contains MCM1 on a CEN/ARS-URA3 vector (7). Plasmids
pAS797 (also called pSL2190 [7]), pAS1210, pAS1231, and pAS1245, expressing
wild type Mcm1(1-98) or the L68E, K29E, or T66E mutant, respectively, were
introduced into each of the reporter strains, and pSL1574 was lost by the 5-fluo-
roorotic acid plasmid shuffle technique (4). Yeast extracts for reporter gene
assays were prepared according to the method described previously (6), and
�-galactosidase activity was measured with Galacton plus (Tropix).

To analyze growth rates, yeast cultures were grown to 0.3 to 0.9 optical density
at 600 nm (OD600) units and diluted to 0.1 to 0.3 OD600 units in YPAD. Cultures
were incubated at 30°C; three samples of each culture were taken at the times
indicated, and their OD600 was measured. Cell viability was determined by
carrying out spot tests. Yeast cultures were grown to 0.3 to 0.9 OD600 and diluted
to 0.1 OD600 in YPAD. Then 10 �l each of the undiluted culture and 10-fold,
100-fold, and 1,000-fold dilutions were spotted on YPAD agar and incubated at
30°C for 2 days.

Spindle defects were analyzed as described previously (39).
Microarray analysis. YY2052-derived yeast strains containing wild-type or

mutant Mcm1(1-98) alleles were grown in batch or chemostat cultures on car-
bon-limiting minimal medium. Cells were harvested and disrupted with a Mikro-
dismembrator. RNA was extracted from the disrupted cells with the Trizol
reagent (Gibco-BRL), chloroform extracted twice, and precipitated in isopropa-
nol. cDNA probes labeled with indocarbocyanine and indodicarbocyanine were
generated by reverse transcribing 60 �g of total RNA with Superscript II (Gibco-
BRL) reverse transcriptase in the presence of oligo(dT)20 primer and indocar-
bocyanine- or indodicarbocyanine-dUTP (5-amino-propargyl-2�-deoxyuridine
5�-triphosphate; Amersham Pharmacia Biotech), and purified with the Qiaquick
PCR purification kit (Qiagen).

Microarray hybridizations were performed as described on the Consortium for
Functional Genomics of Microbial Eukaryotes (COGEME) website (http://www
.cogeme.man.ac.uk). Qualitative assessment of incorporation of fluorescent label
was achieved by agarose gel electrophoresis of the targets, followed by fluores-
cent scanning of the gel. During the scanning of the hybridized arrays, the
photo-multiplier tube voltages for the GenePix 4000A scanner were indepen-
dently adjusted to achieve visually equivalent levels of fluorescent signal between
the two channels. Data for the L68E mutant represent the averages of five
experiments, whereas the T66E values are the averages of duplicate experiments.

RESULTS

Identification of residues in Mcmlp involved in DNA bend-
ing. In order to study the functional consequences of Mcm1p-
induced DNA bending, we first attempted to create mutant
Mcm1p proteins that were defective in protein-induced DNA
bending but were still able to bind DNA efficiently. Mcmlp and
SRF both induce substantial DNA bending. However, unlike
SRF, Mcm1p bends DNA in a site-dependent manner. This

suggests that the residues responsible for dictating protein-
induced DNA bending may differ between these proteins.
Based on our results with SRF (37, 39), the roles of residues at
positions 14, 51, and 53 in the MADS-box of Mcm1p (K29,
T66, and L68; Fig. 1A) were investigated in detail. Each of
these residues was mutated either individually or in combina-
tion to negatively charged glutamate residues to disrupt pro-
tein-DNA contacts. In addition, further residues in Mcmlp
were mutated due to either their potential or proposed inter-
actions with the DNA backbone (K38 and K40 [35]) or differ-
ences with residues at identical positions in SRF (R19 and
K24). In the case of R19, K38, and K40, neutral or conservative
substitutions were employed because the introduction of neg-
atively charged residues at these positions would be predicted
to severely affect DNA-binding affinity.

The ability of the wild-type and mutant Mcmlp proteins to
bend DNA was analyzed by circular permutation analysis on
the QPPAL site (Fig. 1B, summarized in Fig. 1F). DNA bend-
ing by the mutant proteins T66E and L68E was severely com-
promised, whereas a small reduction was observed for K29E
(Fig. 1B). Of the other mutants, DNA bending by K24E was
virtually identical to that by the wild-type protein, whereas a
small reduction in DNA bending was observed for R19A.
However, considerable reductions were observed for K40A.
Double mutations of K29E in addition to either T66E or L68E
led to further decreases in DNA bending by Mcmlp (Fig. 1F).

Phasing analysis was used to confirm that the T66E and
L68E mutant proteins resulted in a reduction in Mcmlp-in-
duced DNA bending. In comparison to wild-type Mcmlp, the
amplitudes of the phasing function were significantly reduced
with mutant proteins (Fig. 1C), further demonstrating the ef-
fect of these mutations in neutralizing DNA bending induced
by Mcmlp.

A DNA-binding site dependence for Mcm1p-mediated
DNA bending has been determined (1, 39). In order to inves-
tigate this phenomenon further, protein-induced bending was
analyzed on a panel of CA/T-rich G (CArG) box-containing
sites (Fig. 1D and E). Mcmlp induced significant DNA bending
of the QPPAL and QPSTE3 sites, but considerably reduced
DNA bending was observed on the SRE and N10 sites (Fig. 1B
and data not shown). Differential DNA bending of synthetic
binding sites by Mcmlp was previously attributed to the pres-
ence of a thymidine residue at the �7 position and an adenine
residue at the symmetrically related �7 position which en-

FIG. 1. T66E and L68E mutations abrogate Mcm1p-induced DNA bending. (A) Structural features of the Mcm1p-DNA complex (35). Ribbon
representation of Mcm1p DNA-binding domain (cyan) bound to DNA (blue). The location of K29 at the end of the DNA-binding �-helix and T66
and L68 the end of the �-loop region are highlighted (residues are shown in red). (B) Circular permutation analysis of the indicated wild-type (WT)
and mutant coreMcm1 proteins complexed with the QPPAL binding site. The data from each circular permutation experiment are fitted to a cosine
function and shown graphically. The apparent bend angles calculated from these data are shown within each graph. R2 values for the curve fits were
all �0.91. (C) Phasing analysis of wild-type and mutant coreMcm1p proteins bound to probes containing the N10 site. Data are shown fitted to a
cosine phasing function, as described for Fig. 2. The spacer length where the protein-induced and intrinsic bends theoretically cooperate to
generate the minimum mobility complex is indicated by a black arrow for each particular data set. The amplitudes of the phasing functions are
presented for each data set. (D) Sequences of the core regions of the binding sites used in this study. The CArG box is boxed, residues at the �7
and �7 positions are highlighted, and the mutations introduced into SRET7 are underlined. (E) Graphic summary of apparent DNA bend angles
observed in complexes between wild-type and mutant coreMcm1p proteins with the c-fos SRE, SRET7, and QPPAL sites calculated by circular
permutation analysis. (F) Summary of DNA bend angles on the QPPAL site and binding affinities relative to wild-type Mcm1p on each of the c-fos
SRE, N10, QPSTE3, and QPPAL sites. Relative binding affinities: ���, 	70% wild-type value; ��, 10 to 70%; �, 1 to 10%; �/�, 
1%; and
�, not detectable. (G) Gel retardation analysis of increasing relative concentrations of the Mcm1p(1-98) mutants K29E, T66E, and L68E (1, lane
1; 3, lane 2; 10, lane 3; 20, lane 4) on the SWI5 promoter site.
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hanced DNA bending (1). The QPPAL site contains both of
these bases, the QPSTE3 site contains one of these bases, but
the SRE and N10 sites lack appropriately positioned A:T base
pairs.

In order to examine whether bending of the SRE sites by
Mcmlp could be enhanced, a mutant site was produced with
symmetrically related A:T base pairs at positions �7 and �7
(Fig. 1D). As predicted from this model, DNA bending by
Mcmlp was significantly enhanced by introducing these base
pairs (SRET7; Fig. 1E). Thus, Mcmlp induces DNA bending in
a sequence-dependent manner, and the base pairs at positions
�7 and �7 in its binding sites play a major role in dictating the
magnitude of the resulting bends.

In order to probe the molecular mechanism underlying the
site-dependent DNA bending by Mcm1p, we tested the ability
of a series of mutant Mcm1p proteins to bend the QPPAL,
SRE, and SRET7 sites by circular permutation analysis (Fig.
1E). DNA bending on the QPPAL site varied greatly between
mutants, whereas little difference was seen with the same mu-
tants on the SRE (Fig. 1E). A notable difference between the
QPPAL site and the SRE is the lack of symmetrically oriented
A:T base pairs at the �7 and �7 positions. We therefore tested
binding to SRET7 and found that the wild-type protein and the

K29E mutant induced significantly more bending on this site
than the T66E and L68E mutants (Fig. 4B). This closely mir-
rors the situation on the QPPAL site. Thus, T66 and L68 are
important for sensing the presence of an A:T base pair at the
�7 and �7 positions.

In order to detect whether the changes in DNA bending
were accompanied by changes in DNA-binding affinity, the
ability of the panel of Mcm1p mutants to bind to a series of
different binding sites was tested (Fig. 1G and summarized in
Fig. 1F). Mutation of K29 caused only a moderate reduction in
DNA binding at most sites but virtually abolished binding to
the N10 site. Mutation of T66 and L68 had little effect on the
efficiency or specificity of Mcmlp binding. However, the K29E
mutation in combination with either T66E or L68E caused a
general reduction in DNA-binding affinity, whereas in combi-
nation with K24E, a clear specificity change was elicited. The
K24E/K29E double mutant protein retained high-affinity bind-
ing to the QPPAL site, but binding to the other sites tested was
severely reduced (Fig. 1F). Mutation of residues R19 and K24
had little effect on the binding affinity of Mcmlp for the four
binding sites. However, mutations at positions K38 (in combi-
nation with K29E) and, to a lesser extent, K40 caused a reduc-
tion in DNA-binding affinity to all the sites tested (Fig. 1F).

FIG. 2. Growth and nuclear spindle defects of mcm1 DNA-bending mutants. Yeast strains harboring the indicated wild-type (WT) and mutant
mcm1 expression constructs were analyzed. (A) Strain phenotypes. Arrows indicate elongated cells found in the mutant stains. (B) Growth curves.
Each point represents the average of three independent experiments. (C) Viability tests. Serial dilutions of exponentially growing cultures (1- to
1,000-fold dilutions) of the indicated mutants on YPAD plates. (D) Spindle defects. The total proportion of cells exhibiting spindle defects in each
of the indicated strains is shown graphically, and a representative field is shown for the L68E mutant (4�,6�-diamidino-2-phenylindole stain, left,
and fluorescein isothiocyanate-antitubulin, right). Typical spindle defects are arrowed (a, elongated spindle; b, no spindle; c, broken spindle).
(E) Gel retardation analysis of equal amounts of total cell extract on the indicated binding sites. Only the protein-DNA complexes are shown.
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We also tested the binding of Mcm1p K29, T66, and L68
mutants on the PSWI5 site, as this became the focus of ensuing
experiments (see below). Of these mutants, K29E exhibited
the weakest binding affinity (Fig. 1G, second panel). The two
DNA bending-defective mutants T66E and L68E exhibited
slightly reduced affinity in comparison to the wild-type protein
but much higher binding affinity than the K29E mutant (Fig.
1G).

In summary, the Mcm1p mutants T66E and L68E show
much reduced protein-induced DNA bending while retaining
nearly wild-type DNA-binding efficiencies. In contrast, the
K29E mutant exhibited much reduced DNA-binding affinities
to a range of sites but nearly normal DNA bending. The K29E
mutant version of Mcmlp could therefore be used as a control
in subsequent experiments to rule out effects due to reduced
DNA-binding affinity. Thus, together, these mutant proteins
represent useful tools with which to study the functional con-
sequences of abrogating Mcm1p-mediated DNA bending. This
differential DNA bending occurs at sites containing palindrom-
ically orientated A:T base pairs at positions �7 and �7. Other
residues such as K40 were also identified as important medi-
ators of DNA bending but exhibited more substantial reduc-
tions in binding efficiency.

Mcm1p DNA-bending mutants cause transcriptional and
growth defects in vivo. To study the phenotypic consequences
of inhibiting DNA bending by Mcm1p, yeast strains that har-
bored K29E, T66E, and L68E mutant mcm1 alleles in place of
the wild-type MCM1 gene were constructed. First, we exam-
ined the effect of Mcm1p mutant proteins on cellular morphol-
ogy. Morphological abnormalities such as budding defects, in-
cluding elongated and misshapen buds, were observed in all
the mutant strains but were most pronounced in the T66E and
L68E mutants (Fig. 2A). Such defects suggest that these mcm1
mutations affect the cell cycle. We therefore analyzed the
growth rate and viability of the different strains. Both the T66E
and L68E mutant strains exhibited greatly reduced growth
rates and reduced viability (Fig. 2B and C), while the K29E
mutant grew at a rate similar to the wild-type rate and ap-
peared to have only a slight increase in the number of inviable
cells.

Defects in the Fkh2p component of the Mcm1p-Fkh2p com-
plex have been shown to affect spindle morphology and nuclear
division (24). Hence, we also probed for possible defects in
nuclear division and the mitotic spindle that might arise from
Mcm1p mutations. Both the T66E and L68E mutants demon-
strated defects in nuclear migration and division (Fig. 2D, a
and c, and data not shown). In addition, multiple spindle de-
fects were detected in the T66E and L68E strains (Fig. 2D).
Common defects included elongated spindles, broken spindles,
and the absence of a spindle (illustrated for the L68E strain in
Fig. 2D). The defects in the L68E strain were the most severe.
Indeed, no normal spindle morphology was detected in the
L68E mutant cells examined in the S and G2 phases of the cell
cycle compared to the wild type (	50%; data not shown).
Moreover, although the defects in the T66E mutant were less
severe, microscopic analysis indicated that the percentages of
cells with normal spindle morphology in the S and G2 phases of
the cell cycle were greatly reduced compared to the wild-type
cells (data not shown).

The amount of active Mcm1p contained in each strain was

analyzed by gel retardation analysis to determine whether al-
terations in Mcm1p levels might account for the altered phe-
notypes that we observed. We tested their relative binding
efficiencies in vitro and saw little difference (Fig. 1). However,
to confirm that equal amounts of binding activity were present
in each strain, we tested total cell extracts on a series of dif-
ferent Mcm1p binding sites (Fig. 2E). In comparison to the
wild-type protein, each strain contained equal or enhanced
Mcm1p DNA-binding activity. The enhanced binding activity
observed in several cases, which was especially apparent for
L68E, suggests that its expression is upregulated to compen-
sate for the defects introduced by the mutation. A decrease in
Mcm1p DNA-binding activity is therefore not what underlies
the phenotypic defects that we observed.

Taken together, these data demonstrate a strong correlation
between the severity of DNA-bending defects and the severity
of the phenotypes introduced into strains harboring mutant
mcm1 alleles. Strains harboring the mild Mcm1p bending mu-
tation K29E showed mild defects, while the severe DNA-bend-
ing Mcm1p mutations T66E and L68E exhibited serious phe-
notypic defects.

Mcmlp DNA-bending mutants are defective in complex for-
mation with coregulatory proteins. Mcm1p participates in the
activation and repression of several different promoters in con-
junction with coregulatory proteins. To probe for potential
transcriptional defects, we tested the ability of the mutant
Mcm1p proteins to regulate one such promoter with the
QP(STE3)-lacZ reporter, which Mcm1p activates in conjunc-
tion with �1. In order to assess the effect of Mcm1p in the
absence of other DNA-bound coregulatory proteins, we also
used the artificial P(PAL)-lacZ reporter strain, which lacks
flanking binding sites (Fig. 3A) (7).

The absolute activity of the P(PAL)-lacZ reporter was ap-
proximately threefold higher than that of the QP(STE3)-driven
reporter in cells harboring wild-type Mcm1(1-98) proteins. In
comparison to the wild-type protein, Mcm1p (K29E) exhibited
moderately reduced activation properties, whereas both the
L68E and T66E mutant proteins showed severely abrogated
transactivating ability on these reporters (Fig. 3A). Problems in
DNA bending were clearly correlated with reduced Mcm1p
activity, although the loss of transcriptional activity was more
apparent on the QP(STE3)-lacZ reporter gene, suggesting that
DNA bending might be more important in the context for
ternary complexes involving Mcm1p.

One possible consequence of defects in DNA bending would
be an inability to form ternary DNA-bound complexes with
coregulatory proteins due to alterations in local promoter ar-
chitecture and resulting disruptions in the spatial positioning
of partner proteins. Alternatively, interactions might be dis-
rupted by alterations to the interaction interfaces. For exam-
ple, the structure of the Mcm1p-�2 complex (35) indicates that
both T66 and L68 are located close to the Mcm1p-�2 interac-
tion interface (Fig. 3B). We therefore tested the ability of the
DNA-bending mutants K29E, T66E, and L68E to form com-
plexes with several coregulatory proteins.

Initially, we looked for defects in the mating pathways, which
are in part regulated by Mcm1p-containing complexes. Defects
were observed in the mating pathway, as MATa cell-types con-
taining the T66E and L68E mutant alleles were arrested less
efficiently than wild-type cells by �-factor (data not shown).
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The transcription factors �1 and �2 regulate mating type de-
termination in combination with Mcm1p. First, we examined
complex formation between Mcm1p and �1, as Mcm1p bend-
ing mutants exhibited greater transcriptional defects on com-
posite �1-Mcm1p elements than on a simple Mcm1p-regulated
promoter (Fig. 3A). In contrast to the wild-type and K29E
proteins, the L68E and T66E mutant proteins were unable to
form complexes with �1 (Fig. 3C, lanes 1 to 4). However, all
four proteins were able to form ternary complexes with �2
(Fig. 3C, lanes 5 to 8), demonstrating that not all complexes
were affected by these mutations.

The growth defects that we observed were unlikely to arise
from alterations in Mcm1p interactions with �1 and �2 in the
mating type pathway. We therefore focused on Fkh2p, a dif-
ferent partner protein, which plays an important role in cell
cycle control (15, 16, 24, 43). Indeed, the spindle defect phe-
notypes observed with the Mcm1p mutants T66E and L68E
were reminiscent of those observed in an Fkh2� mutant, sug-
gesting that these mutations may affect the formation of
Fkh2p-Mcm1p complexes. Complex formation between Fkh2p
and the L68E mutant Mcm1p was severely reduced (Fig. 3D,

lane 3). The efficiency of Mcm1p-Fkh2p complex formation
was also reduced in the T66E mutant, although the defect was
not as severe as with the L68E mutant (Fig. 3D, lane 4).

To establish whether the disruption of ternary complex for-
mation was due to changes in DNA bending or to alterations in
protein-protein interactions, we carried out pulldown analysis
with a GST-Fkh2p fusion and in vitro-translated Mcm1p de-
rivatives. The DNA bending-defective mutants T66E and
L68E bound to Fkh2p with an efficiency equivalent to or
greater than that of the wild-type protein (Fig. 3E, lanes 4 and
5), indicating that protein-protein interactions were unaffected
by these mutations in the absence of DNA. Importantly, an-
other mutant Mcm1p protein that affected Mcm1p-Fkh2p
complex formation, V69E, showed clear reductions in interac-
tions with Fkh2p with this assay (A. D. Sharrocks, unpublished
data), thus validating the use of this assay to detect changes in
protein-protein interactions.

Collectively, these data indicate that the DNA bending-de-
fective T66E and L68E mutants exhibit reduced ternary DNA-
bound complex formation with �1 and Fkh2p. The defects in
ternary complex formation with Fkh2p are not due to reduc-

FIG. 3. Ternary transcription factor complex formation by Mcm1p DNA-bending mutants. (A) Reporter gene assays. The activities of the
indicated lacZ reporter genes were analyzed in strains harboring wild-type (WT) and mutant mcm1 alleles. The schematic shows the complexes
which formed on the P(PAL) and QP(STE3) sites. (B) Spacefilling representation of the ternary Mcm1p-�2-DNA complex. Mcm1p (cyan) and
�2 (yellow) are shown bound to DNA (black). The locations of Mcm1p residues K29, T66, and L68 are shown in red. Figures were prepared with
RasMol version 2.6 based on the coordinates of the Mcm1p-�2-DNA complex (35). (C and D) Gel retardation analysis of the indicated Mcm1p
proteins and bacterially expressed �1, bacterially expressed �2 (C), and in vitro-translated Fkh2p (D) on the QP(STE3) (lanes 1 to 4), P(STE6)
(lanes 5 to 8), and P(SWI5) (lanes 1 to 4) sites, respectively. The amount of each Mcm1p protein was normalized to give equal amounts of
DNA-binding activity on each particular site. Diagrams below each panel depict the complexes formed on each site. (E) Pulldown analysis of the
indicated Mcm1p mutant proteins with GST and GST-Fkh2p(254-458); 10% input of wild-type Mcm1p is shown.
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tions in protein-protein interactions and hence likely result
directly from changes in local DNA architecture. Such alter-
ations in Mcm1p-Fkh2p complex formation are also consistent
with the growth and nuclear division defects observed in the
T66E and L68E mcm1 mutants.

Role of T66 and L68 in �-loop of Mcmlp in DNA bending.
The insertion of negatively charged residues in the �-loop of
Mcm1p caused a severe reduction in bending induced by this
protein. In addition, these insertions could also affect ternary
complex formation with coregulatory proteins (Fig. 3). To in-
vestigate whether it was the nature of the mutated residue or
the ability of the protein to bend DNA that was affecting
complex formation, random mutagenesis was used to further
examine the role of �-loop residues T66 and T68 in regulating
DNA bending and complex formation.

The resulting Mcm1p mutants were tested for their ability to
form ternary complexes with �1 (Fig. 4A and B) and Fkh2p
(Fig. 4C and D) and compared with their ability to bend DNA
(Fig. 4E and F; summarized in Fig. 4G). Ternary complex
formation with both �1 and Fkh2p was reduced upon the
introduction of E, L, V, and, to a lesser degree, W into position
66 (Fig. 4A and C). Large reductions in complex formation
were observed upon the introduction of E or D at position 68
with both �1 and Fkh2p (Fig. 4B and D). However, more
moderate reductions in Mcm1p-Fkh2p complexes were ob-
served upon the introduction of H, S, or Y into position 68 in
Mcm1p (Fig. 4D, lanes 4, 6, and 7). Differences were observed
in complex formation with �1, with the introduction of S at this
position having no effect, H having a very severe effect, and M
a moderate effect on ternary complex formation (Fig. 4B, lanes
4 to 6).

To investigate how these effects on ternary complex forma-
tion correlate with DNA bending defects, a three-point circular
permutation assay was used to compare the relative bending
induced by mutant coreMcm1p proteins. Here, the difference in
relative mobility of complexes formed with a centrally and
terminally located binding site can be used to calculate an
approximate relative bend angle (36). In addition to the T66E
mutation, the introduction of either A, L, or V led to reduc-
tions in bending by Mcm1p, indicating that the introduction of
a hydrophobic side chain at this position is also detrimental to
bending (Fig. 4E). However, none of these mutations caused as
severe an effect on DNA bending as T66E. The introduction of
the conservative S or G and W had little effect on DNA bend-
ing (Fig. 4E; summarized in Fig. 4G). Position 68 was less
sensitive to mutations (Fig. 4F), and virtually wild-type bend-
ing was observed upon the introduction of either an H, M, S,
or Y residue. However, the introduction of a negatively
charged D residue at this position severely reduced DNA
bending. The proximity of T66 to the DNA likely explains why
less extreme mutations at this position can also have effects on
DNA bending, whereas L68 is located further from the DNA
(Fig. 1) (35).

The severity of the reductions observed in ternary complex
formation of the Mcm1p T66 mutants with either �1 or Fkh2p
and correlated well with reductions in DNA bending caused by
these mutations (Fig. 4G). At the L68 position, the correlation
was not as tight, but the weakest binding of the ternary com-
plex corresponded to the mutants with the biggest defects in
DNA bending. However, some mutations that do not affect

DNA bending still affected complex formation, albeit to a
lesser extent than those which disrupted DNA bending. Thus,
effects in the local structure and/or protein-protein interactions
with coregulatory partners are also likely to contribute to the
loss of interactions seen with this class of mutants. However,
overall, these data are consistent with the hypothesis that the
loss of protein-induced DNA bending is responsible for the
defects in the formation of ternary transcription factor com-
plexes that we observed.

Changes in gene expression profiles in strains harboring
T66E or L68E Mcm1p mutant. The above data indicate that
loss of DNA bending contributes to the altered regulation of
artificial reporter genes by Mcm1p (Fig. 3). Defects in ternary
transcription factor complex formation with Mcm1p imply that
gene expression profiles will be altered in strains harboring
defective mcm1 alleles. Hence, microarray analysis was used to
assess the global changes in gene expression caused by DNA-
bending-defective mcm1 mutants.

Initial experiments with batch cultures suggested the mis-
regulation (	2-fold) of many (ca. 960) different genes in the
L68E mutant strain (Fig. 5A). However, many of these changes
may be secondary consequences of the reduction in growth
rate. This was especially likely because the genes showing the
greatest degree of downregulation were those encoding ribo-
somal proteins. In order to focus on the primary consequences
of the mcm1 mutations, mutant and wild-type cells were grown
in chemostat cultures in which their growth rates were equal-
ized. Under these conditions, many fewer genes (ca. 103) were
misregulated (Fig. 5A and B). Further repeat experiments
resolved these into 28 misregulated genes. Interestingly, Ty
elements figured prominently among the upregulated genes
(see website http://www.cogeme.man.ac.uk). Mcm1p has pre-
viously been implicated in repressing retrotransposon gene
expression in the absence of its known accessory proteins (11,
41).

We also analyzed the changes in global gene expression in
the T66E mutant. It is likely that by comparing the genes
deregulated in strains containing different DNA-bending mu-
tant versions of Mcm1p, genes whose expression is critically
dependent upon Mcm1p-induced DNA bending will be iden-
tified. A comparison of the gene expression profiles of the
T66E and L68E mutants revealed an overlap in deregulated
genes and gene families (Fig. 5C). Of the 50 genes upregulated
by 	1.77-fold in the L68E mutant strain, 17 were also among
the 50 most upregulated genes in the T66E mutant (the com-
plete datasets are available at the COGEME website [http:
//www.cogeme.man.ac.uk]). Among these were numerous Ty
elements, indicating that DNA bending by Mcm1p likely plays
a key role in maintaining these elements in a repressed state.

In addition, it was found that the YRF genes (a telomere-
associated gene family encoding ATP-dependent DNA heli-
cases [17]) were upregulated in both mutants, the effect being
particularly marked in the T66E mutant. Finally, a significant
effect was seen on the expression of three single-copy genes,
two of which, CHS1 and GSC2, are involved in cell wall bio-
genesis (8, 18). Both the YRF genes and CHS1 are under cell
cycle control (34), and both are bound by the cell cycle regu-
lator Swi5p in vivo (32). As SWI5 is a direct target of the
Fkh2p-Mcm1p complex, this provides a direct link to the mo-
lecular defects that we observed.
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FIG. 4. Role of positions T66 and L68 in mediating DNA bending and ternary complex formation. (A to D) Ternary complex formation with
�1 (A and B) and Fkh2p (C and D) was monitored for a panel of T66 (A and C) and L68 (B and D) Mcm1p mutants on the PSWI5 and QPSTE3
binding sites. The amount of each Mcm1p protein was normalized to give equal amounts of DNA-binding activity on each particular site. (E and
F) Three-point circular permutation assays of a series of mutated coreMcm1p proteins containing different substitutions at positions T66 (E) or L68
(F) in comparison to the wild-type (WT) protein. Binding sites that positioned the center of the QPPAL binding site either towards the middle
(RV; lanes 2, 5, 8, 11, 14, 17, 20, and 23) or towards either end (Ml, lanes 1, 4, 7, 10, 13, 16, 19 and 22, and BH, lanes 3, 6, 9, 12, 15, 18, 21 and
24) of the DNA fragment were used. Relative bend angles (bend*) were calculated with an empirical equation rather than by curve fitting (36).
(G) Summary of DNA bending (determined by three-point circular permutation analysis) and ternary complex-forming ability of Mcm1p mutants
with Fkh2p. Relative DNA bending: ���, 49 to 59°; ��, 40 to 48°; and �, 
39°. Relative binding affinities of Fkh2p in ternary complexes
(compared to wild-type Mcm1): ���, 	80%; ��, 35 to 60%; �, 10 to 25%; and �, 
5%. The asterisk indicates that dissociation of L68Y
complexes can be seen during electrophoresis.
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DISCUSSION

The role of transcription factor-induced DNA bending in
regulating eukaryotic gene expression is still poorly under-
stood. However, roles in the DNA recognition process and in
determining the correct architecture of nucleoprotein com-
plexes at promoters and enhancers have been shown (reviewed
in reference 23). In common with several MADS-box tran-
scription factors, Mcm1p induces DNA bending into its recog-
nition site (33, 35). Here, we probed the mechanism of DNA
bending and showed that it exhibits both similarities to and
differences from other MADS-box proteins.

By using mutant Mcm1p proteins in vitro and strains har-
boring mutant mcm1 alleles that encode DNA bending-defec-
tive proteins, we demonstrated an important role for DNA
bending in transcription factor complex assembly and down-
stream gene activation. These defects in gene expression led to
malfunctional nuclear division and reduced cell growth. Im-
portantly, we used the K29E protein, which retained substan-
tial DNA bending but exhibited a significant decrease in DNA-
binding affinity (Fig. 1) and showed nearly normal Mcm1p
function both in vitro and in vivo. This rules out the possibility
that small decreases in DNA-binding affinity in the DNA-
bending mutants T66E and L68E gave rise to the phenotypic
defects that we observed. Thus, Mcm1p-mediated DNA bend-
ing is an important facet of its function.

Role of Mcm1p-mediated DNA bending in transcription fac-
tor complex formation and gene expression. One function of
DNA bending by MADS-box proteins appears in some cases to
be to provide additional specificity determinants (see below).
However, a major role for DNA bending is thought to be to
correctly juxtapose transcription factors located on neighbor-
ing binding sites. Mcm1p forms complexes with numerous
other transcription factors in a promoter-dependent manner,

including MAT�1, MAT�2, Ste12p, and Fkh2p (reviewed in
references 5, 10, and 30). Structural studies indicate that DNA
bending might be essential for the function of Mcm1p in com-
plexes with MAT�2 on the STE6 promoter (35).

The propensity of a site to bend correlates with the ability of
Mcm1p to activate transcription and potentially for MAT�2 to
repress transcription via DNA-bound Mcm1p in vivo, although
in the latter case, a potential effect on DNA binding by
MAT�2 was not ruled out (1). However, strict correlations
between DNA bending and transcriptional repression through
MAT�2 could not be deduced from studies on mutant mcm1
alleles (2). Indeed, from our studies, none of the mutant
Mcm1p proteins that we have investigated significantly affected
the formation of ternary Mcm1p-�2 complexes irrespective of
the degree of bending elicited (Fig. 3C and data not shown).
This suggests that formation of this complex is relatively flex-
ible in its DNA-bending requirements. However, Mcm1p-in-
duced DNA bending is an important determinant in the for-
mation of other nucleoprotein complexes involving �1 and
Fkh2p (Fig. 3 and 4). This is particularly apparent for muta-
tions in Mcm1p at the T66 position, for which loss of DNA
bending correlated with a loss in complex formation.

Interestingly, at the T66 position, the T66A and T66L mu-
tants, which bent DNA by 49° and 46°, respectively, exhibited
different amounts of ternary complex formation with �1 and
Fkh2p (Fig. 4). This suggests that there might be a threshold
for DNA bending below which complex formation is inhibited.
This is consistent with our hypothesis that DNA bending af-
fects transcription factor complex topology, as a point will be
reached where the proteins can no longer interact and form a
stable complex without imparting additional strain on the
DNA duplex.

The observation that Mcm1p-Fkh2p complex formation is
abrogated in DNA-bending mutants is consistent with the de-
fects in the growth rate of yeast cells harboring the T66E and
L68E mutant alleles (Fig. 2) (2). fkh2 null mutant strains also
exhibit growth defects due to effects on the expression of genes
whose products are involved in the G2 and M phases of the cell
cycle (15, 16, 24, 43). Moreover, fkh2 null strains exhibit spin-
dle defects that are reminiscent of those linked with the mcm1
T66E and L68E alleles (24), although the severity of the de-
fects are more akin to those of the fkh2-fkh1 double mutant.
The Mcm1p and Fkh2p binding sites exhibit a strict spacing
requirement to permit efficient ternary complex formation (J.
Boros and A. D. Sharrocks, unpublished data); thus, alter-
ations in bending and juxtapositioning of sites would be pre-
dicted to affect complex formation.

Interestingly, all of the composite Mcm1p-Fkh2p binding
elements identified by global chromatin precipitation analysis
contain A:T base pairs at the �7 position relative to the
Mcm1p site that precedes the Fkh2p binding sites (e.g., in the
SWI5 promoter) (32). This base pair is a critical determinant of
Mcm1p-mediated DNA bending (Fig. 1) (1, 39) and further
underscores the likely importance of DNA bending at these
sites.

Microarray analysis of altered gene expression profiles in the
T66E and L68E strains identified five classes of genes that are
upregulated in both strains and hence most likely due to a
common defect in these strains, i.e., Mcm1p-mediated DNA
bending defects. None of the misregulated genes were identi-

FIG. 5. Microarray analysis of altered gene expression profiles in
DNA-bending mutants. (A and B) Relative gene expression profiles of
the L68E mutant versus wild-type strain grown in batch (A) and che-
mostat (B) cultures. The boxed area indicates a group of upregulated
genes revealed by analysis of chemostat cultures. (C) Table of genes
that are commonly upregulated in the T66E and L68E mutant strains.
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fied as direct Mcm1p targets in a genomic chromatin immu-
noprecipitation analysis (32). Further analysis of the regions
immediately upstream from the open reading frames did not
reveal any obvious Mcm1p binding sites (with the exception of
the TY elements; see below). However, of these identified
genes, the single-copy CHS1 and multiple YRF genes are under
cell cycle control and are bound in vivo by the cell cycle reg-
ulator Swi5p (32). SWI5 is itself regulated by Mcm1p-Fkh2p
complexes (15, 16, 24, 43). In fkh2 null strains, the basal level
of SWI5 expression rises slightly but its cell cycle regulation is
lost, indicating a role for Fkh2p in repressing basal expression
as well as cell cycle-dependent activation. This effect is more
pronounced in fkh1/fkh2 strains (16, 24). This rise in basal
levels might also be achieved by disruption of Mcm1p-Fkh2p
complexes in the mcm1 mutant strains that we have analyzed
and lead to enhanced SWI5 expression and hence effects on
CHS1 and YRF genes. This in turn implies that Mcm1p may in
fact be a critical player in the nucleation of higher-order pro-
moter-bound complexes containing both Fkh1p and Fkh2p.
Loss of Mcm1p-Fkh2p interactions might then be propagated
throughout the promoter. In the unsynchronized chemostat
cultures, changes in SWI5 expression were not elevated above
the thresholds that we set, but it might be the loss of periodicity
rather than overall steady-state levels that leads to changes in
downstream gene expression.

The continuous chemostat culture used, while essential for
uncovering changes in gene expression from general “noise,”
probably negates finding direct targets involved in cell cycle
regulation. Attempts to synchronize cells with �-factor failed
due to defects in the mating pathway. Thus, we were unable to
analyze gene expression defects in the cell cycle-regulated
CLB2 cluster and M/G1 genes or in the mating pathway. How-
ever, our novel application of microarray analysis with a mo-
lecularly defined genetic system and a controlled growth envi-
ronment is likely to be of general significance in dissecting
primary from secondary effects on the control of gene tran-
scription in different complex systems.

In addition to the overlap in the alterations of gene expres-
sion, other changes appeared to be unique to each mcm1
mutant. This suggests that the mutations might also affect
specific interactions of Mcm1p either with coregulators directly
or at specific promoters where DNA bending might have al-
ternative effects depending on the specific mutations. Indeed,
the degree of DNA bending elicited by the T66E and L68E
mutants was not identical (Fig. 1). Furthermore, the specificity
of the Mcm1p mutations is also reflected in differences in the
observed nuclear and spindle defects (Fig. 2 and data not
shown). For example, the defects in the L68E mutant were
more severe than in the T66E strain. For example, in the L68E
strain, very few cells were normal and large numbers of cells
showed no spindle (14%) or elongated spindles with frag-
mented nuclei (16%) compared to 2% and 6%, respectively, in
the T66E mutant. Thus, common phenotypes are present that
most likely result from the common DNA-bending defects,
while unique features were observed that are mutation specific.

Further inspection of the commonly deregulated genes iden-
tified the Ty elements. These genes are bound by Mcm1p (11)
and are repressed through the action of Spt13 (41). The role of
Mcm1p-mediated DNA bending is unclear in this context but
could be involved in the formation of higher-order enhanceo-

some-like complexes that permit other repressors such as
a1-�2 complexes to be recruited to the Ty elements (11). Links
between Mcm1p and GSC2 and HSP82 upregulation are likely
to be indirect, through deregulation of other transcription fac-
tors and signaling molecules, as these genes are not known to
be direct targets of either Mcm1p or regulators encoded by
Mcm1p target genes. Mcm1p also plays a role in regulating
arginine metabolism in complex with ARGRI to -III (21).
However, no significant changes in the expression of genes
associated with arginine metabolism and catabolism, such as
ARG1 and ARG3 and CAR2, were observed in the mutant
strains, probably due to maintenance of constant nutrient lev-
els in the chemostat cultures.

Mechanisms of DNA bending. The structure of the Mcm1p-
�2-DNA complex has provided important clues to the mech-
anism by which Mcm1p mediates protein-induced DNA bend-
ing (35). For example V34 and K38 have been suggested to
contribute DNA bending around Thy �7, and S37 and T66
have been proposed to stabilize this bend. Several mutagenic
studies on other MADS-box proteins have provided a detailed
understanding of how MADS-box proteins (37, 38, 39), includ-
ing Mcm1p (2), elicit differential DNA bending. Here, we have
uncovered further details of the Mcm1p-mediated DNA-bend-
ing mechanism.

The substitution of negatively charged amino acids for res-
idues in the �-loop, T66 and L68, also severely affected DNA
bending by Mcmlp (Fig. 1). However, the residue located at
position 14 towards the N-terminal end of the recognition helix
in the MADS-box (K29) played a lesser role in Mcm1p than
was observed in the human MADS-box protein SRF. In SRF,
residues located in both the �-loop and position 14 play im-
portant roles in regulating DNA bending (38). These observa-
tions are consistent with an Mcm1p-DNA structure in which
T66 and L68 are either close to or contact DNA but K29 is not
in contact with the DNA (Fig. 1 and 3) (35). A further residue
in Mcm1p, K40, is directly implicated in inducing DNA bend-
ing. This residue makes DNA backbone contacts, and a loss-
of-contact mutation (K40A) caused significant reductions in
DNA bending (Fig. 1 and 2). A previous study with loss-of-
contact mutants suggests that V34 and S37 also play a role in
mediating DNA bending, although combinatorial mutations
are required to cause a severe decrease in DNA bending (2).

Mcm1p exhibits DNA sequence-specific DNA-bending ac-
tivity in which the presence of a palindromically oriented A:T
base pair at the �7 and �7 positions in the binding site results
in higher degrees of bending (Fig. 1) (1, 39). V34 in Mcm1p
has previously been suggested to play a role in sensing se-
quence-specific bending mediated by the �7 and �7 positions
(2). However, in this study, the authors demonstrated that
while mutation of the A:T base pairs at the �7 and �7 posi-
tions caused a reduction in DNA bending by the wild-type
protein, the V34A protein exhibited no such reduction. One
interpretation of this result, therefore, is that it is the presence
of the side chain in V34 that prevents bending of sites lacking
the �7 and �7 position A:T base pairs, and in the absence of
this side chain, Mcm1p is able to bend DNA. Here, we have
taken the opposite approach and shown that mutating residues
K40, T66, and L68 resulted in a reduction in DNA bending and
that these residues were required to permit enhanced bending
of sites containing the �7 and �7 position A:T base pairs (Fig.
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1 and data not shown). Thus, residues in or close to the �-loop
are implicated as important sensors of the base pairs at the �7
and �7 positions in the binding sites for Mcm1p.

Collectively, these results show that a complex network of
residues exists in Mcm1p which act in concert to either mediate
or permit DNA bending and direct DNA bending in a se-
quence-specific manner.

In summary, we have provided important mechanistic in-
sights into how DNA bending by Mcm1p is achieved. With this
information, we generated tools to demonstrate the impor-
tance of DNA bending in gene regulation by Mcm1p. We have
shown that DNA bending is an important determinant of local
promoter architecture and that loss of DNA bending results in
alterations in gene expression that lead to growth defects.
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