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Minichromosome maintenance protein 1 (Mcm1) is required for efficient replication of autonomously
replicating sequence (ARS)-containing plasmids in yeast cells. Reduced DNA binding activity in the Mcm1-1
mutant protein (P97L) results in selective initiation of a subset of replication origins and causes instability of
ARS-containing plasmids. This plasmid instability in the mcm1-1 mutant can be overcome for a subset of ARSs
by the inclusion of flanking sequences. Previous work showed that Mcm1 binds sequences flanking the minimal
functional domains of ARSs. Here, we dissected two conserved telomeric X ARSs, ARS120 (XARS6L) and
ARS131a (XARS7R), that replicate with different efficiencies in the mcm1-1 mutant. We found that additional
Mcm1 binding sites in the C domain of ARS120 that are missing in ARS131a are responsible for efficient
replication of ARS120 in the mcm1-1 mutant. Mutating a conserved Mcm1 binding site in the C domain
diminished replication efficiency in ARS120 in wild-type cells, and increasing the number of Mcm1 binding
sites stimulated replication efficiency. Our results suggest that threshold occupancy of Mcm1 in the C domain
of telomeric ARSs is required for efficient initiation. We propose that origin usage in Saccharomyces cerevisiae
may be regulated by the occupancy of Mcm1 at replication origins.

Replication of DNA must be inherently accurate and pre-
cisely regulated. It is therefore not surprising that the mecha-
nism for the initiation of DNA replication is both complex and
conserved. Initiation of DNA synthesis involves the assembly
of a multicomponent complex at designated sites known as
replication origins. While the protein components of the pre-
replication complex (pre-RC) used in this initiation process are
conserved in all eukaryotes (5), there is little in common be-
tween the nucleotide sequences of replication origins within
each eukaryote and between different eukaryotes (29).

In Saccharomyces cerevisiae, replication origins (ORI) con-
sist of defined sequences of about 200 bp that can replicate
autonomously independently of their native chromosomal en-
vironment. These autonomously replicating sequences (ARSs)
are modular in structure. They contain a ubiquitous 11-bp
(5�-WTTTAYRTTTW) ARS consensus sequence (ACS) (11,
22, 63) where the origin recognition complex (ORC) binds (4).
In certain ARSs, a 10-of-11 match of the ACS is sufficient for
ORC recognition (64). The ACS is essential but not sufficient
for autonomous replication. cis elements on the 5� (C domain)
or the 3� (B domain) flanking sequences of the ACS are also
required (12). Elements in the B domain of one particular
ARS, ARS1, have been characterized in great detail. Three
elements, known as B1, B2, and B3, have been identified (44).
B1 is protected by the ORC (55), whereas B3 is protected by
Abf1 (41) or Mcm1 (17) in in vitro footprinting analyses. Ini-
tiation of DNA synthesis at ARS1 has been mapped to a region
between the B1 and B2 elements (6). Two of the three B

elements in combination with the ACS are sufficient to pro-
mote autonomous replication. Although B elements of differ-
ent ARSs are not conserved in nucleotide sequence, they are
interchangeable between certain ARSs (31, 54, 61). The dif-
ferences in size and modular composition of replication origins
suggest that there are many ways to assemble a functional
replication origin from a finite set of modules (60–62, 65). The
plasticity in the organization of replication origins is further
illustrated by the dispensability of the B elements altogether in
the presence of the C domain in several telomeric ARSs (13).
However, because the C domain is generally larger, elements
in the C domain have not been characterized.

The redundant functions of the B and C domains in pro-
moting replication initiation suggest that although the process
of pre-RC assembly may be conserved, there are many ways to
create an environment conducive to this assembly process. The
concept of alternative pathways for creating an environment
for pre-RC assembly is especially appealing in higher eu-
karyotes, where there appears not to be a unifying mechanism
for site selection for pre-RC assembly. In Xenopus oocytes,
replication initiation occurs at random sequences (38). In
mammalian cells, initiation occurs at multiple sites within rep-
lication zones that are defined by their chromosomal contexts
rather than nucleotide sequences (29, 46). Indeed, the activity
of replication origins is responsive to their contexts (9, 36). It
has been shown that replication origins taken out of their
native environment are no longer temporally regulated (35, 52)
and that silent replication origins are no longer repressed (23).
To better understand the principle of site selection in replica-
tion initiation and the regulation of origin activity, it is impor-
tant to learn more about the extended sequences that provide
the contexts for replication initiation.

Mcm1 is a combinatorial transcription factor that binds with
exquisite specificity to diverse recognition sequences in com-
bination with a cofactor (37, 58). By itself, Mcm1 binds to the
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degenerate sequence CCYWWWWNGN (17, 50, 58, 68). Like
other MADS domain transcription factors (8), Mcm1 is a mas-
ter regulator that specifies cell identity (33, 34, 51) and coor-
dinates the expression of genes required for cell growth and
proliferation (57).

Mcm1 is required for initiation of DNA replication. A P97L
mutation (mcm1-1) that compromises the DNA binding activ-
ity of Mcm1 causes an increase in plasmid loss rate, as well as
a decrease in the initiation frequency of chromosomal replica-
tion origins (17). However, Mcm1 appears to regulate the
initiation of DNA synthesis at two levels. It modulates the
transcriptional expression of several components of the
pre-RC including Cdc6, Mcm3, Mcm5, Mcm6, and Mcm7 (25,
45, 58), which are preassembled at replication origins before
the onset of S phase. It also acts directly at replication origins
to stimulate DNA replication initiation. In vivo cross-linking
studies show that Mcm1 occupies sites near replication origins.
In vitro DNA binding studies confirm that Mcm1 binds mul-
tiple sites flanking the minimal functional domains (MFDs) of
ARSs (17). Footprints of extended regions of ARSs indicate
that Mcm1 binds a variable number of sites at different ARSs,
suggesting that if Mcm1 plays a direct role at replication ori-
gins, its influences on different origins may be dissimilar. To
elucidate the function of Mcm1 at replication origins indepen-
dently of its indirect effects on the pre-RC, it is important to
analyze Mcm1 binding site mutations. In this study, we inves-
tigated the function of Mcm1 at replication origins by exploit-
ing natural variants of two conserved telomeric X ARSs (15)
that respond differently to reduced Mcm1 binding activity and
by varying the number of Mcm1 binding sites at one of the
ARSs. Both approaches led to the conclusion that the number
of Mcm1 binding sites at ARSs is critical for the efficient
initiation of DNA replication especially when Mcm1 activity is
limiting.

MATERIALS AND METHODS

Strains and plasmids. Parent strain 8534-8C (MAT� leu2-3,112 ura3-52 his4-
�34) and mutant strain RM9-3A (MATa leu2-3,112 ura3-52 his3-11,15 mcm1-1)
were used for minichromosome maintenance assays. The minichromosomes used
were YCp1, YCp121, YCp131a, YCp120 (14, 43), and YCp121AB (64, 65). The
vectors used for cloning were pLC5 (LEU2 CEN5), pC5L (CEN5 LEU2), and
YCp56 (URA3 CEN4).

Minichromosome maintenance assay. Yeast cells containing minichromo-
somes were grown in selective medium to saturation and then plated on com-
plete or selective medium (complete-Leu or Cm-Ura) to determine the initial
percentage of plasmid-containing cells. Cells were used to inoculate yeast
extract-peptone-dextrose YEPD and allowed to grow for approximately 10 gen-
erations before plating onto YEPD plates and selective plates to determine the
final percentage of plasmid-containing cells. Loss rate per generation was deter-
mined with the equation X � 1 � (F/I)1/n, where F and I represent the final and
initial percentages of plasmid-containing cells and n is the number of genera-
tions. Each value is the average of at least three independent experiments, except
for the values shown in Fig. 5C, which are averages of five or six independent
experiments.

2-D gel electrophoresis. Procedures for two-dimensional (2-D) gel electro-
phoresis analysis of replicating DNA have been described by Brewer and Fang-
man (10). For each strain, DNA from a single DNA preparation was used for the
study of both ORI1 and ORI121. Probes for detecting ORI1 and ORI121 were
prepared as follows. Plasmid DNA containing ARS1 or ARS121 was digested
with NcoI or BamHI and EcoRI, respectively. Restriction fragments were gel
purified and 32P labeled by random oligonucleotide priming.

DNA sequencing and sequence analysis. The strategy used to determine the
1.0- to 1.5-kb DNA sequences of ARS120, ARS131n, ARS131A, ARS131j, and
ARS131s is described in reference 16. To search for Mcm1 consensus elements

(MCEs), we used the weighted matrix program of Mulligan et al. (47) and
Goodrich et al. (30). The consensus matrix used in this search was compiled from
20 known Mcm1 binding sequences from promoters (16).

Deletions of ARS120. The 5� and 3� deletions of ARS120 were constructed by
two separate methods: exonuclease Bal31 treatment at a unique restriction site
and subcloning of smaller restriction fragments by partial or full digestion at sites
that produce a desired endpoint. The BamHI/SphI fragment of each deletion was
then recloned between the BamHI/H3 sites of CEN vector pLC5. Other 5� and
3� deletions were made by subcloning smaller restriction fragments from the
larger fragments (e.g., �679/�40 and �6/�834) into the BamHI/ScaI or H3/ScaI
sites of CEN5 vector pLC5 (16).

Site-specific mutagenesis of MCEs in ARS120. Plasmids pC�679/�40�Bgl2,
pC�679/�40PAL, pC�6/�246�Bgl2, and pC�6/�246PAL were constructed by
a three-step cloning-mutagenesis-cloning process. The first step is cloning the
wild-type ARS fragment into a Bluescript KS� or SK� vector, the second step
is mutagenizing a specific 10-bp region containing an MCE, and the third step is
transferring the mutated fragment into CEN5 vector YCp56. pC�679/
�40�3PAL and pC�6/�246�3PAL were constructed by inserting a 75-bp se-
quence (TTCCTAATTAGGAATAAGATCCATT)3 containing three repeats of
PAL (underlined). All enzyme manipulations and oligonucleotide mutagenesis
were performed with the Bluescript KS� and SK� vectors. All mitotic stability
assays were carried out with the ARS fragments cloned into YCp56 (16).

DNA binding assays and DNase I footprinting analysis. Electrophoretic mo-
bility shift assay (EMSA) and DNase I footprinting analyses were carried out as
previously described (17). The primers used for EMSA and footprinting of
ARS120 as shown in Fig. 3A were as follows: fragment I, no. 7 (CATTTCATT
TCCGGTTTTCTATCT) and 8 (AGCACCACCGTACCTCTAAGTTT); frag-
ment II, no. 9 (AGAGGTACGGTGGTGCTA) and 10 (ATCCTTCAACAAT
AATACATAAAC); fragment III, no. 11 (TGACGGTATTAAGGAACATTT)
and 12 (ATCTCAACTTACCCTACTTTCAC). The primers used for EMSA
and footprinting of ARS131a were as follows: fragment I, no. 13 (CCATTTCA
TTTCCGATTTTC) and 14 (TGCTTTGATCCGGTTTACAGT); fragment II,
no. 15 (TACCATTTTCCCTCCTTAT) and 16 (CACACTCAATTGGGTAT
CT); fragment III, no. 17 (TGACGATATTAAGGAACATTT) and 18 (CTCA
AGTTACCCTACTCTCAC).

Other methods. Purification of glutathione S-transferase–Mcm1 has been de-
scribed previously (17).

RESULTS

MREs in ARSs. We have previously shown that plasmids
containing ARS fragments of about 300 bp are destabilized by
the mcm1-1 mutation (17). However, this destabilizing effect of
mcm1-1 can be overcome in certain ARSs by additional flank-
ing sequences. Figure 1A illustrates this ARS-specific destabi-
lizing effect of mcm1-1 on minichromosomes containing large
fragments of ARS1 and ARS121. In the mcm1-1 mutant, plas-
mids containing ARS1, which has few Mcm1 binding sites, are
lost at a rate of about 0.2 per cell division, independently of the
size of the ARS fragment. In contrast, plasmids containing
ARS121, which has many Mcm1 binding sites, show dramatic
differences in the loss rates, depending on the size of the ARS
fragment. If we define the MFD of ARSs as the smallest ARS
fragment that replicates efficiently in the wild-type strain, then
sequences in the C domain outside of the MFD of ARS121
stabilize the minichromosome in the mcm1-1 mutant strain.
These results suggest that Mcm1-responsive elements (MREs)
located outside of the MFD in ARS121 are responsible for
compensating for the reduced binding activity of Mcm1-1.
These MREs are distinct from the MFD, where the pre-RC is
assembled.

To investigate if reduced Mcm1 binding activity also affects
replication initiation at chromosomal origins with an origin-
specific effect, we examined the activity of ORI1 and ORI121
in the mcm1-1 mutant by 2-D gel analysis (Fig. 1B). Judging
from the relative intensities of the “bubble” arc versus the “Y”
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arc in the wild-type and mutant strains, initiation of DNA
synthesis appears to be significantly reduced in ORI1 but un-
affected in ORI121 in the mcm1-1 mutant. This result indicates
that larger ARS fragments reflect more faithfully the activity of
the native replication origins. This result also indicates that
further increases in the length of the ARS1 fragment are un-
likely to compensate for the destabilizing effects of mcm1-1
since ORI1 inherently contains all of the flanking sequences on
either side of ARS1. Because ORI1 and ORI121 are both early
replicating origins (53) (S. Hunt, personal communication),
this selectivity of Mcm1 does not appear to affect the temporal
regulation of origin activation.

Two conserved telomeric X ARSs, ARS120 and ARS131A,
respond differently to the mcm1-1 mutation. We have previ-
ously shown that Mcm1 binds multiple sites outside of the
MFD of ARSs (17). In Fig. 1A, we showed that MREs that
alleviate the crippling effects of mcm1-1 on ARS activity are
located outside of the MFD of ARS121 (65). Since Mcm1-1
has compromised DNA binding activity (17), it is likely that
MREs and Mcm1 binding sites are identical. To examine

whether Mcm1 binding sites are MREs, we need to show that
the presence of Mcm1 binding sites directly correlates with the
efficiency of replication.

We took advantage of a family of highly conserved replica-
tion origins localized at the subtelomeric regions of chromo-
somes known as the X ARSs (14–16). Despite their sequence
similarities, these ARSs respond differently to the mcm1-1
mutation (Fig. 2A). Plasmids containing ARS120 (XARS6L),
ARS131n (XARS8L), ARS131j (XARS16R) (Fig. 2A), and
ARS131c (43) are stable in the mcm1-1 mutant. In contrast,
plasmids containing ARS131a (XARS7R) (Fig. 2A) and
ARS131 (XARS5L) (43) are unstable. Therefore, variations in
the sequences of these ARSs serve as a ready source of natural
mutations for our study.

A phylogenetic tree of a number of known ARSs is shown in
Fig. 2B to illustrate the sequence relatedness or evolutionary
distances between them. We focused our analysis on ARS120
and ARS131a, two of the most conserved telomeric X ARSs
that show differential responses to the mcm1-1 mutation. Com-
paring these two sequences indicates that they are 89% iden-

FIG. 1. The C domain of ARS121 compensates for the destabilizing effects of the mcm1-1 mutation on minichromosome maintenance.
(A) Plasmid loss rates of YCp1, YCpAB121, and YCp121 containing ARS1(853 bp), ARS121 (489 bp), and ARS121(877 bp), respectively. ACS
is symbolized by shaded arrowheads. Abf1 binding sites are symbolized by filled circles. Thick bar represents AT-rich sequences containing near
matches to the ACS found in the B domain of ARS121. (B) Autoradiograms of replicating DNA prepared from isogenic wild-type (WT) and
mcm1-1 mutant strains separated by 2-D gel electrophoresis. Filled arrows point to initiation bubbles or “bubble” arcs. Unfilled arrows point to
elongation forks or “Y” arcs. Portions of the results shown in panels A and B are reproduced from reference 17.

FIG. 2. (A) Stability of minichromosomes containing telomeric (Tel) X ARSs in the wild-type (WT) strain and the mcm1-1 mutant. Sizes of
ARS fragments and their chromosomal locations are indicated. div, division. (B) Pairwise similarities between telomeric X ARSs presented in a
phylogenetic tree (26). Each number between one branch point and the next represents a match value (evolutionary divergence) for pair types (48).

6516 CHANG ET AL. MOL. CELL. BIOL.



tical within a 1-kb sequence with three stretches of noncon-
served sequences clustered within a 300-bp region (�706 to
�415) at the 5� end of the C domains (Fig. 3A). We hypoth-
esize that the nonconserved sequences of ARS120 contain the
MREs that allow efficient replication of ARS120 in the
mcm1-1 mutant. Inspection of sequences identified four po-
tential MCEs (bold type) within this 300-bp region. Only one
of them is conserved between ARS120 and ARS131a.

Deletion analysis and DNA binding assays localized Mcm1
binding sites in the nonconserved region of ARS120. To iden-
tify the essential ARS consensus sequence of ARS120, we
generated a series of end deletions by Bal31 digestion from
either the 5� or the 3� side of a 350-bp SacII/StuI fragment of
ARS120 (13). These deletion fragments were subcloned and
tested for ARS function with a high-frequency transformation
(HFT) assay (59). A sequence of 31 bp flanked by the leftmost
or rightmost deletion endpoints that still preserved ARS func-
tion was identified (Fig. 3B, part i). The leftmost and rightmost
deletion endpoints that destroyed HFT activity removed either
part or all of an 11-bp sequence that is a perfect match to the
ACS, confirming that this ACS is essential for ARS120 func-
tion. The first T of this ACS is designated position �1.

To identify the locations of elements important for efficient
replication of ARS120, we constructed deletions along a 1.5-kb
DNA sequence of ARS120 (Fig. 3A and B) and analyzed the
ARS activity by assaying plasmid stability in the wild-type
strain. The MFD, which retains almost the full ARS activity, is
a 263-bp DNA fragment containing the A element and 246 bp
of sequence in the B domain (Fig. 3B, part ii, i). Most of the B
domain is dispensable in the presence of 679 bp of DNA in the
C domain (Fig. 3B, part ii, b) confirming that elements in the
B and C domains perform redundant functions. On the basis of
the step increases in the loss rate of plasmids containing the
deletion fragments, approximate locations of elements impor-
tant for efficient replication of ARS120 can be determined.
With the A element as a reference (position �1), important
elements appear to be located at intervals between �679 and
�405, between �239 and �133, and between �133 and �6 in
the C domain and between �123 and �246 in the B domain,
which also contains an Abf1 binding site (indicated by the filled
circle). Interestingly, these intervals also contain MCEs (indi-
cated by arrowheads) identified by the weighted matrix search.

The stability of the ARS120 deletion plasmids in the mcm1-1
mutant strain was also examined (Fig. 3B, part ii). The B
domain is indispensable in the mcm1-1 mutant for full ARS
activity (Fig. 3B, part ii, b). Removal of the interval containing
four MCEs further destabilized ARS120 (Fig. 3B, part ii, c).
Similarly, the C domain is indispensable for full ARS activity in
the mcm1-1 mutant (Fig. 3B, part ii, k). The requirement for
the C domain was alleviated by a DNA sequence between
�429 and �834 3� to the B domain (Fig. 3B, part ii, l). Re-
moval of the sequence between �246 and �123 significantly
increased the plasmid loss rate. No transformation was ob-
served when both the B and C domains were removed (Fig. 3B,
part ii, g).

To investigate which of these intervals contain Mcm1 bind-
ing sites, we divided the 1-kb ARS120 sequence (Fig. 3A) into
three fragments (I [�737 to �337], II [�354 to �7], and III
[�94 to �304]) and assayed them for affinity for Mcm1 by
EMSA (Fig. 4A). Mcm1 binds fragments I, II, and III of

ARS120 with comparable efficiencies (top panel), consistent
with the presence of Mcm1 binding sites in all three fragments.
We also included the corresponding DNA fragments from
ARS131a as a control. Mcm1 appears to bind fragments I, II,
and III of ARS131a with an efficiency similar to that observed
for ARS120 (bottom panel). Differences in the affinity of
Mcm1 for fragments I of ARS120 and ARS131a were not
immediately discernible by EMSA. To directly compare the
affinities of Mcm1 for fragments I of ARS120 and ARS131a,
we carried out competitive DNA binding assays. In this assay,
Mcm1 bound to the ARS120 fragment I probe was competed
with unlabeled fragment I DNA from ARS120 or ARS131a.
The percentage of probe bound to Mcm1 was plotted against
increasing concentrations of the unlabeled competitor DNA
(Fig. 4B). On the basis of the slopes of the curves, ARS120
competed 3.5 times more efficiently than ARS131a for the
Mcm1-bound DNA probe, suggesting that Mcm1 has a higher
affinity for fragment I of ARS120.

Nonconserved region of ARS120 is protected by Mcm1 from
DNase I and required for efficient replication initiation. De-
letion analysis (Fig. 3B, part ii) and competitive DNA binding
studies suggest that Mcm1 binding in the nonconserved region
of ARS120 may be responsible for alleviating the high plasmid
loss rate of ARS120 in the mcm1-1 mutant. To identify the
exact locations of these putative Mcm1 binding sites, we car-
ried out DNase I footprinting analysis of Mcm1-bound com-
plexes on all three fragments of ARS120 and ARS131a. DNase
I protection by Mcm1 was observed at four sites in both strands
of fragment I of ARS120 (Fig. 4C, parts i and ii [only site Id is
shown]). Sites Ia, Ib, Ic, and Id each cover about 20 to 40 bp,
spanning a region of about 230 bp from �644 to �416 (Fig.
4D). The spacing of sites Ia, Ib, Ic, and Id is such that they each
contain an MCE. Protection is observed at sites Ib, Ic, and Id,
which are nonconserved sequences that include matches to the
MCE. Protection is also observed at site Ia, which is conserved
in both ARSs (Fig. 4D). However, Mcm1 does not show any
protection in fragment I of ARS131a, not even in the con-
served Ia site (Fig. 4C, part i). These results suggest that site Ia
alone will not bind Mcm1 and that protection of site Ia in
ARS120 requires the cooperation of sites Ib, Ic, and Id.

Mcm1 also binds to the C and B domains immediately
flanking the ARS consensus sequence. The immediate flanking
sequences of the ACS in ARS120 and ARS131a are conserved.
We observed DNase I protection by Mcm1 in fragments II and
III of both ARS120 and ARS131a. Fragment II, which corre-
sponds to the C domain proximal to the A element, is pro-
tected at multiple sites, but of particular interest is a site that
contains a conserved MCE at positions �121 to �112 (Fig.
5A). Also protected in fragment II is the region between �239
and �230 that contains a match to the MCE (Fig. 5A). Frag-
ment III, which corresponds to the B domain, is also protected
at multiple sites, including the conserved MCE at positions
�120 to �129 and half MCEs at positions �166 to �189 (Fig.
5B) about 20 bp from the Abf1 binding site (Fig. 3A). The
locations of these Mcm1 binding sites correspond to the im-
portant elements identified in the deletion analysis (Fig. 3B,
part ii). Although these DNase I protection and hypersensitive
sites are subtle, they are reproducible.

Binding of Mcm1 to the C domain immediately flanking the
ACS facilitates replication initiation. To evaluate whether the
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FIG. 3. Dissection of ARS120. (A) Alignment of ARS120 and ARS131a DNA sequences. Domains C, A, and B are indicated. Nonconserved
sequences clustered in the C domain are highlighted. ACS is boxed in solid lines. The Abf1 binding site is boxed in dashed lines. MCEs determined by
the weighted matrix score (30, 47) are in bold type. Arrows represent primers used for sequence analysis in Fig. 4 and to generate DNA fragments by
PCR for EMSA. Primers 7 and 8 were used to amplify fragment I by PCR. Primers 9 and 10 were used to amplify fragment II. Primers 11 and 12 were
used to amplify fragment III. (B) Identification of the essential and important elements of ARS120. (i) Summary of HFT results of 5�- or 3�-end deletions
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FIG. 4. Binding of Mcm1 to ARS120 and ARS131a. (A) Binding of
Mcm1 to fragments I, II (domain C), and III (domains A and B) of
ARS120 and ARS131a by EMSA. Endpoints of fragments are indi-
cated on the bar diagram. Fifty femtomoles of DNA was added in each
lane. Amounts of Mcm1 added: lanes 1, 5, and 9, 0 pmol; lanes 2, 6,
and 10, 2.2 pmol; lanes 3, 7, and 11, 6.7 pmol; lanes 4, 8, and 12, 20
pmol. (B) Competition for binding of Mcm1 by fragment I of ARS120
and ARS131a. Labeled fragment I of ARS120 bound to Mcm1 (4
pmol) was competed with increasing concentrations of unlabeled com-
petitor DNA. (C) DNase protection in the nonconserved region of
fragment I by Mcm1. (i) Top strand of ARS131a and ARS120. (ii)
Bottom strand of ARS120. Amounts of Mcm1 added: lanes 5, 6, and
11, 0 pmol; lanes 2, 7, and 12, 5 pmol; lanes 3, 8, and 13, 10 pmol; lanes
4, 9, and 14, 20 pmol; lanes 5 and 10, 40 pmol. A bar indicates
protection. An asterisk indicates hypersensitivity. Ia, Ib, Ic, and Id are
footprints of Mcm1. (D) Sequence of DNase footprints of Mcm1 on
fragment I. The protected sequence is underscored, and hypersensi-
tivity is indicated by an asterisk. Protection patterns are deduced from
at least two independent gels for both the top and bottom strands of
ARS120 and ARS131a.

generated by Bal31 digestion of the SacII/StuI fragment of ARS120. Endpoints of 5� and 3� deletions are represented by arrows pointing right and
left, respectively. A plus sign indicates HFT activity, and a minus sign indicates no HFT activity. The boxed sequence is the ACS. (ii) Stability of
minichromosomes containing the deletion fragments of ARS120 in the wild-type (WT) and mcm1-1 mutant strains. Endpoints of each deletion are
indicated. Arrowheads represent locations of MCEs identified by the weighted matrix program. The filled circle represents the Abf1 binding site.
The empty box represents the ACS. Domains C, B, and A are indicated. gen, generation; NTRF, no transformation.
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FIG. 5. Footprinting analysis of the conserved region of ARS120. (A) Footprints of Mcm1 on fragment II of domain C. Protection at the �121
MCE is indicated. Amounts of Mcm1 added: lanes 1 and 5, 0 pmol; lane 2, 5 pmol; lane 3, 10 pmol; lane 4, 20 pmol. (B) Footprints of Mcm1 on
fragment III of domain B. Protection at the �120 MCE is indicated. Amounts of Mcm1 added: lane 5, 0 pmol; lane 4, 5 pmol; lane 3, 10 pmol;
lane 2, 20 pmol; lane 1, 40 pmol. A bar indicates protection. An asterisk indicates hypersensitivity. (C) Mutagenesis of MCEs at �121 and �120
of ARS120 and their effects on plasmid stability. (i) Full-length ARS120. Arrows indicate Mcm1 binding sites, a bobbed arrow highlights the site
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subtle but reproducible footprinting patterns of Mcm1 at �121
and �120 are physiologically relevant, we mutagenized the
MCEs at position �121 in the C domain and at position �120
in the B domain by site-directed mutagenesis and verified these
mutations by DNA sequencing (16). Activity of ARS120 con-
taining the ACS together with either the C domain (Fig. 5C,
part ii) or the B domain (Fig. 5C, part iii) was assayed with the
minichromosome maintenance assay. Replacing the 10-bp
MCE (CAATATATGG) with a BglII restriction sequence (C
TCGAGATCT [restriction sequence underlined]) at �121 in
domain C of ARS120 reduced its activity from a plasmid loss
rate of 0.087 to 0.135 (ii). Replacing the BglII site with the
synthetic high-affinity Mcm1 binding site PAL (CCTAATT
AGG) (50) restored stability (loss rate of 0.086). Inserting 75
bp containing 3PAL into the BglII site further stabilized the
minichromosome (loss rate of 0.058). These results suggest
that the Mcm1 binding site located at �121 bp from the ACS
is important for the activity of ARS120 without a B domain
and that the number of Mcm1 binding sites seems to make a
difference. In contrast, replacement of the MCE with a BglII
site at �120 in domain B had no significant effect on the
activity of ARS120, which contains domain B but lacks domain
C (Fig. 5C, part iii). Since domain B also contains the Abf1
binding site, this result suggests that Mcm1 may perform a
redundant function in domain B or its function at a replication
origin cannot be measured out of context in an autonomous
plasmid replication assay.

In the absence of domain B, the number of Mcm1 binding
sites in domain C correlates with the activity of ARS120. To
verify whether the substitution mutations actually destroyed or
enhanced Mcm1 binding at position �121, we analyzed the
binding of Mcm1 to these sequences first by EMSA (Fig. 5D)
and then by DNase I footprinting assay (Fig. 5E). Fragment II
containing either the wild-type MCE at position �121 or the
mutant BglII, PAL, or 3PAL sequence was used in these ex-
periments. Mcm1 formed heterogeneous complexes with frag-
ment II containing either the MCE or BglII sequence at low
Mcm1 concentrations (Fig. 5D, lanes 3 and 7). However, at
higher concentrations, Mcm1 formed more discrete complexes
with both templates, consistent with the presence of multiple
Mcm1 binding sites in fragment II (Fig. 5A) and the fact that
a higher concentration leads to full occupancy. The PAL se-
quence, which has a high affinity for Mcm1, formed discrete
complexes with Mcm1, even at a lower concentration (6.7
pmol) (Fig. 5D, lane 11, asterisk). PAL also seemed to facili-
tate the binding of Mcm1 to other sites on fragment II to form
discrete high-molecular-mass complexes (lane 11, dot). At a
high concentration (20 pmol), all of the PAL templates were
engaged in slow-migrating complexes with Mcm1 (lane 12).
Cooperative binding of Mcm1 to the 3PAL template was evi-

dent (cf. lanes 11 and 15). At 2.2 pmol, Mcm1 bound poorly or
not at all (lane 14). At 6.7 pmol, all of the 3PAL templates
were engaged in discrete high-molecular-mass complexes (lane
15). This result further illustrates the propensity of Mcm1 to
bind cooperatively to clustered sites.

Results from the footprinting analysis are consistent with the
EMSA results and provide further insight into the importance
of the MCE at �121 (Fig. 5E). Mcm1 protects the MCE at
�121 (lanes 1 to 3, thick line) and an additional 3 to 4 bp on
either side (thin line) separated by hypersensitive sites (*) but
does not protect the BglII-substituted site (lanes 6 to 8). Al-
though this MCE has only a modest effect on the binding of
Mcm1 to fragment II (350 bp) (Fig. 5D), it has a significant
effect on the activity of the larger (719-bp) ARS120 fragment
(Fig. 5C, part ii) on a plasmid. Enhanced affinity of Mcm1 to
the PAL sequence is evident (Fig. 5E, lanes 9 to 11). Mcm1
protects the PAL site (thick line) and an additional 4 or 5 bp
on either side (thin line), as well as induces hypersensitive sites
flanking the PAL sequence (*). Protection of the three PAL
sites by Mcm1 is strong (lanes 14 to 16) and more extensive,
covering the entire 75 bp including the 15-bp intervening se-
quences between the PAL sites. This protection pattern is
consistent with the enhanced cooperativity of Mcm1 in binding
clustered sites (Fig. 5D, lanes 14 to 15) to form a complex that
excludes DNase I access, and it correlates with the improved
ARS activity observed in the 3PAL insertion mutant. To-
gether, these results indicate that the MCE at �121 is impor-
tant for ARS120 activity and that increasing the number of
MCEs in that region promotes ARS activity.

DISCUSSION

In the past, analyses of replication origins in S. cerevisiae
have focused mainly on the MFD that includes only the A and
B domains. Minichromosomes containing only the MFD of
ARSs are unstable in the mcm1-1 mutant (17). In this study, we
focused our attention on the C domain of two telomeric ARSs.
The C domain contains extended DNA sequences that are
required for autonomous replication of minichromosomes in
the absence of the B domain in wild-type cells. In the mcm1-1
mutant, when Mcm1 DNA binding activity is limiting, the C
domain is required even in the presence of the B domain.
These observations led us to investigate the relationship be-
tween Mcm1 and the C domain.

Conserved telomeric replication origins that respond differ-
ently to limiting Mcm1 activity provide a source of natural
mutations for dissecting domain C. The telomeric X ARSs
ARS120 and ARS131a are conserved throughout the length of
more than 1 kb, except for stretches of nonconserved se-
quences clustering within a 300-bp region at the 5� end of the

to be mutagenized, and a filled circle represents the Abf1 binding site. A black box represents nonconserved sequences. (ii) ARS120 without B
domain. The MCE at �121 was replaced with BglII, PAL, or 3PAL as indicated. (iii) ARS120 without the C domain. The MCE at �120 was
replaced with BglII as indicated. (D) Binding of Mcm1 to fragment II containing the native MCE or replacement of BglII, PAL, or 3PAL by
EMSA. Fifty femtomoles of fragment II containing the native MCE at �121 (lanes 1 to 4), BglII (lanes 5 to 8), PAL (lanes 9 to 12), or 3PAL (lanes
13 to 16) was added to each lane. Amounts of Mcm1 added: lanes 1, 5, 9, and 13, 0 pmol; lanes 2, 6, 10, and 14, 2.2 pmol; lanes 3, 7, 11, and 15,
6.7 pmol; lanes 4, 8, 12, and 16, 20 pmol. WT, wild type. (E) DNase I protection of fragment II by Mcm1. Lanes: 1 to 4, MCE; 5 to 8, BglII; 9
to 12, PAL; 13 to 16, 3PAL. Amounts of Mcm1 added: lanes 4, 5, 12, and 13, 0 pmol; lanes 3, 6, 11, and 14, 5 pmol; lanes 2, 7, 10, and 15, 10 pmol;
lanes 1, 8, 9, and 16, 20 pmol. The substituted sequence is boxed in lanes 1 to 8. Thick lines indicate protection of MCE or PAL. Thin lines indicate
protection flanking MCE or PAL. An asterisk indicates hypersensitivity.
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C domain. Deletion analyses coupled with DNA binding stud-
ies and Mcm1 footprinting analyses indicate that the binding of
Mcm1 to this nonconserved region is responsible for overcom-
ing limiting Mcm1 activity to allow for efficient replication of
ARS120. Conversely, the lack of these Mcm1 binding sites is
responsible for the crippled activity of ARS131a in limiting
Mcm1 activity. We have also mutated conserved Mcm1 binding
sites in the immediate vicinity of element A. We found that the
MCE at �121 in domain C contributed significantly to the
activity of ARS120 without domain B. In contrast, the MCE at
�120 in domain B did not contribute significantly to the ac-
tivity of ARS120 without domain C. These results together
suggest that the activity of telomeric X ARSs is modulated by
the occupancy of Mcm1 in domain C. The analyses of ARS120
(Fig. 3B) and ARS121 (Fig. 1) suggest that yeast replication

origins may include regulatory elements located in the C do-
main hundreds of base pairs away from the ORC binding
site—a novel concept for budding yeast but a common phe-
nomenon for other eukaryotes. Although the B domains of
replication origins are believed to be critical for assembling the
pre-RC at the ACS, elements of the B domain are dispensable
in the presence of C domains on plasmids. It is unclear what
contributions each of these domains makes toward initiating
DNA synthesis in native chromosomal replication origins. We
have not explored the role of Mcm1 binding in the extended
sequence 3� of domain B in this study. Deletion analysis of
ARS120 detects Mcm1-dependent elements located more than
400 bp 3� of the ACS (Fig. 3B, part ii, l). Such Mcm1-depen-
dent elements may result from Mcm1 binding, binding of
Mcm1-interacting factors, or the indirect effect of Mcm1 on
the regulation of these factors.

A cartoon that interprets the results presented in this study
is shown in Fig. 6A. Mcm1 binds as a dimer to its cognate
sequence to produce a 66° bend in the DNA at multiple sites
in ARS120 (1, 66). We have shown that Mcm1 binds cooper-
atively to four MCEs in the C domain of ARS120 to protect
four clustered sequences spanning a 250-bp region. The DNase
I-hypersensitive sites interspersed between protected se-
quences are consistent with the distortion of DNA as a result
of DNA bending. Our results showed that the MCEs are the
actual binding sites of Mcm1. The larger protected areas pre-
sumably result from the inaccessibility of these sequences to
DNase I owing to structural hindrance of the tertiary complex.
This interpretation is also consistent with the protection pat-
tern of Mcm1 in domain C of ARS121 reported in another
study (17). Although one of the four MCEs is conserved in
fragment I of ARS131a (Fig. 3A), Mcm1 binds nonspecifically
to fragment I (Fig. 4A) without a discrete protection pattern
(Fig. 4C, part i), underscoring the importance of a multiplicity
of weak binding sites in promoting specific interactions. Foot-
printing analysis (Fig. 5A), supported by deletion analysis (Fig.
3B), indicates that two MCEs at �239 and �121 are bona fide
Mcm1 binding sites. Mutating the MCE at �121 abolished
Mcm1 binding at that site and diminished the activity of
ARS120 (Fig. 5C, part ii). Reintroducing a synthetic high-
affinity (PAL) sequence restored binding and ARS activity
(Fig. 5C, part ii). We did not see a direct correlation between
an increased affinity of Mcm1 for PAL and an increase in ARS
activity (Fig. 5C, part ii, and E). It is important to bear in mind
that Mcm1 is a combinatorial DNA binding factor and that in
vitro binding studies of Mcm1 may not fully reflect the binding
activity of Mcm1 in the presence of cofactors in vivo. Mutating
the MCE at �120 had no significant effect on ARS120 activity,
possibly because it has a redundant function in domain B.
Alternatively, this site only functions in cooperation with bind-
ing sites in domain C and such long-range interactions only
occur in intact replication origins or large ARS DNA frag-
ments that include both the B and C domains.

What might be the function of an array of bound Mcm1 that
forms a tertiary complex spanning a region of about 250 bp?
One possible function for this large complex is to exclude
nucleosomes from occupying domain C to provide an environ-
ment for pre-RC assembly. Mcm1 has been shown previously
to regulate donor preference in mating type switching by bind-
ing to the recombination enhancer and by altering the nucleo-

FIG. 6. Models that incorporate the DNA binding and footprinting
studies of ARS120. (A) The Mcm1 dimers bind cooperatively to the
four MCEs (a, b, c, and d) in fragment I to form a large complex that
protects an extensive region including the MCEs. Bending of DNA by
Mcm1 results in a tertiary structure that occludes DNase I from ac-
cessing DNA. This structure is required for promoting ARS activity in
the mcm1-1 mutant. Mcm1 also binds fragment II and protects the
MCEs at �239 and �121 in domain C, as well as the MCE at �120 in
domain B, but only the MCEs in domain C are shown to be important
for ARS activity on the basis of plasmid stability assays. Long-range
interactions depicted as arrows between MCEs in fragments I, II, and
III cannot be assessed from DNA binding studies but may be impor-
tant for creating a nucleosome-free zone for pre-RC assembly at the
ACS. (B) Model for origin usage on the basis of occupancy of Mcm1.
Origins are classified into two types. Type a origins contain many
Mcm1 binding sites, whereas type b origins contain few Mcm1 binding
sites. In wild-type cells, Mcm1 binds to most replication origins effi-
ciently to promote replication initiation. In the mcm1-1 mutant or
under conditions in which Mcm1 activity is low, Mcm1 only binds type
a origins to promote their usage.
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some display in a mating type-specific manner (67). Another
possible function for this tertiary complex of Mcm1 in domain
C is to limit the region where ORC can bind to enhance its
specificity for the ACS because ORC has a propensity to bind
AT-rich sequences (4, 19, 39). A third possible function for a
tertiary complex is to bring Mcm1 closer to the pre-RC for
direct physical interaction. These models are not mutually ex-
clusive and testable. The binding of Mcm1 to the vicinity of a
replication origin to promote replication initiation by altering
local structure may be analogous to the binding of EBNA1 to
adjacent regions of OriP in Epstein-Barr virus (27, 56) or dnaA
at OriC in prokaryotes (32).

The number of Mcm1 binding sites appears to be important
in altering the local structures of replication origins. DNA
competition experiments suggest that the number can make up
for the weak affinity of individual sites. Fragment II of
ARS121, which contains eight or nine weak Mcm1 binding
sites, competes well with the promoter sequence of MCM7,
which contains two strong Mcm1 binding sites (17). Differen-
tial affinities of binding substrates specifying different roles
have been described for other multifunctional regulators, such
as ORC (20). This mode of action is also consistent with the
known properties of Mcm1. Mcm1 is a degenerate DNA bind-
ing chromatin protein (25, 50), a property shared by other cell
proliferation factors, such as E2F-RB (7, 49). It exerts its
specific regulation of diverse genes through interactions with
different complexes. The relatively weak and degenerate bind-
ing of Mcm1 reported in this study is the property of Mcm1
binding alone without a cofactor. We cannot rule out the
possibility that these weak interactions are enhanced during
replication initiation by as yet unknown cell cycle-specific co-
factors. Candidates for such a cofactor include proteins Mcm2
to Mcm7, which are known to stimulate Mcm1 binding at early
cell cycle gene promoters (25).

Our current model suggests that origin usage is dependent
on the occupancy of Mcm1 (Fig. 6B). For simplicity, one can
classify all replication origins in the yeast genome into two
types, a and b. Type a origins, such as ARS121 and ARS120,
contain many Mcm1 binding sites, while type b origins, such as
ARS1 and ARS131a, contain few Mcm1 binding sites. Under
conditions in which the cellular concentration of Mcm1 is high,
most replication origins are occupied by Mcm1 and are com-
petent to initiate DNA synthesis. When Mcm1 activity is lim-
iting, as in the case of the mcm1-1 mutant, Mcm1 occupies few
origins and few origins are competent to initiate DNA synthe-
sis. The prediction is that activity of Mcm1 determines origin
usage. Previous studies suggest that the activity of Mcm1 is
regulated by the flux of glycolysis (18), carbon source (21), and
osmotic shock (24, 69), as well as a variety of environmental
stresses and growth phases (28). It would be interesting to
investigate if under these different conditions, a set of replica-
tion origins different from that in cells growing under optimal
conditions may be used. Although many MADS domain tran-
scription factors play an important role in coordinating gene
expression and cell proliferation in differentiating tissues, a
direct role for these regulators in DNA replication has not
been explored. Generalization of this model for Mcm1 may
apply to other MADS domain transcription factors such as
Agamous (8, 42), SRF (2), and MEF2 (40), as well as cell
proliferation factors such as E2F-RB (7) and Myb (3), in plants

and animals. Future studies to test this model may provide
insight into the role of multifunctional regulators in coordinat-
ing cell division and gene expression during morphogenesis
and development in metazoans.
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