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potential of mean force) have been obtained from
the residence frequency n(z) along the pore axis z.
Rotational water entropies [plotted as entropic
contribution TS, where T = 300 K, to the free-
energy profile (kJ/mol)] were calculated from the
Eulerian angle distribution with respect to the
pore, p(8) = p(6,, 6, 6,), obtained from the
trajectories of all water molecules passing through
the pore region, S = k,fd*> 6p(60) lnp(0) ~
kg(2;nInn))/Z.n,, using suitable equally sized Eule-
rian angle volume elements, i, and the number, n,
of configurations within these volume elements.
Correlated motions of adjacent hydrogen-bonded
water molecules along the pore axis were quanti-
fied with a correlation coefficient ¢ = <Az,Az,>/
(<Az,Az,> <Az,Az,>)"2, where Az, = z;(t +
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DNA replication origins are fundamental to chromosome organization and
duplication, but understanding of these elements is limited because only a small
fraction of these sites have been identified in eukaryotic genomes. Origin
Recognition Complex (ORC) and minichromosome maintenance (MCM) pro-
teins form prereplicative complexes at origins of replication. Using these pro-
teins as molecular landmarks for origins, we identified ORC- and MCM-bound
sites throughout the yeast genome. Four hundred twenty-nine sites in the yeast
genome were predicted to contain replication origins, and ~80% of the loci
identified on chromosome X demonstrated origin function. A substantial frac-
tion of the predicted origins are associated with repetitive DNA sequences,
including subtelomeric elements (X and Y’) and transposable element—asso-
ciated sequences (long terminal repeats). These findings identify the global set
of yeast replication origins and open avenues of investigation into the role(s)
ORC and MCM proteins play in chromosomal architecture and dynamics.

In eukaryotic cells, chromosome replication ini-
tiates from DNA loci called origins of replica-
tion that are distributed along chromosomes. In
Saccharomyces cerevisiae, a DNA sequence
that functions as an origin is termed an autono-
mously replicating sequence (ARS) (/-3). An
11-base pair (bp) ARS consensus sequence
(ACS) is essential for replication initiation and
is recognized by the eukaryotic replication ini-
tiator, the Origin Recognition Complex (ORC)
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(4-7). Additional sequences, including an A/T-
rich region, are required for origin function (7,
8). Although the presence of a match to the ACS
is required for ARS activity, it is not sufficient,
and the majority of matches to the ACS in the
genome do not have ARS activity (9). Further-
more, ARS activity varies depending on chro-
mosomal position, suggesting that local chroma-
tin structure influences ARS function (7). As a
result of these properties, the chromosome-wide
identification of origins of replication has been a
labor-intensive task (/0). To date, the ARSs on
only 2 of the 16 chromosomes (III and VI),
representing about 5% of the genome, have
been mapped at high resolution and their chro-
mosomal activities characterized (//-15).
Initiation of DNA replication is regulated
through the ORC-dependent recruitment of
minichromosome maintenance (MCM) proteins
to the ORC-origin complexes during G, phase
of the cell cycle (16). As the binding of ORC

At) — z(t) is the displacement of the two water
molecules i = 1, 2 in the pore axis direction during
a At = 10 ps interval. Pore dimensions were
evaluated with the HOLE program (37). All profiles
were averaged over multiple MD snapshots.
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and MCM proteins occurs at or very near the
origin, we determined the genome-wide loca-
tions of ORC- and MCM-binding sites to iden-
tify the positions of potential DNA replication
origins across the S. cerevisiae genome. Chro-
matin immunoprecipitation (ChIP) was used to
enrich for protein-bound DNA that was labeled
and hybridized to DNA microarrays in triplicate
(17). In this study, we used DNA microarrays
that included probes to most yeast intergenic
sequences and open reading frames (ORFs) for
a total of 12,158 loci (/8). Analysis of the
hybridization data generated an average binding
ratio (fluorescent intensity of enriched versus
unenriched DNA) along with a confidence
interval for binding (P value) of the protein of
interest with each DNA sequence present on
the arrays (/7). We reasoned that loci exhib-
iting association with both ORC and MCM
proteins would represent sites of bona fide
origins of replication. We performed five in-
dependent experiments to identify the binding
sites of Orclp, Mcm3p, Mcmdp, and Mcm7p
and the entire ORC complex (using a poly-
clonal antibody recognizing all six ORC sub-
units, a-Orc1-6p) (18).

We identified 707 binding sites for Mcm3p,
719 for Mcm4p, 671 for Mecm7p, 568 for Orclp,
and 531 for Orcl-6p (each at P = 0.025) (18).
Extensive overlap occurred among these bind-
ing sites, particularly among those associated
with the MCM proteins. For example, 443 sites
bound all three of the MCM proteins, and 206
additional sites bound two of the three MCM
proteins (these 649 MCM-binding sites repre-
sent 477 nonadjacent sites). Only a few binding
sites for each MCM protein (42, 73, and 46 for
Mcm3p, Mem4p, and Mcm7p, respectively) re-
sided at isolated loci (defined as loci where
neither the identified locus nor immediately ad-
jacent loci exhibited binding to any of the other
proteins tested). Seventy-five sites that bound all
three MCM proteins (P < 0.025) failed to show
ORC binding in either experiment (P < 0.10),
and 12 sites that bound ORC in both experi-
ments (P < 0.025) failed to bind any MCM
proteins (P < 0.10). The majority of genomic
sites tested (90%) did not show ORC or MCM
association in any of the experiments.

To determine whether the identified loci
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were associated with origins of replication, we
compared the locations of ORC- and MCM-
binding sites with the positions of previously
identified ARSs (Fig. 1). We used these com-
parisons to develop a stringent set of criteria to
maximize the number of accurately predicted
sites while minimizing false positives. We dis-
covered a high degree of correlation between the
number of MCM and ORC proteins identified at
particular sites (low P values) and the positions
of known ARSs (Fig. 1). We established P value
thresholds to identify potential origins in the
genome based primarily on the colocalization of
ORC and/or MCM protein binding sites and
augmented by giving additional value to a locus
if an immediately adjacent locus showed bind-
ing to an MCM or ORC protein (/8). Detection
of binding to loci adjacent to the actual site of an
origin was anticipated and frequently observed
because of the size distribution of DNA en-
riched by ChIP (19). Application of these crite-
ria to our data resulted in the identification of 22
of 25 (88%) known ARSs on chromosomes III
and VI (Fig. 1). Sixteen of the 22 ARSs were
identified within the probe corresponding to the
ARS, and six were identified by an adjacent
probe (in four of these six cases, the exact probe
corresponding to the ARS was not present on
the arrays). Five additional loci on chromo-
somes III and VI were identified that do not
contain an ARS. Because the average length of
the probe DNA on the microarrays was ~600
bp, these results illustrate that our method can
accurately identify the position of ARSs to a
resolution of 1 kb or less (18).

Application of the above criteria for the
identification of potential origins to the entire
genome located 644 sites representing 429 non-
adjacent loci termed proposed ARS (pro-ARS)
(Fig. 2 and Web table 2) (/8). We tested for
ARS function of the 29 pro-ARSs on chromo-
some X and identified 23 previously unknown
ARSs (Fig. 3) (18). Two of these ARSs were at
sites that bound MCM but not ORC proteins.
Six of the pro-ARS loci showed no ARS activ-
ity. Thus, 79% of the loci on chromosome X
that we identified contained an ARS and false
positives were easily eliminated (Fig. 3). That
only three known origins on chromosomes III
and VI were not identified suggests that we have
identified the great majority of origins through-
out the genome.

The pro-ARSs (and ARSs) typically lie in
intergenic regions, suggesting that transcription
and origin function are disfavored. All the new-
ly identified ARSs on chromosome X lie in
intergenic regions (Fig. 3). There is a size bias
to intergenic regions harboring potential ori-
gins. Whereas 18, 27, and 38% of all the total
intergenic regions were shorter than 200, 250,
and 300 bp, respectively, only 8, 14, and 20%
of the pro-ARS intergenic loci were of these
respective sizes. In accord, the average length
of all intergenic probes was 477 bp, whereas the
average length of pro-ARS and known ARS-
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containing intergenics was 649 and 715 bp,
respectively. This characteristic suggests an ad-
ditional space requirement for binding of ORC
and MCM proteins and associated chromatin
structure in these intergenic regions that also
must accommodate the binding of proteins reg-
ulating expression of the adjacent genes (20).
We discovered that the potential origins are
not randomly distributed, with clustering of up
to five pro-ARSs occurring in telomere-adjacent
regions (within 20 kbp of either end) (Fig. 2).
Some of these pro-ARSs are likely to be asso-
ciated with the subtelomeric X and Y’ DNA
elements (27). However, the large number of
pro-ARSs identified in these regions was unex-
pected as most telomeres contain only one X
and/or one Y’ element. We confirmed the ARS

Known ARS

MCM3
MCM4
MCM7
ORC1
ORC1-6

ARS300 (TEL-III-L)
ARS301 (HMLE

Randomly
selected loci

function of all 11 pro-ARS sequences near the
telomeres of chromosomes VI and X, indicating
that the observed distribution of pro-ARS se-
quences near telomeres was not due to cross
hybridization with probes representing repeated
elements in telomeric regions (/8). Three of the
four ARSs near the left telomere of chromo-
some VI were weak, and all three weak ARSs
identified on chromosome X were near other
ARSs (Web table 4) (18). The dominance of
one origin’s activity over a proximal adjacent
origin may allow accumulation of mutations
that reduce the potential activity of the in-
active origin (22, 23). Moreover, some of
these weak ARSs may represent ORC-bind-
ing sites that participate in the establish-
ment of chromatin domains, perhaps re-

Fig. 1. ORC and MCM binding to
previously identified replication
origins. Average binding ratios
(blue/white) of ORC and MCM
proteins to the known ARS-con-
taining loci on chromosomes I

iYGR239C and VI (ARS308 and ARS604
iYHRO30G were not present on the arrays)
YMR258C P YS)
iYJL157C and some randomly selected loci
iYLR408C are shown. Random selection
iYHLOO7C was accomplished with the
YPLO53C “randbetween” function in Excel.

iYIRO30C* The “i” preceding the locus name
iYOR098C indicates the intergenic region to

(it Heas o the right of the gene. Asterisks
iYDR085C e !
YJLOBSC indicate randomly selected loci

ARS315 iYKLO96W adjacent to or within 1 kb of a

ARS316 YELO32W predicted origin. Data for other
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Table 1. Potential replication origins frequently colocalize with sequences associated with transposable

elements. Analysis is described in (78).

Total Intergenic Expected Actual
Feature set . . P values
intergenics blocks overlaps overlaps
Intergenic probes 6286 6137
Pro-ARS (intergenics) 324 324
tRNA 277 254 14.7 49 1.7E-13
Ty1-5 50 47 2.7 11 8.9E-05
Ty1 (delta) 31 30 1.7 6 6.5E-03
Ty2 (delta) 13 13 0.75 3 3.3E-02
Ty3 (sigma) 2 2 0.12 0 8.9E-01
Ty4 (tau) 3 3 0.17 1 1.5E-01
Ty5 (omega) 1 1 0.058 1 5.4E-02
LTR (all) 333 210 12.1 47 3.0E-15
LTR-delta 254 180 10.4 35 4.8E-10
LTR-sigma 43 40 2.3 8 1.9E-03
LTR-tau 29 28 16 1 8.7E-07
LTR-omega 8 7 0.40 3 7.3E-03
Independent tRNA 96 93 5.4 12 5.3E-03
Independent LTR 40 34 2.0 7 3.0E-03
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nucleating a structure at repeating intervals.
ORC binds only a subset of the many dis-
persed ACSs throughout the genome,
whereas it appears to bind with high fre-
quency to repetitive DNA elements in tran-
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scriptionally silent heterochromatin in yeast
and Drosophila (24, 25).

The genomic scale and high resolution of
our analysis allowed determination of the rela-
tionship between the locations of potential rep-

lication origins and specific chromosomal fea-
tures. Only 28 pro-ARSs localized to intergenic
regions upstream of ~800 cell cycle-regulated
genes, arguing against a role for replication

origins in the regulation of most of these genes
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Fig. 2. Genome-wide location of potential replication origins. The
genomic position of each probe present on the arrays is plotted to
scale as a green bar (Web table 3) (78). The predicted origin-
containing loci (pro-ARS) are plotted to scale as a red bar and named
systematically (Web table 2) (78). Variations in width and
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on the center rows. Asterisks indicate known ARSs that were not
identified.
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Fig. 3. ORC and MCM
binding to chromo-
some X identify poten-
tial replication origins.
The average binding
ratios (blue/white) of
ORC and MCM pro-
teins to predicted ori-
gin-containing loci on
chromosome X are
shown. ARS activity is
indicated in red. The
positions of the tested
loci are graphically
represented as in Fig.
2. Locus names with
no ARS function are in
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(Web table 5) (/8, 26). We also compared
colocalizations of pro-ARSs with transposable
elements (Ty), long-terminal repeats (LTR)
(both solo and Ty-associated), and tRNAs (Ta-
ble 1). Pro-ARSs and each of these elements
colocalized within the same intergenic region
four times more frequently than expected on a
random basis. Because Ty, LTR, and tRNA
sequences frequently colocalize with each oth-
er, the correlation with potential origins may
derive from only one of these chromosomal
elements or a combination (27). The highest
level of correlation occurred with LTRs, includ-
ing LTRs not associated with a tRNA or Ty
element (Table 1, independent LTR). LTRs
contain transcription initiation and termination
signals that may establish chromatin domains
that influence the function of replication ori-
gins. Future analyses of the functional interac-
tions between replication origins and transpos-
able elements should provide important insights
into the regulation of origin function, genetic
rearrangements, and the molecular evolution of
eukaryotic genomes.

An important question is how replication
origins are regulated such that distinct and char-
acteristic initiation frequencies of origins occur
along chromosomes. We investigated whether
any relationship exists between the association
of ORC and MCM proteins with potential ori-
gins and their function as replication origins at
their chromosomal loci and observed that inef-
ficient origins (except for silencer-associated or-
igins) appeared to elude identification (Fig. 1,
ARS304 and ARS608). Reanalysis by ChIP
(with specific primers instead of DNA microar-
rays) of ORC and MCM binding to representa-
tive efficient and inefficient origins revealed a
strong correlation between ORC binding and
efficient origin activation (Web fig. 1) (18). We
cannot exclude the possibility that chromatin
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structures at these weak origins may sterically
inhibit ChIP analysis; nevertheless, the use of a
polyclonal antibody as well as different, tagged
proteins moderates this concern. The low level
of ORC and MCM binding at these weak ori-
gins suggests that we predominantly have iden-
tified active origins throughout the genome.
However, we observed higher levels of ORC
and MCM binding at the inefficient, telomere-
associated and HM silencer-associated origins
(Fig. 1).

Analysis of genome-wide replication timing
in yeast has been reported recently, allowing
approximation of the positions of efficient rep-
lication origins (28). The ChIP-based method
used here identified the majority of origins
found in the previous report and complements
and extends that study by providing direct, high-
resolution mapping of potential origins, includ-
ing an additional subset of inefficient origins.
The distinct characteristics and distributions of
these ORC- and MCM-binding sites have re-
vealed extensive associations with repetitive
DNA elements with implications for other im-
portant chromosomal functions such as chroma-
tin organization and genome stability. The suc-
cess of this approach in S. cerevisiae suggests
that similar approaches can be used to identify
potential origins in other organisms. The roles of
ORC and the MCM proteins are conserved in
multicellular eukaryotes, where origin structure
and location has been much more difficult to
characterize by conventional methods (16, 29).
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