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ABSTRACT

Genome-scale mapping of pre-replication complex
proteins has not been reported in mammalian cells.
Poor enrichment of these proteins at specific sites
may be due to dispersed binding, poor epitope avail-
ability or cell cycle stage-specific binding. Here, we
have mapped sites of biotin-tagged ORC and MCM
protein binding in G1-synchronized populations of
Chinese hamster cells harboring amplified copies
of the dihydrofolate reductase (DHFR) locus, using
avidin-affinity purification of biotinylated chromatin
followed by high-density microarray analysis across
the DHFR locus. We have identified several sites
of significant enrichment for both complexes
distributed throughout the previously identified ini-
tiation zone. Analysis of the frequency of initiations
across stretched DNA fibers from the DHFR locus
confirmed a broad zone of de-localized initiation
activity surrounding the sites of ORC and MCM en-
richment. Mapping positions of mononucleosomal
DNA empirically and computing nucleosome-
positioning information in silico revealed that ORC
and MCM map to regions of low measured and
predicted nucleosome occupancy. Our results
demonstrate that specific sites of ORC and MCM
enrichment can be detected within a mammalian

intitiation zone, and suggest that initiation zones
may be regions of generally low nucleosome
occupancy where flexible nucleosome positioning
permits flexible pre-RC assembly sites.

INTRODUCTION

The replication of DNA once, and only once, per cell cycle
is essential for the maintenance of genome stability and
cell survival and is ensured by tight regulation over the
assembly of pre-replication complexes (pre-RCs) at
replication origins. Although budding yeast replication
origins have been well defined and contain a consensus
sequence (ACS) that is necessary but not sufficient for
origin activity (1,2), origin consensus sequences have not
been identified in any other eukaryotic organisms
including fission yeast, which can initiate within any suf-
ficiently extensive stretch of AT-rich DNA (3,4).
Metazoan origins are determined by a complex and
poorly understood set of structural and topological
features of DNA and chromatin in which DNA
sequence motifs do not have a major role (5–7). In some
contexts, any DNA sequence can function as an origin
(8,9). This complexity may allow for a greater flexibility
of origin selection to coordinate DNA replication with
other cellular processes such as transcription (10), metab-
olism (11,12) and differentiation (13–15). Nonetheless,
replication does initiate at specific chromatin sites in
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most eukaryotes and some origin sequences can direct ini-
tiation of replication when inserted into certain ectopic
locations (8,16–20). In mammals, these sites can be
either highly localized (21,22) or part of a broad
de-localized ‘initiation zone’ (23–26).
Clearly, our understanding of replication origins,

particularly in mammalian cells, would be greatly
improved if genome-scale methods could be applied to
identify large numbers of origins (27). Recently, several
studies have isolated small nascent DNA strands and
mapped their positions across segments of the human
(28–30) and mouse (31) genomes. However, due to their
extremely low abundance, small nascent strands must be
carefully prepared to avoid contamination from random
breaks in DNA generated during sample preparation
(27,32) which may explain the poor overlap between
published data sets (28). A complementary method is to
map the sites of pre-RC protein binding using chromatin
immunoprecipitation (ChIP) followed by microarray
analysis. Pre-RC assembly begins with the binding of the
hetero-hexameric origin recognition complex (ORC) to
origin DNA followed by the Cdc6 and Cdt1 dependent
recruitment of the hetero-hexameric MCM2-7 helicase
complex. ORC is highly conserved but its origin recogni-
tion mechanisms are highly divergent. Budding yeast ORC
preferentially binds to the ACS, while fission yeast ORC
binds AT stretches through a specialized AT-hook in the
ORC4 subunit (4,33,34) and Drosophila ORC may recog-
nize DNA partly through its ORC6 subunit (35). In
general, metazoan ORC does not show measurable
sequence specificity in vitro although it has an increased
affinity for negatively supercoiled DNA (6,36) suggesting
that processes that generate superhelical tension such as
nucleosome removal may contribute to origin specifica-
tion. In fact, ORC binds to Nucleosome free regions
(NFRs) in both budding yeast and Drosophila (1,37,38),
suggesting that nucleosome organization may be a
defining feature of origins in all eukaryotes. In the case
of the Saccharomyces cerevisiae ARS1 sequence, the
presence of a well-positioned nucleosome adjacent to the
origin NFR was shown to be essential for ORC to
nucleate pre-RC assembly and for origin activity (39,40).
To date, there have been no reports in the literature of

genome-scale ChIP for mammalian pre-RC proteins (27).
The reasons for these difficulties are not clear, but could
include the lack of high quality antibodies or availability
of epitopes within chromatin, a large number of pre-RC
binding sites making enrichment in the complex mamma-
lian genome difficult, transient non-specific chromatin
interactions, or a small cell cycle window for site-specific
pre-RC binding (27,41,42). Here, we have taken novel
combination of approaches to identify sites of mammalian
ORC and MCM binding that address several of these
possible explanations. First, to address the problem of
genome complexity, we have examined sites within the
well-characterized Chinese hamster ovary (CHO)
dihydrofolate reductase (DHFR) locus using cells contain-
ing 1000 copies of this locus (43). Replication within the
CHO DHFR locus initiates throughout a broad �50Kb
initiation zone located in the intergenic region between
the DHFR and 2BE2121 genes (25,44,45) with several

preferential initiation sites (orib, orib0 and orig) (46–48).
We employed the high-affinity biotin tag to avoid
concerns about antibody quality and took advantage of
the high degree of cell synchronization we can achieve in
CHO cells in order to map pre-RC proteins during late
G1 phase when they are most likely to be stably bound at
their functional positions. Co-precipitated DNA was
hybridized to a high-density oligonucleotide microarray
such that each 500 bp chromatin fragment is recognized
by approximately 100 unique probes (50 per strand). We
also evaluated the efficiency of initiation at various sites
across the DHFR locus in these same cells using DNA
fiber methods. Finally, we compared the distribution of
pre-RC proteins to nucleosome occupancy. Together,
our results demonstrate significant enrichment of pre-RC
proteins at regions of generally low nucleosome
occupancy that are found within a de-localized region of
initiation (‘initiation zone’).

MATERIALS AND METHODS

Cell culture and synchronization

All cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum, Penicillin Streptomycin (Cellgro) and non-
essential amino acids (Cellgro). For synchronization, cells
were plated at 80–90% confluence and incubated for 4 h in
the presence of 50 ng/ml Nocodazole. Mitotic cells were
collected by shake off. A minimum of 95% mitotic cells
were obtained, as determined by metaphase spread
analysis. To evaluate the release of mitotic cells, aliquots
were plated on glass coverslips and pulse labeled with
10 mM of BrdU for 30min. Cells were fixed in 70%
EtOH and stained for BrdU as previously described (49).

Cell lines

All cell lines described in this paper were based on our
previously generated CHOC400 cells expressing the tetra-
cycline transactivator (50). Cells were stably transfected
with a plasmid expressing the Escherichia coli Biotin
ligase (BirA) (51) gene linked to the Blasticidin resistance
gene (Bsr) by an IRES sequence, under the control of the
eEF1a promoter. The resulting cell line was transfected
with different plasmids carrying subunits of the pre-RC
tagged with the biotin ligase target sequence (BLT) (52) at
the N-terminus (for ORC and mCherry) or with a fluor-
escent protein at the C-terminus for MCM, followed by
the BLT at the C-terminus of the fluorescent protein.
All tagged pre-RC subunits were under the control of a
tetracycline-regulated promoter (tet-off) and were
cultured in the presence of 6 mg/ml Doxycycline,
500 mg/ml HygromycinB, 400 mg/ml Zeocin and 2.5 mg/ml
Blasticidin.

Immunoprecipitation and Avidin pulldown

MCM co-IP was done using a nuclear complex co-IP kit
(Active motif cat#54001) according to manufacturer
protocol. ORC avidin-pulldown was preformed as
described in Vashee et al. (53). Complexes were
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precipitated using Dynabeads M-280 streptavidin
magnetic beads (Invitrogen) and detected using the
following antibodies: HRP-Streptavidin (ZYMED,
417449), anti-ORC1 (54), anti-ORC2 (Santa Cruz,
sc-13238), anti-ORC4 (BD biosciences, 611170),
anti-MCM2 (BM28, BD Transduction Laboratories,
610700), anti-MCM3 (Cell Signaling, 4012), anti-MCM4
(Santa Cruz, sc-28317), anti-MCM5 (Santa Cruz,
sc-22780), anti-MCM7 (Santa Cruz, sc-9966) and
anti-b-tubulin (Sigma T4026).

Chromatin avidin pulldown and microarray hybridization

Chromatin was prepared from 2� 107 cells as previously
described (55). DNA–protein complexes were precipitated
using Streptavidin beads. The purified precipitated and
input chromatin were amplified using a whole genome
amplification kit (Sigma), labeled with Cy3 and Cy5,
respectively, using the NimbleGen hybridization and
sample tracking control kits according to the manufac-
turer recommended protocol, and hybridized to a
NimbleGen tiling array covering the 121Kb of the
Chinese hamster DHFR locus (Accession no. BR000241)
with a 45–60 nt Tm-matched oligo every 10 bp, (three
replicates per strand). The arrays were scanned using the
GenePix 4000B scanner (Molecular Devices). Array data
was normalized using MA2C (56,57) and peaks were
called by false discovery rate with threshold set at 10%.

Nucleosome mapping

Nuclei were prepared by extraction in buffer A (Tris–Cl
pH 8, 15mM, NaCl 15mM, KCl 60mM, EDTA 1mM,
EGTA 0.5mM, Spermidine 0.5mM) supplemented with
0.2% NP-40 (58). Nuclei were resuspended to a concen-
tration of 108 nuclei/ml in reaction buffer (CaCl2 60mM,
NaCl 750mM, Diluted 10� in buffer A) supplemented
with 30 units/ml MNase (Warthington) and incubated at
25�C for 5min. The reaction was terminated by addition
of equal volume of 2� stop buffer (Tris–Cl pH 8, 50mM,
NaCl 100mM, SDS 0.1%, EDTA 100mM, RNaseA
10 mg/ml, Spermidine 1mM, Spermine 0.3mM). The
sheared chromatin was incubated with proteinase K and
DNA was extracted with Phenol/Chloroform. The
purified DNA was separated on 2% agarose gel and the
band representing mono-nucleosomal DNA was cut from
the gel and extracted using gel extraction kit (Qiagen) (59).
The mono-nucleosomal DNA was labeled and
co-hybridized to the same array described above with
total randomly sheared genomic DNA as control. Array
data was smoothed by LOESS regression and scaled in R.

For southern hybridization MNase digested DNA was
prepared as described above (digestion was with 15, 30 or
60U/ml) and separated on agarose gel. DNA was
transferred to Hybond-XL membrane (Amersham).
Probes were labeled with 32P-dCTP using the random
primer DNA labeling kit (Invitrogen). Sequence based
nucleosome prediction was preformed using a support
vector machine (SVM) model (60). High scores represent
sequences with high nucleosome positioning.

DNA combing and morse code detection

Nascent DNA was labeled as previously described (12).
Genomic DNA was extracted and combing was
performed as described (61). Production of silanized cover-
slips for combing was performed as described (62). Morse
code probes were designed as described (63). Primer pairs
we used for PCR (using CHOC400 DNA as template) were
as follows: probe 1, 50-CAGCCTGATCCTTACACAAC-
30 and 50-CAACTAGGGACCAAGCATTC-30; probe 2,
50-AGTGGGAGCTGGTATAGATG-30 and 50-AGCAG
CGTTCAGACTGTT-30; probe 3, 50-AGAGGTGGCCG
TAAAGTATC-30 and 50-TCCCTGCACCAGGCTATA
TC-30; probe 4, 50-GAGCGAATACCAGCATCAAC-30

and 50-CTGTCACAATCTGTGCCTACTC-30; probe 5,
50-CCCACCACACAGACACATTATC-30 and 50-GTGA
CACCACCTCTCATGAA-30. In situ hybridization was
performed as described (12). Immunodetection was per-
formed as described (63), with the following succession of
layers for the detection of nascent DNA and DHFR
probes: (i) Alexa-488-conjugated streptavidin
(Invitrogen); (ii) Biotin-conjugated rabbit anti-streptavidin
(Rockland); (iii) Alexa 488-conjugated streptavidin
(Invitrogen), mouse anti bromodeoxyuridine (BrdU) (BD
Biosciences) and rat anti-bromodeoxyuridine (AbD
Serotec); (iv) Biotin-conjugated rabbit anti-streptavidin
(Rockland), Alexa 350-conjugated goat anti-mouse
(Invitrogen) and Texas Red-conjugated donkey anti-rat
(Jackson ImmunoResearch); (v) Alexa 488-conjugated
streptavidin (Invitrogen), Alexa 350-conjugated donkey
anti-goat (Invitrogen) and mouse anti-single-stranded
DNA (Millipore); (vi) Cy5.5-conjugated goat anti-mouse
(Abcam); (vii) Cy5.5-conjugated donkey anti-goat
(Abcam). Images were acquired with an Eclipse 90i
(Nikon) epifluorescence microscope connected to a
CoolSNAP HQ CCD camera and run by Metamorph
software (Molecular Devices) with a 60� objective.
Image analyses were performed with Photoshop and
Illustrator (Adobe).

RESULTS

Generation of BirA expressing cells for specific protein
biotinylation

We employed a previously developed system (64–67) that
takes advantage of the extremely high affinity
avidin-biotin interaction (dissociation coefficient of
10�15M (68)) to avoid concerns about the quality of
antibodies for immunoprecipitation of pre-RC proteins.
Hyg16 (a CHO cell line expressing the Tetracycline
transactivator) (50) was stably transfected with the
sequence specific E. coli BirA biotin ligase and the result-
ing line was then transfected with different pre-RC com-
ponents tagged with an optimized peptide substrate for
BirA, herein referred to as the biotin ligase target (BLT)
(52). We have previously demonstrated that toxicity of
pre-RC proteins due to over-expression can be overcome
by silencing the expression of the proteins during selection
of stable cell lines using the tet-repressible promoter in the
presence of Doxycycline (Dox). Once cell lines are
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established, proteins can be induced by Dox removal and
clones expressing low non-toxic and homogeneous levels
of the proteins can be selected for further study (54,69).
Cell lines expressing tagged ORC subunits were also stably
transfected with GFP under the control of the tet-
promoter to assist in monitoring induction, while the
tagged MCM subunits were expressed as fluorescent
fusion proteins that allowed for direct monitoring of
induction. Upon expression, BLT-tagged proteins
(Protein X, Figure 1A) are biotinylated by the constitu-
tively expressed BirA enzyme. To verify the specificity of
biotinylation, BirA-expressing (G14D2 BirA) and
non-expressing parental (G14D2) cell lines were transient-
ly transfected with fluorescent mCherry protein tagged
with both BLT and HA. Expression of mCherry was
detected in both cell lines using an anti- HA antibody
(Figure 1B, top left), while BLT-tagged mCherry was
detected by Avidin-HRP only in the BirA expressing
cells (Figure 1B, bottom left) and could be pulled down
by Streptavidin conjugated beads only from the BirA
expressing cells (Figure 1B right).

BLT tagged ORC and MCM assemble into native
complexes

To verify that the BLT and/or fluorescent tags did not
interfere with the ability of the tagged proteins to form
complexes with native proteins, we precipitated the tagged
subunits using Streptavidin conjugated beads and moni-
tored complex formation by immunoblotting with
antibodies against the endogenous subunits. Tagged
proteins were precipitated from nuclear extracts following
induction and the resulting precipitated proteins were
separated by SDS–PAGE. As expected, none of the
endogenous ORC subunits was precipitated in cells
expressing BLT-tagged mCherry, which was used as a
negative control. Tagged wt ORC1 and ORC4 each
co-precipitated with two other endogenous subunits, but
not with their endogenous counterparts, indicating they
were assembled into the complex by replacing the
endogenous protein (Figure 1C). The tagged MCM7
similarly pulled down the endogenous MCM2, MCM3,
MCM4 and MCM5 but not the endogenous MCM7
(Figure 1D, top).
A prior report found that specific binding sites for the

chromatin remodeling complex Isw2 were difficult to
identify using ChIP-chip due to a non-specific scanning
mode for this protein. However an Isw2 mutant that
could bind but not hydrolyze ATP was enriched at
Isw2-regulated promoters, probably due to trapping of
the ATP-bound form at sites where it is functionally
engaged (70). Since both ORC and MCM contain
AAA-type ATPase domain that bind and hydrolyze
ATP and this activity is required for their function
(71–82), we reasoned that similar ATPase mutants in
these subunits might enrich pre-RC proteins at functional
binding sites. We engineered a point mutation in the
walker A motif of ORC1 (K529R) that is equivalent to
the Isw2 mutation, as well as mutations in the ORC1
(R699E) and ORC4 (R209A) arginine finger shown to
effect ORC ATP hydrolysis but not ATP or DNA

binding in yeast (71,83). However, the ORC1 walker A
and ORC4 arginine finger mutants abolished interaction
with other subunits under our experimental conditions
(Figure 1C), and therefore could not be used for pre-RC
mapping, whereas the ORC1 arginine finger mutation
retained the ability to form a complex with ORC. In
addition, we generated an ATPase deficient MCM
mutation (MCM7KA) similar to one that was shown to
support pre-RC assembly but not origin activation in
Xenopus egg extracts (78). This mutant was incorporated
into the complex similar to the wild-type protein
(Figure 1D, bottom).

Pre-RCs are enriched in the initiation zone

Pre-RCs are assembled during telophase (69,84,85),
followed by the selection of a subset of these pre-RCs to
function as origins at the origin decision point (ODP) (86).
Cells that receive the appropriate mitogenic signals subse-
quently activate Cdk activity, phosphorylate the
petinoblastoma (pRb) tumor suppressor protein, pass
through the restriction point and rapidly initiate S phase
(87,88). During S phase, pre-RCs are either converted to
active replication complexes upon initiation or are cleared
from chromatin during passage of the replication forks
(3). Hence, we reasoned that the post-ODP stages of G1
phase, after origin selection but prior to origin activation
during S phase, would be the best cell cycle window to find
chromatin enriched with positioned pre-RCs. For this
reason, chromatin avidin pulldown (ChAP) was
performed with cells synchronized at 5 h after mitosis, pre-
viously demonstrated to represent the post-ODP,
pre-R-point stage of G1 phase (88,89). Immunostaining
for BrdU positive cells was used to verify cell synchrony
(Figure 1E). Input and precipitated DNA were labeled
and co-hybridized to a high-density NimbleGen tiling
array (one probe every 10 bp). Normalization and peak
determination was performed using ‘model-based
analysis of two color arrays’ (MA2C), a method that
normalizes log2 fold enrichment by probe sequence and
signal distribution between ChIP (or ChAP in our case)
and control, and assigns each probe a normalized,
window-smoothed MA2C score (57).

Results for wtORC1 are shown in Figure 2A with peak
calls for all other subunits shown at the top by the colored
rectangles. The majority of peaks for all pre-RC proteins
were identified in the intergenic region between the DHFR
and the 2BE2121 genes, in the region of the previously
mapped initiation zone (25,44,45), consistent with a
prior mapping of Mcm binding sites using a cosmid
array (90). The highest density of pre-RC peaks was
found around position 60 000 in the region that was
shown to contain the major initiation sites (orib and
orib0). Additional peaks for wtORC1 and wtMCM7
were detected throughout the initiation zone. However,
ATPase mutants of these proteins and ORC4 were
detected at a subset of these peaks. Many of the additional
peaks found with wtORC1 and wtMCM7 were visible
with the ATPase mutants and ORC4 but were below the
peak determination threshold (Figure 2B), suggesting that
these sites are also likely to bind ORC and MCM but with
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Figure 1. Establishment of in vitro protein biotinylation system. (A) Schematic of the experimental system used to generate specifically biotinylated
proteins. Block arrows represent genes and ovals represent the expressed transgenic protein (X). The Biotin Ligase Target (BLT) tag is shown as a
black rectangle. (B) Parental cell line (G14D2) and E. coli biotin ligase (BirA) expressing cells (G14D2 BirA) were transfected with a BLT and
HA-tagged mCherry. The tagged protein was expressed in both cell lines (top panel left) but was biotinylated (left bottom panel) and could be pulled
down by Streptavidin beads only in the BirA expressing cell line (right panels). The lower molecular weight band is most likely a degraded protein
lacking the N-terminus but retaining the C-terminal HA tag. (C) Cells expressing various tagged ORC subunits (indicated above each lane) were used
for avidin pulldown and probed with antibodies against ORC1 (top), ORC2 (second panel) and ORC4 (third panel). b-Tubulin (bottom) was used as
loading control. Note that due to the large size of ORC1, the tagged protein migrates only slightly slower than the endogenous protein. (D) Cells
expressing BLT-tagged MCM7 (+) or no tagged protein (�) were used for avidin pulldown and probed with antibodies against MCM7 (top),
MCM2, MCM3, MCM4 and MCM5. b-Tubulin (bottom) was used as a loading control. In (C) and (D), the thin arrow indicates the tagged subunits
while the thick arrow indicates the endogenous protein. (E) Mitotic cells were released and pulsed labeled with BrdU for 30min at different time
points. The fraction of BrdU positive cells was determined by immunofluorescence (error bars represent the standard deviation of three independent
experiments). The arrow indicates the point in late G1 when cells were collected for pulldown.
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Figure 2. ChAP-chip of pre-RC subunits. Cross-linked chromatin from cells expressing tagged pre-RC subunits was precipitated using Streptavidin
conjugated beads and the extracted DNA was hybridized to a custom high-density NimbleGen tiling array. Array results were analyzed using MA2C.
Peaks were called using a false discovery rate with the threshold set at FDR<10% (marked by a horizontal line). The previously described preferred
initiation sites orib and orib0 are marked by black rectangles on the map of the DHFR region at the bottom while orig is marked by a dashed line to
indicate the fact that it was not mapped at high resolution. (A) The MA2C scores for wtORC1 are presented as a histogram. Colored rectangles on
top indicate peak calls for each subunit detected in (B). (B) MA2C scores for ORC1R699E (1), ORC4wt (2), MCM7wt (3) and MCM7KA (4)
mapped by ChAP. (C) ChAP results for the BLT-tagged mCherry used as negative control. Peak calls are indicated by rectangles.
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lower efficiency. Three sites were identified where all five
proteins co-localized near this region. Cell lines expressing
BLT-tagged mCherry, which is not expected to bind DNA
were used as negative controls for ChAP. Only three peaks
were called in the mCherry ChAP, none of which overlap
with the pre-RC peaks (Figure 2C). Enrichment at one of
the peaks for each protein was verified by qPCR
(Supplementary Figure S1)

Initiation sites surround pre-RC binding sites

Although the CHO DHFR locus is one of the most
well-studied initiation zones, different results have
provided different interpretations of the frequency with
which replication initiates at different sites within the
zone, often referred to as ‘origin efficiency’ (30,42). The
most direct means to evaluate origin efficiency is by
examining the location and frequency of initiation sites
on individual DNA fibers, and this method has not been
applied to study initiation at the CHO DHFR locus.
Hence, to evaluate how frequently replication initiates
near pre-RC assembly sites, DNA fibers were used to
examine the pattern of replication initiation at the DHFR
locus (Figure 3 shows representative fibers; all fibers can be
seen in Supplementary Figure S2). Both asynchronously
growing cells, and cells that were synchronized at the

G1/S boundary with aphidicolin were pulse labeled with
the nucleotide analog IdU for 20min and then chased
with CldU for an additional 20min. DNA molecules
were stretched and the labels were detected with IdU- and
CldU-specific antibodies (12). Fibers were aligned to the
DHFR locus using the ‘Morse Code’ method, in which a
series of unevenly spaced FISH probes creates a character-
istic linear pattern (63). In fibers prepared from asynchron-
ous cells the majority of initiation events were found in the
same location as the strongest pre-RC ChAP peaks
(Figure 3A) close to the previously described main initi-
ation region (orib/b0). However, there was clearly a broad
distribution of sites within the entire initiation zone and
some initiation sites were even detected within the genes.
Similar results were obtained with cells synchronized with
aphidicolin (11,47,48), although initiation in
aphidicolin-arrested cells appears more delocalized, poten-
tially due to the induction of dormant origins upon fork
arrest (11).

Pre-RCs localize to regions of low nucleosome occupancy
throughout G1 phase

In mammalian cells, chromatin organization is a strong
candidate for the determinant of ORC binding since it
allows the generation of very complex and hereditary

Figure 3. Replication initiates near sites of ORC ChAP peaks: either asynchronously growing cells (A) or cells synchronized at the G1/S border with
aphidicolin (B) were pulse labeled with IdU (blue) for 20min and then chased with CldU (red) for 20min each. DNA fibers were prepared and
aligned to each other and to the DHFR map using a combination of unevenly spaced FISH probes (green). Initiation sites for replication within each
fiber were identified as patterns of either red–blue–red (initiation during the IdU label and elongation during CldU), red–blue–empty–blue–red
(initiation prior to the IdU label and elongation during both labels) or red only (initiation during the CldU label). A heat map consolidating the
amount of label associated with each initiation pattern is shown. Arrows mark the position of ORC peaks (grey arrows denotes peaks containing
only the wt ORC and MCM while black arrows denote peaks containing both the wt and the ATPase mutants) the locations of orib, orib0 and orig
are shown. The appearance of a more de-localized set of initiations in the aphidicolin-arrested cells may result from the induction of dormant origins
upon fork arrest (11). Low initiation activity near the MAR in aphidicolin-arrested cells has been reported before (48). Data represent the results
from 32 and 27 individual fibers for asynchronous and aphidicolin arrested cells respectively, shown in Supplementary Figure S1.
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patterns that are not completely dependent on the actual
DNA sequence. In fact, both budding yeast and
Drosophila ORC bind to NFRs and in budding yeast the
NFR has been shown to be necessary for ORC binding
(1,37,38). To examine the relationship between pre-RC
and NFRs in mammalian cells we mapped nucleosome
positions along the locus. Chromatin was digested with
microccocal nuclease (MNase), which preferentially
cleaves linker DNA between nucleosomes. MNase diges-
tion results in DNA digested into distinct sizes corres-
ponding to oligonucleosomes (Figure 4A). The band
corresponding to the mono-nucleosomal fraction

(Figure 4A, arrow) was extracted and hybridized to the
same microarray used for ChAP experiments. The DHFR
locus contains a well-defined active bi-directional
promoter between the DHFR and Msh3 genes that is
DNaseI hypersensitive (91–93) and served as an internal
control for a known NFR. Hybridization of mono-
nucleosomes to the array revealed a prominent NFR at
the promoter flanked by well-positioned nucleosomes
(Figure 4B), confirming the quality of our mono-
nucleosome preparations. No differences in nucleosome
digestion patterns were observed before or after the
ODP (Supplementary Figure S3), demonstrating that

Figure 4. Mapping nucleosome positions. (A) Chromatin was digested with Microccocal nuclease. Digested DNA was separated on 2% agarose gel
and the mono-nucleosome fraction was extracted and hybridized to NimbleGen tiling array. (B) Nucleosome positions mapped by hybridization of
mono-nucleosome DNA in the vicinity of the DHFR-Msh3 bi-directional promoter are shown. Arrows represent the transcription start sites of the
DHFR and Msh3 genes. Circles indicate a suggested nucleosome arrangement. Black circles indicate positioned nucleosomes (distinct peak with a
size of &150 bp) while grey circles indicate non-positioned nucleosomes. (C) Alignment of ORC1 ChAP (grey) with mono-nucleosomal DNA (black).
(D) Blowup of the region between 50 000 and 70 000 containing the majority of the pre-RC’s. (E) The nucleosome scores in the regions of wtORC1
peaks were compared to those of 10 random sets of the same size; the score in the peaks was significantly lower than the random set
(*P=3.076� 10�9).
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origin specification at the ODP is not the result of changes
in nucleosome positioning.

We next compared the relative positions of pre-RCs and
nucleosomes (Figure 4C). Inspection of the orib/b0 region
containing the highest amount of pre-RC binding and ini-
tiation activity (Figure 4D) revealed that pre-RCs do not
align with NFRs but they do assemble near regions of
generally low nucleosome occupancy. In order to verify
the significance of pre-RC alignment to regions of low
nucleosome occupancy, the nucleosome scores of the
regions starting 500 bp upstream and ending 500 bp down-
stream of each wtORC1 peak were averaged and
compared to a random set containing the same number
of probes. The random set was generated 10 times and the
average of the random sets was compared to the ORC
peaks set using the Welch t-test (Figure 4E). The mean
score for the ORC set was �0.11740 while the random
mean was �0.009934. The two are significantly different
(confidence interval=0.95, t=�5.9445, df=3158.999,
P=3.076� 10�9) indicating that pre-RCs are indeed
associated with regions of low nucleosome occupancy.

There is a growing appreciation for the role of DNA
sequences in the positioning of nucleosomes and the
ability of sequence information to predict in silico the pos-
itions of nucleosomes (60,94,95). We aligned the scores of
a nucleosome positioning algorithm (60) along the DHFR
locus to the positions of pre-RCs as determined by ChAP
(Figure 5). Consistent with our nucleosome-mapping
results, pre-RCs align with regions with low nucleosome
positioning information, where nucleosomes are not re-
stricted from binding to a specific position. The ability
of nucleosomes to be moved might be important for
origin assembly and/or activity. Combined with the
actual nucleosome mapping data (Figure 4), these data
suggest the possibility that initiation zones—regions of
many scattered inefficient replication origins—are
regions of low nucleosome positioning information
where ORC can more easily compete with nucleosome
binding to assemble pre-RCs at many positions, with
only a few positions favorable enough to be enriched in
ChIP-chip experiments.

An unusual chromatin configuration near ori-gamma

Mono-nucleosome mapping revealed a very weakly-
hybridizing region located between position 82 000 and
84 000, previously designated as orig (Figure 6A). Orig
was originally defined as one of the earliest replicating
regions in the DHFR locus but was never precisely
characterized (47,96). Regions hybridizing poorly to
mono-nucleosome preparations can result from either
very open and accessible chromatin or very protected
chromatin that is highly inaccessible to MNase, either of
which will be under-represented in mono-nucleosome
preparations. To distinguish between these possibilities,
DNA prepared from MNase digested chromatin at differ-
ent time points during the cell cycle was separated by gel
electrophoresis and hybridized to probes representing
three different locations along the DHFR locus: (i) the
bidirectional DHFR/Msh3 promoter region that is
known to be nucleosome-free (93); (ii) a segment of the

DHFR coding sequence that should be typically arranged
into non-positioned but phased nucleosomes; and (iii) the
orig segment (Figure 6B). The MNase digestion patterns
were compared to that of bulk chromatin visualized by
ethidium bromide staining of the gel prior to Southern
transfer (Figure 6B, EtBr). Relative to bulk chromatin,
the DHFR/Msh3 promoter displayed the expected access-
ible chromatin pattern visible as a smear with the low
molecular weight bands appearing at low concentrations
of MNase (Figure 6B, probe 1). The DHFR coding region
(Figure 6B, probe 2) gave a pattern indistinguishable from
bulk chromatin, also as expected. However, the large
NFR region was highly protected, remaining largely un-
digested even at the highest MNase concentrations (Figure
6B, probe 3). The bulk of the DNA detected by probe 3 is
�1500 bp in size, in agreement with the size of the
mono-nucleosome-free region detected on the array
(Figure 6A, 82 500–84 000). The relatively small amount
of low molecular weight DNA that was digested by
MNase within this region retained a nucleosome ladder
pattern, indicating the region can be packaged into nu-
cleosomes in some cells or copies of the locus. Since the
ChAP data do not show enrichment of pre-RC proteins,
we conclude that a large unidentified complex is strongly
bound to the DNA close to the region previously defined
as orig.

DISCUSSION

The mechanism(s) responsible for the selection of replica-
tion origins in metazoa is one of the greatest fundamental
mysteries in molecular biology. Unlike bacteria and single
cell eukaryotes such as yeast that contain a specific repli-
cator sequence element that binds the initiator complex,
metazoan ORC shows no sequence specificity in vitro and
no conserved origin sequence has yet been identified.
Moreover, initiation in metazoa can occur at many sites
distributed throughout large initiation zones, with each
cell utilizing a different cohort of sites. Here, we show
that pre-RC proteins are preferentially enriched at
several specific sites of low nucleosome occupancy within
a broad zone of de-localized initiation activity.
Despite the lack of a specific replicator sequence, the

initiation of replication in most eukaryotic systems does
not occur at random sites. This indicates that there is some
mechanism by which pre-RC assembly and/or activation
is focused to certain chromosomal regions but not others.
Chromatin structure is a likely candidate as it can generate
a unique, yet sequence independent, DNA signature.
During metazoan development the genome undergoes
large-scale reorganization as embryonic cells differentiate
to give rise to all the cell types of the adult organism.
Differentiation is also accompanied by changes in the
pattern of replication (13,97,98). The lack of a specific
replicator sequence may allow increased flexibility of
origin positioning to coordinate replication with other
chromosomal functions that differ between cell types
(99). We find that ORC preferentially binds to regions
of low nucleosome occupancy, as previously shown in
yeast and Drosophila (1,31,37,38). At the same time,
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Figure 5. Pre-RCs align with region of low nucleosome positioning information. (A) The calculated nucleosome positioning value of sequences along
the DHFR locus is presented as a color map with red indicating high values of positioning information and blue low values. The heat map was
aligned with ORC1 ChAP data (black histogram). (B) Nucleosome predictions for the orib/b0 region (50 000–70 000) aligned to the ORC1 ChAP. The
positions of orib and orib0 are marked by black lines. (C) A 1 kb region surrounding the peaks marked by arrows in (B). The ChAP results for
ORC1wt (black) are overlaid with the ChAP results for MCM7wt (red) and mono-nucleosomes (gray). The nucleosome positioning scores for each
region are shown as a heatmap.
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many NFRs, including a prominent NFR at the Msh3/
DHFR promoter, were not enriched for pre-RCs, suggest-
ing that, as for yeast and Drosophila (1,37), only NFRs
associated with specific additional features are permissive
for pre-RC assembly. Moreover, our results demonstrate
that, even though many replication origins map to tran-
scription start sites in yeast, Drosophila, mouse and human

(1,31,32,37), a strong promoter-associated NFR is not
sufficient to constitute a strong ORC binding site or an
efficient origin of replication.
Our study focuses on a highly de-localized initiation

zone. Previous origin mapping results at the CHO
DHFR locus have concluded that replication can initiate
at many sites distributed throughout �50 kb, with the

Figure 6. The orig region is highly protected by a non-nucleosome complex throughout the cell cycle. (A) Schematic of probe positions (red
rectangles) relative to the entire DHFR region in the top diagram. All probes were 1300 bp long. Below is an alignment of ORC1 ChAP (black)
to mono-nucleosomal DNA (blue) along the region of the DHFR locus containing the matrix attachment region (MAR) and the secondary initiation
zone, orig (indicated by the open rectangle below the diagram at the top). Arrows indicate the significant ORC peaks in this region. (B) CHOC400
cells were collected at different stages of the cell cycle and nuclei were treated with increasing amount of MNase. DNA was extracted and separated
on 2% agarose gel. Southern blots performed using probes against the DHFR promoter (probe 1, position 17 816–19 115), the orig region (probe 3,
position 82 621–83 949) and a control region in the DHFR CDS (probe 2, position 37 623–38 973). The enriched, high molecular weight fraction, seen
with probe 3 is marked by the vertical bracket on the side of the panel.
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orib/b0 and orig regions being somewhat preferred
(48,96,100). Our data agrees with this view of de-localized
initiation with both the highest density of ChIP peaks and
the highest abundance of initiation sites found in the same
region as orib/b0 (Figure 7A). Multiple binding sites
provide enough flexibility that deletion of 40Kb out of
the 50 Kb of the DHFR initiation zone had no effect on
the overall kinetics of replication in the region (101).
Presumably, pre-RCs in the remaining 10 Kb, some of
which are below the level of our detection, can compensate
for the loss of other pre-RC binding sites, including the
two major sites. A lack of strong positioning information
throughout the initiation zone permits nucleosomes to
occupy different positions in different cells with equal
thermodynamic stability (102). We suggest that this flexi-
bility in nucleosome positioning may facilitate ORCs com-
petition with nucleosomes, allowing ORC to bind many
sites throughout the region. A few of these sites are
occupied at a sufficient frequency as to be detected by
ChAP, for reasons that we still do not understand.
Hence, ORC may not need a strongly positioned NFR
in regions where nucleosome positions are highly
flexible. Highly flexible ORC binding may lead to highly
flexible initiation. Since it is clear that there also exist more
localized sites of initiation in mammalian cells
(21,22,31,32), it will be interesting to determine whether
broad regions of low nucleosome positioning information
are a frequent feature of de-localized initiation zones,
while NFRs may characterize highly localized origins.
Why don’t the strongest sites of pre-RC assembly

predict the precise sites of preferred initiation? The
only high-resolution mapping of initiation sites at the
DHFR locus, restricted to �10Kb around the major ini-
tiation site (46) identified two initiation sites lying 5Kb

apart (orib and orib0). While these regions do not overlap
our ChAP peaks, both lay within a 1 Kb distance from
one of the peaks where all subunits were detected (Figure
7B). Based on studies in yeasts, it is generally assumed
that replication initiates near the sites of ORC
binding (103,104). However, it is possible that replication
may initiate at sites that are not precisely aligned with
pre-RCs, as suggested by studies at the Drosophila
chorion locus (20) and at some fission yeast origins
(105). Initiation sites may also be partially determined
by structural proteins that cause folding and partial
melting of the DNA (106). The interpretation of our
data described above suggests yet another possibility.
Given that replication initiates at only a subset of
pre-RC assembly sites by an as yet undefined
mechanism, the frequency with which ORC occupies dif-
ferent sites need not reflect the frequency with which
replication initiates at those sites. It is now of
considerable interest to identify more comprehensively
the sites of pre-RC assembly in regions of more localized
initiation of replication versus de-localized initiation
zones.

The mapping of pre-RC proteins to specific sites in
mammalian cells has not previously been reported. In
this work we describe a system for mapping pre-RC
assembly sites in a mammalian system. At present we
do not know whether the biotinylated tag, the synchron-
ization, or the high copy number of the DHFR locus in
our cells was the primary factor allowing us to detect
pre-RC enrichment at specific sites. However, this
method should be easily adaptable to other mammalian
cells or in conjunction with next-generation sequencing
to map pre-RCs at single copy sites or across the entire
genome.

Figure 7. pre-RC ChIP peaks are in close proximity to the sites of initiation. (A) Summary of results. Arrows indicate the ChAP peaks. Black arrows
represent peaks that contain both wt and mutant ORC and MCM while grey arrows represent peaks with only wt present. The blue rectangle
indicates the area with highest density of labeled fibers. The previously described preferred initiation sites are shown at the bottom. (B) ChAP results
for the region containing the previously described major initiation site. The arrows indicate the peaks in which all tested pre-RC subunits were
detected. The rectangles represent the probes shown in Figure 3 of Kobayashi et al. (46). Among them, the filled rectangles represent the probes that
were mapped to the two initiation sites orib and orib0.
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