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The mechanisms by which metazoan origins of DNA replication are defined, regulated, and influenced by
chromosomal events remain poorly understood. To gain insights into these mechanisms, we developed a
systematic approach using a Drosophila high-resolution genomic microarray to determine replication timing,
identify replication origins, and map protein-binding sites along a chromosome arm. We identify a defined
temporal pattern of replication that correlates with the density of active transcription. These data indicate
that the influence of transcription status on replication timing is exerted over large domains (>100 kb) rather
than at the level of individual genes. We identify 62 early activating replication origins across the
chromosome by mapping sites of nucleotide incorporation during hydroxyurea arrest. Using genome-wide
location analysis, we demonstrate that the origin recognition complex (ORC) is localized to specific
chromosomal sites, many of which coincide with early activating origins. The molecular attributes of
ORC-binding sites include increased AT-content and association with a subset of RNA Pol II-binding sites.
Based on these findings, we suggest that the distribution of transcription along the chromosome acts locally to
influence origin selection and globally to regulate origin activation.
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Replication initiates at many sites along eukaryotic
chromosomes that are marked in the G1 phase of the cell
cycle by a multiprotein assembly called the pre-replica-
tive complex (pre-RC) (Bell and Dutta 2002; Mendez and
Stillman 2003). As eukaryotic cells enter S phase, a sub-
set of these assemblies are directed to initiate replication
in a defined temporal order (Fangman and Brewer 1992).
Although the large majority of replication initiation fac-
tors are conserved in all eukaryotes, how metazoan ori-
gins of replication are defined, regulated, and influenced
by other chromosomal events remains unclear.

The nature of replication origins and the sequences
that define them are poorly understood in metazoan or-
ganisms (Gilbert 2004). Studies of human origins of rep-
lication at the lamin B2 and B-globin loci (Aladjem et al.
1995; Abdurashidova et al. 2000) and the Drosophila am-
plification locus on the third chromosome (Delidakis
and Kafatos 1989; Heck and Spradling 1990; Lu et al.
2001) have identified relatively defined sites of replica-
tion initiation. In contrast, studies of the Chinese ham-
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ster DHFR (Vaughn et al. 1990) and human rDNA loci
(Little et al. 1993; Yoon et al. 1995) are consistent with
initiation occurring over broad regions (5-50 kb), al-
though there are sites of preferred initiation within these
regions (Kobayashi et al. 1998).

The binding of the origin recognition complex (ORC)
to origin-proximal DNA is a critical early event in the
initiation of eukaryotic DNA replication (Bell 2002).
Once bound to DNA, ORC directs the formation of the
pre-RC by coordinating the assembly of other replication
factors onto the origin DNA (Mendez and Stillman
2003). In vitro studies of ORC from metazoan organisms
suggest that these proteins have only limited DNA se-
quence specificity (Vashee et al. 2003; Remus et al.
2004). This has led to the suggestion that other DNA-
binding proteins or aspects of chromosome structure
(e.g., local chromatin modification) are required to direct
ORC to sites of replication initiation.

It has long been recognized that in metazoan cells,
euchromatic regions of chromatin replicate before het-
erochromatic regions (Stambrook and Flickinger 1970;
Goldman et al. 1984; Taljanidisz et al. 1989; Gilbert
2002). More recently, studies using limited cDNA-based
microarrays have demonstrated that there is a correla-
tion between the time of replication and the transcrip-
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tion of nearby DNA within the euchromatin (Schiibeler
et al. 2002; Woodfine et al. 2004). Consistent with a con-
nection between the transcriptional machinery and rep-
lication initiation, the normally nonspecific initiation
observed in Xenopus egg extracts can be localized by the
assembly of a transcription domain (Danis et al. 2004). In
addition, transcription from the DHFR promoter in CHO
cells acts to regulate and define the boundaries of initia-
tion zones (Saha et al. 2004). Finally, in Drosophila, sev-
eral transcriptional regulators, including E2F-, Rb-, and
Myb-related proteins have been implicated in the regu-
lation of the chorion locus amplification during oogen-
esis (Bosco et al. 2001; Beall et al. 2002). Despite these
findings, the step(s) in the replication initiation process
that are influenced by transcription remain poorly un-
derstood. Changes in transcriptional status could influ-
ence the initial selection of potential origins of replica-
tion during G1 (e.g., pre-RC formation) or the activation
of pre-RCs during S phase. Similarly, it is unclear
whether the effect of transcription is exerted locally or
over large chromosomal domains.

Identification and characterization of metazoan repli-
cation origins has been hindered by the complexity of
these genomes and the lack of robust assays to compre-
hensively monitor DNA replication. To address how
metazoan sites of replication initiation are selected and
regulated, we have developed a systematic approach to
study the replication and transcription of a metazoan
chromosome arm at high resolution. We found that the
density of active transcription (as measured by RNA Pol
II binding along the chromosome) correlates with repli-
cation timing, and that this correlation is not at the level
of individual loci, but rather over extended chromosomal
domains. By combining the identification of ORC-bind-
ing sites with the mapping of the earliest replicating se-
quences, we identified >50 new origins of replication,
greatly increasing the number of known metazoan ori-
gins. Finally, we show that ORC-associated sequences
overlap with a subset of RNA Pol II-binding sites, sug-
gesting that transcription acts locally to define sites of
pre-RC assembly and globally to regulate the temporal
pattern of origin activation.

Results

To address the mechanisms of metazoan origin selection
and regulation, we initiated a comprehensive survey of
replication dynamics along a Drosophila chromosome.
To characterize replication timing, identify origins, and
map protein-binding sites along a Drosophila chromo-
some, we have designed a high-density genomic micro-
array that covers the left arm of Drosophila chromosome
2 (representing 20% of Drosophila euchromatic se-
quence) with 11,243 nearly contiguous 1.5-kb PCR prod-
ucts. Because almost 90% of the nonrepetitive euchro-
matic sequence from chromosome 2L is represented on
this array, we were able to investigate replication timing
at both inter- and intragenic sequences (~40% of the frag-
ments on the genomic microarray represent intergenic
sequence). In contrast, prior studies using cDNA-based
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microarrays lacked data from intergenic regions and
had only limited resolution (~25 kb/cDNA) (Schiibeler et
al. 2002; Woodfine et al. 2004). In addition, the high den-
sity of the array allowed us to localize chromatin-asso-
ciated proteins, including ORC and RNA Pol II, at 1.5-kb
resolution.

The temporal pattern of replication is defined
by the transcriptional activity of broad
chromosomal domains

Replication timing data for chromosome 2L was gener-
ated by pulse labeling either early or late-replicating se-
quences from synchronized Kc cells with the nucleotide
analog bromodeoxyuridine (BrdU). Kc cells were syn-
chronized by treating the cells with the molting hor-
mone ecdysone, resulting in a G2 arrest. The cells were
released from the ecdysone block into medium contain-
ing hydroxyurea (HU), which resulted in an accumula-
tion of cells at the G1/S transition. Following release
from HU, the cells proceeded synchronously through S
phase over the next 7 h (Fig. 1A). Early replicating se-
quences were labeled with a 1-h pulse of BrdU at the
beginning of S phase, and late-replicating sequences were
labeled with a 1-h pulse near the end of S phase (Fig. 1B).
The resulting late or early replicating BrdU containing
DNAs were enriched by immunoprecipitation and dif-
ferentially labeled using either Cy5- or Cy3-conjugated
dUTP and hybridized to the genomic microarray.

Analysis of the relative replication time of each of the
sequences on the array from four independent experi-
ments revealed clear early and late-replicating domains
in the raw data (Fig. 1C, gray dots). For replication tim-
ing, we expect that adjacent chromosomal regions will
have similar replication times. We tested this premise
using the autocorrelation function, which calculates the
correlation between each data point and its chromo-
somal neighbors. We observed a strong and significant
correlation for up to 100 neighboring data points (Sup-
plementary Fig. S1). In contrast, no correlation was
observed for the same data ordered by position on the
microarray.

A replication timing profile was created by applying a
smoothing algorithm to the data (Fig. 1C, solid line). The
peaks and troughs of the curve represent the earliest and
latest replicating chromosomal domains, respectively.
We found that the size of these timing domains ranged
from 18 to 790 kb with a mean of 257 kb. The replication
timing profile generated for chromosome 2L was in close
agreement with a previous study of replication timing in
Drosophila Kc cells using cDNA-based microarrays and
a different method of cell synchronization (Schiibeler et
al. 2002; Supplementary Fig. S2). The earliest replicating
domains along the chromosome most likely contain ef-
ficient early activating replication origins, whereas the
latest replicating domains contain sequences that are
replicated in late S phase. However, it is impossible to
distinguish whether those sequences that appear to be
replicating in mid-S phase are the result of origin activa-
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Figure 1. Replication timing profile for chromosome 2L. (A)
FACS profile of Drosophila Kc cell synchronization. Asynchro-
nous log-phase Kc cells were treated with the molting hormone
Ecdysone to arrest the cells at G2. Following 18-20 h, the cells
were washed and resuspended in fresh medium containing HU.
The cells accumulated at the G1/S transition within 12 h. Fol-
lowing release from HU, the cells proceeded through S phase. (B)
Early and late-replicating sequences were specifically labeled
using BrdU. Early or late-replicating sequences were labeled
with a 1-h pulse at the beginning or end of S phase, respectively.
The BrdU containing DNAs were enriched by immunoprecipi-
tation and differentially labeled with Cy5- or Cy3-conjugated
dUTP. (C) Replication timing was determined for each of the
11,243 unique euchromatic sites on chromosome 2L (gray dots)
as the ratio of early to late BrdU incorporating sequences. The
replication timing profile (black line) was generated by applying
a smoothing algorithm to the raw timing data. The numbered
cytological intervals of the chromosome are indicated at the
bottom.

tion during mid-S phase, or the result of inefficient origin
activation throughout S phase.

The high resolution of the genomic microarray al-
lowed us to investigate how these early and late-repli-
cating domains were connected to the molecular archi-
tecture of the chromosome. Specifically, we examined
how replication timing correlates with gene density,
gene expression, and active transcription. Although prior
human (Woodfine et al. 2004) and Drosophila (Schiibeler
et al. 2002) replication timing studies using incomplete
arrays of cDNAs have demonstrated a correlation be-
tween time of replication and the probability that a spe-
cific gene is expressed, it remained to be determined
what step(s) in the replication initiation process are in-
fluenced by transcription. Similarly, because the prior
studies lacked contiguous intergenic sequences, it was
unclear whether the effect of transcription is exerted lo-
cally (at the level of individual genes) or over large chro-
mosomal domains.
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To quantify transcription along the chromosome, we
hybridized labeled poly(A)-containing mRNA from asyn-
chronous cells to the genomic microarray, using total
genomic DNA as a control. The resulting pattern of ex-
pression along the chromosome was in close agreement
with the predictions of inter- and intragenic sequences
from the Drosophila annotation project. In Figure 2A, we
colored each of the individual array DNA fragments
green if the fragment had any overlap with an annotated
gene. Sequences that did not overlap with annotated
genes were colored red. We see enrichment of poly(A)-
containing mRNA almost exclusively at fragments that
overlap with annotated genes (green). It is important to
note that we do not see mRNA enrichment at all of the
sequences that overlap with annotated sequences. These
nonenriched sites are almost certainly due to the fact
that not all annotated genes are being actively tran-
scribed, or that some transcripts contain large introns
that overlap with the array fragment.

Logistic regression was used to model the probability
of a site being annotated as a gene as a function of mRNA
expression (Fig. 2B). Logistic regression is a statistical
technique used to model the probability of a binary out-
come (whether or not an array fragment overlaps with an
annotated gene) as a function of a continuous predictor
variable (e.g., the level of mRNA expression). We found
that the modeled probability of a site being annotated as
a gene increased markedly with detectable mRNA ex-
pression levels. The blue and red lines represent the
modeled probability and 95% confidence levels, respec-
tively. For comparison, each sequence on the array was
ordered by mRNA expression levels and sorted into bins
of 200 (gray bars). The height of the bars is the fraction of
annotated genes present in each of the bins. The width of
each bar is defined by the range of mRNA expression for
those 200 sequences.

Because steady-state mRNA levels may not accurately
reflect the rate of active transcription, we also used ge-
nome-wide location analysis (Ren et al. 2000) to identify
~1000 RNA Pol II-binding sites along the chromosome
arm that were significantly enriched over the total popu-
lation (p < 0.01). Briefly, chromatin immunoprecipita-
tion (ChIP) with antibodies directed against the CTD
domain of RNA Pol II was used to enrich for RNA Pol
[I-associated sequences. These enriched sequences, as
well as nonenriched control DNA, were differentially
labeled with fluorescent nucleotides and hybridized to
the microarray. Thus, the ratio of immunoprecipitated
DNA to control DNA is indicative of relative enrich-
ment along the chromosome. It is important to note that
the log, enrichment ratios detected for fragments on the
array are dampened by the normalization process, array
fragment size, and complexity of the genome, and do not
directly translate into the actual fold enrichment for any
given target (see below). Thus, the significance of the
enrichment over the total population, in this case
(p <0.01) or 2.3 standard deviations, is used as a selec-
tion criteria.

RNA Pol II localizes to sites of active transcription.
We found that RNA Pol II is primarily associated (80%)






























