
 10.1101/gr.097873.109Access the most recent version at doi:
 2010 20: 201-211 originally published online December 7, 2009Genome Res.

 
Heather K. MacAlpine, Raluca Gordân, Sara K. Powell, et al.
 
cohesin complex loading

 ORC localizes to open chromatin and marks sites ofDrosophila
 
 

Material
Supplemental  http://genome.cshlp.org/content/suppl/2009/12/02/gr.097873.109.DC1.html

References

 http://genome.cshlp.org/content/20/2/201.full.html#related-urls
Article cited in: 
 

 http://genome.cshlp.org/content/20/2/201.full.html#ref-list-1
This article cites 69 articles, 28 of which can be accessed free at:

service
Email alerting

 click heretop right corner of the article or
Receive free email alerts when new articles cite this article - sign up in the box at the

 http://genome.cshlp.org/subscriptions
 go to: Genome ResearchTo subscribe to 

Copyright © 2010 by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on February 7, 2011 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.097873.109
http://genome.cshlp.org/content/suppl/2009/12/02/gr.097873.109.DC1.html
http://genome.cshlp.org/content/20/2/201.full.html#ref-list-1
http://genome.cshlp.org/content/20/2/201.full.html#related-urls
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genome;20/2/201&return_type=article&return_url=http://genome.cshlp.org/content/20/2/201.full.pdf
http://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com


Letter

Drosophila ORC localizes to open chromatin and marks
sites of cohesin complex loading
Heather K. MacAlpine,1,3 Raluca Gordân,2,3 Sara K. Powell,1 Alexander J. Hartemink,2

and David M. MacAlpine1,4

1Department of Pharmacology and Cancer Biology, Duke University Medical Center, Durham, North Carolina 27710, USA;
2Department of Computer Science, Duke University, Durham, North Carolina 27708, USA

The origin recognition complex (ORC) is an essential DNA replication initiation factor conserved in all eukaryotes. In
Saccharomyces cerevisiae, ORC binds to specific DNA elements; however, in higher eukaryotes, ORC exhibits little sequence
specificity in vitro or in vivo. We investigated the genome-wide distribution of ORC in Drosophila and found that ORC
localizes to specific chromosomal locations in the absence of any discernible simple motif. Although no clear sequence
motif emerged, we were able to use machine learning approaches to accurately discriminate between ORC-associated
sequences and ORC-free sequences based solely on primary sequence. The complex sequence features that define ORC
binding sites are highly correlated with nucleosome positioning signals and likely represent a preferred nucleosomal
landscape for ORC association. Open chromatin appears to be the underlying feature that is deterministic for ORC
binding. ORC-associated sequences are enriched for the histone variant, H3.3, often at transcription start sites, and de-
pleted for bulk nucleosomes. The density of ORC binding along the chromosome is reflected in the time at which a se-
quence replicates, with early replicating sequences having a high density of ORC binding. Finally, we found a high
concordance between sites of ORC binding and cohesin loading, suggesting that, in addition to DNA replication, ORC
may be required for the loading of cohesin on DNA in Drosophila.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession nos. GSE17282,
GSE17279, GSE17285, and GSE18942.]

To duplicate a eukaryotic genome completely during S phase, DNA

replication must initiate at multiple start sites along each chro-

mosome. These replication start sites, or origins of replication, are

marked by the origin recognition complex (ORC) (for review, see

Bell and Dutta 2002). During G1 the replicative helicase, MCM2-7

complex, is assembled onto the DNA in an ORC-dependent man-

ner to form the pre-replicative complex (pre-RC). The ordered as-

sembly of the pre-RC in G1 and its subsequent activation in S phase

are tightly regulated to ensure that the genome is copied precisely

once and only once. ORC is not only critical for genetic in-

heritance, but is also involved in epigenetic inheritance (Bell et al.

1993; Foss et al. 1993) and chromosome segregation (Gillespie and

Hirano 2004; Takahashi et al. 2004, 2008; Shimada and Gasser

2007). Despite the conservation of ORC in all eukaryotes, very

little is known regarding the mechanisms by which ORC binding

sites are selected to ensure the inheritance of both genetic and

epigenetic information (for review, see Cvetic and Walter 2005).

ORC localization to the chromosome is essential for the es-

tablishment of DNA replication origins. In yeast, ORC specifically

binds to the ARS consensus sequence (ACS), a degenerate A/T-rich

motif that is necessary, but not sufficient, for ORC binding and or-

igin function (for review, see Bell and Dutta 2002). Despite the clear

evolutionary conservation of all six ORC subunits in eukaryotes,

the mechanism by which ORC is recruited to DNA in other organ-

isms remains elusive. Typically, ORC interacts with many different

sequences with little change in sequence-dependent specificity.

Interestingly, the topological properties of the DNA influence

ORC’s affinity for DNA (Remus et al. 2004). Specifically, the in-

duction of negative supercoils can increase the affinity of Drosophila

ORC for DNA 30-fold without changing the sequence specificity.

Although no clear consensus sequence for ORC binding has

emerged in higher eukaryotes, known initiator sequences have been

identified in multiple species (for review, see Aladjem and Fanning

2004). These initiator sequences have the ability to recruit ORC and

function as origins of replication even when placed at ectopic lo-

cations. One of the best-studied initiator sequences is the Drosophila

origin, Ori-beta, found at the chorion (egg shell protein) locus on

chromosome 3L (for review, see Tower 2004). During oogenesis Ori-

beta undergoes multiple rounds of ORC-dependent replication ini-

tiation in a single cell cycle, resulting in the 60-fold amplification of

the chorion locus in the developing follicle cell. The Ori-beta origin

is only used at a very specific stage in development and does not

appear to function as a canonical origin in normal mitotic cell cycles

(MacAlpine et al. 2004). An attractive hypothesis is that the lack of

sequence specificity for metazoan ORC is a critical feature that al-

lows developmental plasticity of ORC binding and origin function.

Unlike Saccharomyces cerevisiae, metazoan organisms have to co-

ordinate the replication program with developmental programs, the

most extreme example being the high density of replication origins

required for the rapid cell divisions during early embryogenesis

(Kriegstein and Hogness 1974; Hyrien et al. 1995).

ORC’s role in the nucleus is not limited to DNA replication.

ORC is critical for the establishment of silencing at the cryptic

mating type loci HML and HMR in S. cerevisiae (Bell et al. 1993; Foss

et al. 1993). In Drosophila a population of ORC is associated

with heterochromatin and SU(VAR)205 (also known as HP1),
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suggesting a role for ORC in maintaining heterochromatic silenc-

ing (Pak et al. 1997; Huang et al. 1998). Recently, ORC has been

implicated both directly and indirectly in sister chromatid cohe-

sion. Cohesion between the sister chromatids is mediated by the

cohesin complex, which, like the pre-RC, is loaded onto the DNA

in G1 before the initiation of S phase (Nasmyth 2002). Recent bio-

chemical studies using Xenopus egg extracts have established that

loading of the cohesin complex is dependent on the formation of

the pre-RC (Gillespie and Hirano 2004; Takahashi et al. 2004).

Specifically, the loading of cohesin on chromatin templates re-

quires dbf4-dependent kinase (DDK) activity and ORC-dependent

loading of the MCM2-7 complex (Takahashi et al. 2008). In con-

trast, the loading of cohesin in S. cerevisiae is independent of pre-

RC formation, as cohesion is still established in a cdc6 mutant that

fails to assemble the pre-RC (Uhlmann and Nasmyth 1998). In

addition, genome-wide studies in yeast have revealed that cohesin

complex members are not loaded at sites of ORC binding (Glynn

et al. 2004; Lengronne et al. 2004). However, multiple S. cerevisiae

ORC mutants exhibit a G2/M delay (Dillin and Rine 1998), and

Orc2p appears to be important for maintaining sister-chromatid

cohesion perhaps through a second mechanism that is indepen-

dent of cohesin loading (Shimada and Gasser 2007).

We describe the genome-wide localization of approximately

5000 ORC binding sites in the Drosophila Kc167 cell line. ORC

localizes to specific chromosomal locations, many of which func-

tion as early activating origins of replication, and preferentially

localizes to dynamic chromatin near the transcription start sites of

actively transcribed genes. The density of ORC binding across the

genome appears to be a key determinant of the replication timing

program. The large array of ORC binding sites allowed us to use

machine learning algorithms to identify sequence features that are

predictive of ORC binding sites and, more generally, open chro-

matin. Finally, integration of our ORC data with cohesin complex

binding data suggests that ORC may be critical for the nucleation

of cohesin onto the DNA in Drosophila.

Results

Genome-wide localization of ORC

Formation of the pre-RC at origins of replication is essential for

progression into S phase. Despite conservation of pre-RC compo-

nents in all eukaryotes, little is known about how origins are se-

lected in metazoan organisms. Recent advances in genomic tech-

nology have allowed for the mapping of origins in mammalian

cells (Lucas et al. 2007; Cadoret et al. 2008; Sequeira-Mendes et al.

2009), but these studies lack the precise mapping possible with

chromatin immunoprecipitation (ChIP). We have used ChIP in

combination with Agilent genome-wide tiling arrays (one 60-mer

probe every 100 bp) to identify approximately 5000 ORC binding

sites in the Drosophila genome from asynchronous Kc167 cells.

ORC-associated chromatin was immunoprecipitated with a poly-

clonal antibody that specifically recognizes the Drosophila ORC

subunit, ORC2 (Austin et al. 1999; Royzman et al. 1999; MacAlpine

et al. 2004). These experiments significantly expand on our prior

efforts using a PCR product tiling array to map ORC binding sites

across chromosome 2L of Drosophila (MacAlpine et al. 2004).

Experiments in Drosophila and Xenopus suggest that ORC

does not exhibit any sequence specificity in vitro (Vashee et al.

2003; Remus et al. 2004). Despite the lack of apparent sequence

specificity, we find ORC binding sites distributed across the Dro-

sophila genome at specific chromosomal locations (Fig. 1A, black).

ORC binding sites were mapped genome-wide from two inde-

pendent biological replicates. Enrichment along the chromosome

was calculated from the raw microarray data using the MA2C

software program, which normalizes the raw intensity data and

corrects for probe-specific hybridization effects (Song et al. 2007).

The normalized data are plotted as a function of chromosomal

position. Peaks of significant ORC binding were subsequently

identified using a sliding window approach, and 5135 ORC bind-

ing sites were identified in the Drosophila genome (P < 1 3 10�5).

We estimated a false discovery rate of <0.24% based on the num-

ber of significant peaks in which the control channel signal was

greater than the ORC-enriched signal.

It is important to validate the results of genome-wide locali-

zation experiments using independent approaches. To this end, we

have confirmed our ORC localization data by using a TAP-tagged

allele of Orc2. Specifically, we performed ChIP using IgG sepharose

beads from ORC2-TAP-expressing and control cells. We found

a similar distribution of ORC enrichment by the IgG pull-down of

the ORC2-TAP-expressing cells as we did with the polyclonal an-

tibody (R = 0.43) (Supplemental Fig. 1; Supplemental Table 1). In

contrast, no significant enrichment was detected by the IgG pull-

down in the absence of the TAP tag (R = 0.042).

Figure 1. ORC localizes to specific chromosomal locations. (A) A subset of ORC binding sites map to early origins of replication. (Black) MA2C-
normalized log2 ratios of ORC2 enrichment from chromatin immunoprecipitations are plotted as a function of chromosomal position for a 600-kb window
of chromosome 3R. (Gray) Early origins were identified by immunoprecipitation of BrdU-containing replication intermediates during an HU arrest. (B) ORC
is enriched at early origins of replication. The summits of 630 HU-resistant early origins were determined, and the average BrdU (gray) or ORC (black)
enrichment is plotted relative to the distance from the early origin summit.
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A second biological validation of our ORC localization was

obtained by mapping early-activating origins of replication. Be-

cause ORC is an essential initiator complex, we expect to find ORC

localized to origins. To identify start sites of DNA replication, we

treated Kc167 cells with the drug hydroxyurea (HU) in the pres-

ence of the thymidine analog 5-bromo-2-deoxyuridine (BrdU).

Treatment with HU inhibits ribonucleotide reductase, resulting in

a depletion of nucleotide pools and activation of the intra-S-phase

checkpoint (Santocanale and Diffley 1998; Shirahige et al. 1998).

Thus, in the presence of HU, BrdU incorporation will be limited to

sequences immediately adjacent to early-activating origins.

To identify sites of BrdU incorporation throughout the ge-

nome in the presence of HU, we used a mouse monoclonal anti-

body specific for BrdU to immunoprecipitate and enrich for rep-

lication intermediates as described previously (MacAlpine et al.

2004). The BrdU-enriched replication intermediates and control

sequences were differentially labeled and hybridized to a lower-

resolution (one 60-mer probe every 400 bp) Agilent genomic tiling

microarray. In Figure 1A, we also show BrdU enrichment along the

chromosome (gray). We find ORC localized to 89% of the peaks of

BrdU incorporation, with the apex of BrdU incorporation most

often centered directly over the ORC binding site. Not unex-

pectedly, we also find ORC at sequences that are not located at

early activating origins. Only 30% (1570/5135) of the ORC bind-

ing sites are associated with early origins of replication. The

remaining ORC binding sites may represent potential sites of late

replication initiation or may be activated in a stochastic manner in

a limited number of cells.

To demonstrate that ORC was specifically enriched at early-

activating origins of replication, we identified the peaks of 630

early-activating origins throughout the Drosophila genome, at a

false discovery rate of <0.54% (P < 1 3 10�3). We then plotted the

average BrdU and ORC enrichment as a function of distance from

the apex of BrdU enrichment (Fig. 1B). ORC specifically localizes to

early activating origins, providing an important biological valida-

tion of our ORC mapping using genomic arrays.

In order to duplicate the genome completely during S phase,

multiple start sites of DNA replication must be distributed across

each chromosome. We sought to identify the distances between

ORC binding sites, as these would represent the lengths of the

minimum potential replicons. We found the median distance be-

tween ORC binding sites to be 11 kb (Fig. 2A). Strikingly, we found

that many distinct ORC peaks were clustered over just a few

thousand base pairs. These clusters of ORC binding sites may

represent potential initiation zones and might increase the prob-

ability of a local initiation event.

The distribution of ORC binding sites throughout the ge-

nome is critical for establishing the replication timing program. As

the distance between two ORC binding sites increases, the in-

tervening sequence between them must be replicated by forks that

initiated at distant origins. Therefore, we would expect to observe

a later time of replication for sequences located between two dis-

tant ORC binding sites. To examine this, we first determined the

relative time of replication for all unique sequences in the Dro-

sophila genome using previously developed methods (MacAlpine

et al. 2004). Briefly, early- and late-replicating intermediates were

isolated and hybridized to genomic tiling arrays. The replication

timing value for the mid-point of each inter-ORC segment was

determined and plotted versus the inter-ORC distance (Fig. 2B). We

found that as the inter-ORC distance increased, sequences between

ORC binding sites were likely to replicate significantly later in

S phase.

Is the density of ORC binding along the chromosome a de-

terminant of replication timing? The previous results suggest that

sequences distal from ORC binding sites replicate later in S phase.

We wanted to determine if the density of ORC binding sites was

correlated with the time at which sequences replicated in S phase.

We binned the replication timing data into the earliest and latest

replicating quartiles and found that the density of ORC binding

sites was almost three times greater in the earliest quartile than in

the latest quartile (Fig. 2C). This suggests that the replication

timing program is, at least in part, established at the level of ORC

binding along the chromosome.

ORC localizes to active promoters

A common theme to emerge from genome-wide studies of DNA

replication in higher eukaryotes is that a correlation exists between

Figure 2. Chromosomal density of ORC is a determinant of replication timing. (A) A histogram of inter-ORC distance throughout the genome. The
median distance between ORC binding sites is 11 kb. (B) Time of replication is significantly delayed for sequences between distant ORC binding sites. The
relative time of replication for the sequences equidistant from two ORC binding sites was plotted against the distance between the two ORC binding sites.
(C ) Early-replicating regions of the chromosome have an increased density of ORC binding. ORC binding sites per 100 kb were determined for the earliest
and latest quartile of replication timing domains.

ORC marks sites of cohesin loading
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the time at which a sequence replicates and its transcriptional

activity (Schübeler et al. 2002; MacAlpine et al. 2004; Karnani et al.

2007; Hiratani et al. 2008). Sequences that are transcriptionally

active tend to replicate early in S phase, whereas transcriptionally

inactive sequences replicate later in S phase. This correlation is not

at the level of individual genes but rather applies to the tran-

scriptional activity of multiple genes integrated over broad chro-

mosomal domains (MacAlpine et al. 2004). The establishment of

origins of replication in the vicinity of actively transcribed genes is

a potential mechanism to ensure that these regions are duplicated

early in S phase. We investigated the genome-wide distribution of

ORC relative to gene promoters in the Drosophila genome and

found that almost two-thirds of the ORC binding sites overlapped

with transcription start sites (Fig. 3A).

In S. cerevisiae, ORC is involved in silencing of the cryptic

mating type loci (for review, see Rusche et al. 2003). Based in part

on ORC’s role in silencing, we wanted to examine the potential

role of ORC in regulating the transcription program. We isolated

mRNA from asynchronous Kc167 cells and examined the tran-

scription program by hybridization to Affymetrix expression ar-

rays. Transcripts were binned into five equal groups based on their

relative expression levels (Supplemental Fig. 2). For each quintile

of expression, we plotted the average enrichment for ORC as

a function of distance to the transcription start site. We found

a clear peak of ORC enrichment at active promoters in the top

three quintiles of expression, while no significant enrichment was

observed for ORC at the promoters of inactively transcribed genes

(Fig. 3B). We conclude that ORC localizes to the promoters of ac-

tively transcribed genes.

Numerous biochemical interactions have been detected be-

tween ORC and various transcription factors (MYB, RBF, DM, E2F)

(Bosco et al. 2001; Beall et al. 2002; Dominguez-Sola et al. 2007),

suggesting that transcription factors may act as specificity factors

in recruiting ORC to the DNA. If specific transcription factors are

participating in ORC recruitment, then we might expect to see

enrichment of specific functional classes of genes, presumably

regulated by a common set of transcription factors. We used Gene

Ontology to categorize the ORC-associated promoters (Supple-

mental Table 2) and found that ORC interacted with many diverse

classes of genes with no significant patterns. These data suggest

that the local chromatin environment surrounding actively tran-

scribed genes, and not any specific transcription factor, is re-

sponsible for ORC recruitment.

ORC associates with open chromatin

A hallmark of actively transcribed genes is the presence of open

chromatin in the vicinity of their promoters (for review, see Rando

and Chang 2009). We explored the hypothesis that ORC may

preferentially localize to regions of open chromatin by using Dro-

sophila nucleosome data generated from Drosophila S2 cells (Mito

et al. 2007; Henikoff et al. 2009). In Drosophila, active promoters

and regulatory elements are marked by the replacement histone

variant, H3.3 (Mito et al. 2007), which is assembled into nucleo-

somes and deposited on the DNA in a replication-independent

manner (Ahmad and Henikoff 2002). To justify the comparison of

nucleosomes in S2 cells and our ORC binding sites in Kc167 cells,

we note a high concordance between expression profiles for these

two cell lines (Celniker et al. 2009; S Celniker, pers. comm.), and we

find similar replication timing patterns and distribution of early

activating origins of replication (Celniker et al. 2009), suggesting

that these cell lines will, at the gross level, have similar chromatin

landscapes.

To investigate the chromatin state near ORC binding sites, we

plotted the aggregate enrichment of H3.3 as a function of distance

from the ORC binding site for all previously identified ORC

binding sites (Fig. 4A). Not unexpectedly, we found a clear peak of

H3.3 enrichment at ORC binding sites that overlapped with the

promoters of active genes (solid line). However, we also found

a similar distribution of H3.3 enrichment at ORC sites that were

not associated with an active promoter

(dashed line). Therefore, open and dy-

namic chromatin as marked by H3.3 ap-

pears to be a determinant of ORC locali-

zation, and not simply a consequence of

ORC colocalizing to promoter elements.

In Drosophila, the single histone

variant, H2Av, functions as both histone

H2A.Z and H2A.X (van Daal and Elgin

1992). Like H2A.Z in S. cerevisiae (Dion

et al. 2007), H2Av is enriched at the pro-

moters of active transcripts, specifically at

the +1 nucleosome (Henikoff et al. 2009).

We find a broad peak of enrichment for

H2Av at those ORC sites that overlap with

promoter elements (Supplemental Fig.

3A). The broad H2Av peak is a result of it

occupying the +1 nucleosome and the

fact that we did not differentiate the

direction of ORC-associated promoters.

However, unlike H3.3, we observe that

surrounding H2Av levels are lower

around non-promoter-associated ORC

binding sites, which is likely due to de-

creased gene density. The lack of strong

local H2Av enrichment at ORC sites dis-

tal from promoters refutes a counter

Figure 3. ORC associates with promoters of active genes. (A) Venn diagram depicting the overlap
between ORC-associated sequences and annotated transcription start sites. (B) ORC localizes to the
promoter regions of actively transcribed genes. The mRNA expression levels for approximately 15,000
Drosophila transcripts were determined by Affymetrix expression analysis. The mRNA expression levels
for each gene were binned into five equal quintiles (Supplemental Fig. 2). The average ORC enrichment
for each quintile of expression is plotted relative to the transcription start site.
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hypothesis that a subset of our promoter distal ORC binding sites

might exist at poorly annotated genes.

Prior chromatin mapping studies have demonstrated that

sequences marked by H3.3 are also depleted for bulk nucleosomes

(Mito et al. 2007). Not surprisingly, we find that ORC-associated

sequences at sites both proximal (overlapping) and distal to pro-

moters are indeed depleted for bulk nucleosomes as mapped by

Mito et al. (2007) (Fig. 4B). To further explore the chromatin

landscape in the vicinity of ORC binding sites, we turned to recent

studies from the modENCODE consortium that profiled the dy-

namic state of chromatin using salt extraction of S2 cell nuclei

(Supplemental Fig. 3B; Henikoff et al. 2009). We find that ORC-

bound sequences are enriched in soluble nucleosome fractions

following 80 mM and 150 mM salt washes. These fractions typi-

cally represent open and active chromatin and are enriched for

regulatory elements and promoters. Conversely, no enrichment

of ORC-associated sequences was observed after extraction with

600 mM salt, which solubilizes the bulk of chromatin (Henikoff et al.

2009). The remaining insoluble chromatin pellet was also enriched

for ORC associated sequences and has been shown to be over-

enriched for oligomeric nucleosomes and large protein complexes.

Cohesin complex members colocalize with ORC

Cohesion between the sister chromatids is mediated by the cohe-

sin complex, which, like the pre-RC, is loaded onto the DNA in G1

before the initiation of DNA replication (for review, see Nasmyth

2002). Recent biochemical studies using Xenopus egg extracts have

established that, at least in Xenopus, the loading of the cohesin

complex is dependent on the formation of the pre-RC (Gillespie

and Hirano 2004; Takahashi et al. 2004, 2008). If, in Drosophila, the

establishment of cohesion is also dependent on pre-RC assembly,

then one might expect to find cohesin subunits at ORC binding

sites throughout the genome.

To address this question, we compared our genome-wide

mapping of ORC binding sites to a previous genomic study where

multiple cohesin complex members were mapped in different

Drosophila cell lines (Misulovin et al. 2008). We found a very high

concordance between ORC binding sites and sites of cohesin

binding in Kc167 cells. In Figure 5A, we depict our ORC2 locali-

zation data with SMC1, a cohesin subunit, in a browser window

from the modENCODE project (Celniker et al. 2009). Both the

ORC2 and SMC1 tracks are depicted as density plots, with intense

blue indicating a binding site. Furthermore, it appeared that ORC

was centered in the SMC1 peak and that the cohesin complex was

spreading out from the ORC binding sites (Fig. 5B). Together these

data suggest that ORC (and the pre-RC) may function to nucleate

cohesin binding on the DNA.

The colocalization of ORC and cohesin is consistent with the

Xenopus data and suggests that in Drosophila, the establishment of

cohesin may be dependent on pre-RC assembly. We used a chro-

matin association assay to directly assess, in vivo, the dependence

of cohesin loading on pre-RC assembly. Briefly, cellular extracts

from Kc167 cells were fractionated into cytoplasmic, soluble nu-

clear, and insoluble (pellet) chromatin fractions, which were sub-

sequently immunoblotted for subunits of both pre-RC and cohesin

complexes. Because the assembly of the pre-RC is an ordered

process that is tightly coupled with the cell cycle, we developed

methods to arrest Kc167 cells at various points in the cell cycle to

assess pre-RC formation and cohesin assembly.

We evaluated cohesin and pre-RC assembly in asynchronous

cells, cells arrested in G2 by treatment with 3% DMSO, cells

arrested at the G1/S transition with HU, and finally, cells arrested in

G1 by RNAi depletion of DUP (also known as CDT1), a critical pre-

RC intermediate required for MCM2-7 loading (Supplemental Fig.

4; Maiorano et al. 2000; Wohlschlegel et al. 2000). However, pro-

longed exposures to DUP dsRNA (>24 h) resulted in a population of

cells with less than 2N DNA, presumably mediated by a reductional

anaphase.

We observed chromatin bound ORC in all of the samples,

consistent with ORC remaining associated with the chromatin

throughout the cell cycle (Fig. 5C). The MCM2-7 complex was

observed on the chromatin only in asynchronous cells and cells

arrested in early S phase. In the absence of DUP, the association of

MCM2-7 with chromatin was markedly reduced, consistent with

the critical role of DUP in assembling the pre-RC. The MCM2-7

levels on chromatin were also substantially reduced in G2 cells

because S phase had been completed. The total protein levels of

pre-RC components and cohesin complex members were con-

stant throughout the cell cycle in a whole cell extract (Supple-

mental Fig. 4F).

We found that the bulk loading of cohesin complex members

onto DNA was not dependent on formation of the pre-RC. We

observed constant levels of multiple cohesin complex members

(SMC1, SA, Nipped-B) associated with chromatin at each stage of

the cell cycle (Fig. 5C). Critically, no reduction in cohesin bulk

loading was observed in DUP-depleted cells despite their clear in-

ability to load the MCM2-7 complex. Taken together, these data

suggest that pre-RC formation is not essential for cohesin loading

in Drosophila cells. It is important to note, however, that these

Figure 4. ORC localizes to open dynamic chromatin. (A) ORC binding
sites are enriched for the histone variant H3.3. The average enrichment of
H3.3 was plotted relative to the position of all ORC binding sites. The ORC
binding sites were classified as either proximal or distal to annotated
transcription start sites. Proximal ORC binding sites directly overlap with
annotated promoters. (B) ORC binding sites are depleted for nucleo-
somes. The average depletion of nucleosomes was plotted relative to the
position of promoter-proximal or -distal ORC binding sites.
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chromatin association experiments are only examining the bulk

level of DNA binding proteins on chromatin. Although bulk

cohesin levels are not affected by DUP depletion, we have not

examined where in the genome these cohesin complexes are being

loaded. It remains possible that in the absence of pre-RC assembly,

cohesin complex members may be loaded by alternative mecha-

nisms and perhaps at different locations.

Sequence determinants of ORC localization

The large array of ORC binding sites gave us an opportunity to

search for sequence elements that might participate either directly

or indirectly in recruiting ORC to the chromosome. Sequences that

directly participate in ORC binding would be reminiscent of the

ACS in S. cerevisiae—that is, sequences that are necessary but not

sufficient for ORC binding. Alternatively, certain transcription

factor motifs may indirectly recruit ORC via intermediate protein–

protein interactions. Using the motif identification tool PRIORITY

(Narlikar et al. 2007), we found several motifs that are over-repre-

sented in the DNA sequences bound by ORC. When using different

parameter settings, however, different motifs are reported, many of

them repetitive. Although all these motifs may be important for

ORC binding and/or origin function, possibly through indirect

effects such as preventing nucleosome occupancy or facilitating

DNA unwinding, we could not conclusively identify any single

motif that had clear predictive value in identifying ORC binding

sites.

Given the inconclusive results obtained using the motif

finding approach, we turned to a more basic question: Are there

any signals in the DNA sequence itself that guide ORC toward its

binding locations? To answer this question, we used a machine

learning approach. We selected 5050 euchromatic sequences that

were associated with ORC. All these se-

quences, henceforth referred to as ‘‘posi-

tives,’’ are 1 kb long and centered on

peaks of ORC enrichment. We selected an

equal number of 1-kb-long ORC-free se-

quences, henceforth referred to as ‘‘neg-

atives,’’ which do not overlap any of the

ORC peaks. About two-thirds of the ORC-

positive sequences overlapped with tran-

scription start sites (TSSs); thus, it was

important to select a negative set that had

the same proportion of sequences over-

lapping transcription start sites as the

positive set. Balancing the ratio of TSS-

proximal versus TSS-distal sequences in

both the positive and negative sets en-

sured that we were not inadvertently

training on promoter signatures.

We used a support vector machine

(SVM) to classify sequences as ORC-asso-

ciated or ORC-free. Briefly, an SVM is

a classification algorithm. It receives as

input a set of labeled training examples.

Each example corresponds to a DNA se-

quence, and it is represented as a vector of

features (i.e., a vector of k-mer frequen-

cies). Each example is labeled as ‘‘posi-

tive’’ (bound by ORC) or ‘‘negative’’ (not

bound by ORC). Given the input exam-

ples, the SVM algorithm generates a

model that can be applied to classify any new example (in our case

as ‘‘positive’’ or ‘‘negative’’). The SVM was trained using 80% of the

data; the remaining 20% was used to validate and assess the gen-

eralization capabilities of different SVMs. All of the SVM classifiers

we employed used the frequencies of sequence elements (k-mers;

for k = 1 to K) as features, ignoring orientation (e.g., ACC and GGT

were considered the same k-mer). The performance of the SVM

classifiers, measured using the area under the receiver-operating

characteristic curve (auROC), is shown in Figure 6, A and B. The

ROC curve is a plot of the sensitivity or true-positive rate as

a function of 1-specificity or false-positive rate. Surprisingly, when

using only AT-content information (i.e., when K = 1), the classifier

cannot distinguish well between the positive (ORC-associated) and

negative (ORC-free) sequences: the auROC is just 0.68, only mar-

ginally better than the auROC of a random classifier (0.5). As we

increased K and thus added more sequence elements, we were able

to better discriminate between ORC-associated and ORC-free se-

quences, with the best performance achieved for K = 6: a 10-fold

cross-validation accuracy of 81% and an auROC of 0.88.

Not all 2772 sequence features used by this SVM classifier

were important for discriminating between the ORC-associated

and ORC-free sequences: if we simply choose the features that are

most correlated with the class, we can reduce the size of the feature

set to 200 or 500 without a loss in accuracy. We sorted the features

in decreasing order of the absolute value of their Pearson correla-

tion with the class (i.e., +1 for positives and �1 for negatives). We

tested the performance of the classifiers when using the top 20, 50,

100, 200, or 500 most discriminating sequence features. As shown

in Figure 6B, the best SVM classifier was obtained when using just

the top 500 features, with an auROC of 0.92. Using this classifier, at

a false-positive rate of only 15%, we can accurately classify 83% of

the ORC-associated sequences in our independent test set.

Figure 5. Cohesin loading occurs at ORC binding sites independent of pre-RC assembly. (A) ORC2
and SMC1 binding sites colocalize. ORC2 and SMC1 binding are indicated as blue density tracks for
a 300-kb region of chromosome 2L. (B) ORC appears to nucleate cohesin binding. The average en-
richments for ORC2 and SMC1 are plotted relative to the peak of all SMC1 binding sites in the Drosophila
genome. (C ) Cohesin loading is independent of pre-RC formation. Chromatin-associated MCM2-7,
ORC, acetylated H4, and cohesin subunits at various points in the cell cycle (Supplemental Fig. 4).
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The high classification accuracy and predictive power of the

SVM classifier indicate that there are signals in the DNA sequence

itself that guide ORC toward its binding locations. However, it is

not yet clear whether the sequences have a direct impact on ORC

binding (i.e., there is a specific DNA binding motif for ORC), or an

indirect effect (e.g., by preventing nucleosome formation, or by

facilitating DNA unwinding). To begin to answer this question, we

analyzed the 500 features used by the best SVM classifier. In-

terestingly, as shown in Figure 6C, the features that have the

highest positive correlation with the class (i.e., are specific to ORC-

associated regions) tend to have a low nucleosome occupancy,

while features that are negatively correlated with the class (i.e.,

are specific to ORC-free regions) are in general occupied by nu-

cleosomes. This suggests that many of

the features that best distinguish be-

tween ORC-associated and ORC-free re-

gions may have an indirect effect on ORC

binding by preventing nucleosome for-

mation. Features with a high positive

correlation coefficient include ACA, AC,

AACAA, AATA, AAAATA, CACAC, AAAAA,

CGCACG, AAAAAA, TATAAA, etc. Some

of these sequence elements (e.g., AAAAA,

TATAAA, and other dA–dT sequences)

have been shown to prevent nucleosome

formation (Iyer and Struhl 1995; Suter

et al. 2000; Ozsolak et al. 2007; Kaplan

et al. 2009).

To further test the predictive power

of the SVM classifier, we held out all the

sequences from chromosome 3L, trained

the classifier on the other chromosomes

using the set of 500 features, and then

used it to predict the probability of ORC

binding to each 1-kb region on chromo-

some 3L. Our predictions are in good

agreement with the experimental ORC

data, as illustrated in Figure 6D, for a

representative part of chromosome 3L

(nucleotides 420,000 to 570,000). In

summary, we can use primary sequence

information to systematically identify

sequences with a potential to bind ORC;

however, not all of these potential se-

quences will interact with ORC. For ex-

ample, active transcription through a

sequence may physically prevent ORC

association.

Discussion
In Drosophila, ORC localizes to specific

regions of the chromosome, many of

which function as origins of replication.

The underlying chromosomal feature that

appears to define ORC’s association with

the chromosome is open and active chro-

matin. As a class, ORC binding sites are

enriched for the replication-independent

histone variant H3.3, depleted for bulk

nucleosomes, and often found immedi-

ately upstream of the transcription start

sites of active genes. The median distance between ORC binding

sites is 11 kb. Changes in the local density of ORC binding dictate

whether a sequence will be replicated early or late in S phase, with

regions of sparse ORC density replicating later in S phase. The

integration of our ORC data with the genome-wide mapping of

cohesin complex subunits (Misulovin et al. 2008) revealed exten-

sive colocalization between ORC and multiple cohesin subunits,

suggesting that, in Drosophila, ORC may participate in the loading

of cohesin on the DNA. Finally, we used machine learning ap-

proaches to identify sequence elements that can accurately dis-

criminate between ORC-associated and ORC-free sequences.

ORC binds to specific chromosomal locations in all eukary-

otes; however, sequence specificity for ORC has only been

Figure 6. Sequence elements can discriminate between ORC-associated and ORC-free sequences.
(A) ROC curves for SVM classifiers trained using as features the frequencies of k-mers for k = 1 to K, for
increasing values of K. (B) ROC curves for SVM classifiers using subsets of features of increasing size. For
each size of the feature set, we selected features with the highest absolute Pearson correlation with the
class value (+1 or �1). All ROC curves were computed on the test set. (C ) Correlation between k-mer
features and class value, versus the average nucleosome occupancy over k-mers. The blue and red dots
in the left plot correspond to the 500 features used in our analysis. The remaining features are shown in
gray. The right plot shows the distributions of average nucleosome occupancy for the features with very
high (red curve) and very low (blue curve) correlation coefficients. The average nucleosome occupancy
values were computed from high-resolution in vitro nucleosome positioning data (Kaplan et al. 2009).
(D) Predicted ORC binding for an arbitrary region on chromosome 3L. The background shows the
average ORC2 ChIP enrichment; (blue) low enrichment; (pink) high enrichment. (Black curve) The
posterior probability of ORC binding is in good agreement with the average ORC2 enrichment.
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observed in the budding yeast, S. cerevisiae. We have identified

approximately 5000 ORC-associated sequences distributed through-

out the Drosophila genome. Despite being able to accurately resolve

the peaks of ORC enrichment to within 1 kb, we were not able to

identify a simple sequence motif like that found for many tran-

scription factors. Instead, we found that a complex code of short

sequence k-mers (#6 bases) was sufficient to discriminate between

ORC-associated and ORC-free sequences (Fig. 6A,B). These short

oligomeric sequences likely contribute to a local environment that

is favorable for ORC binding. We found that many of the short

sequences that contributed to ORC binding were exclusionary to

nucleosomes (Fig. 6C), suggesting that local nucleosome density

may contribute to ORC association. Although open chromatin

appears to be important for ORC localization, it is clearly not suf-

ficient for ORC localization as not all predicted sites of low nu-

cleosome occupancy are associated with ORC (Supplemental Fig.

5). Undoubtedly, ORC itself likely contributes some specificity as it

has recently been shown that Drosophila ORC6 has a preference

for poly(dA) sequences (Balasov et al. 2007), which are indeed

enriched in our top 500 SVM sequence features.

Biochemical studies from multiple metazoan systems have

clearly demonstrated that ORC exhibits little sequence specificity

in vitro despite a high affinity for DNA (Vashee et al. 2003; Remus

et al. 2004). This suggests that a primary determinant of ORC

binding will be accessibility to the DNA. A critical difference be-

tween the interaction of ORC with DNA in vitro and in the nucleus

is that the majority of DNA in the nucleus is packaged into nu-

cleosomes and higher-order chromatin structure. The accessibility

of chromatin is an inherited feature established, in part, by pri-

mary DNA sequence, transcription factors, insulator elements,

transcription machinery, and histone variants. Indeed, we found

that ORC preferentially localizes to open chromatin marked by

transcription start sites, the histone variant H3.3, and depletion of

bulk nucleosomes (Fig. 4).

The lack of inherent sequence specificity for ORC may be

a unique feature of higher eukaryotes, a feature required to ensure

genetic inheritance throughout multiple developmental stages

and tissue types. For example, during embryogenesis an increased

density of origins is required to ensure the complete duplication of

the genome within the confines of a very short cell cycle (Kriegstein

and Hogness 1974; Hyrien et al. 1995). By using open chromatin to

define potential origins, the cell can harness the plasticity of the

transcription program and rapidly reprogram origin selection.

Thus, changes in the transcription program will likely affect ORC

localization and origin usage. Indeed, numerous examples exist in

the literature of origin activity being modulated by transcription

(Danis et al. 2004; Saha et al. 2004; Norio et al. 2005).

Open chromatin appears to be necessary for ORC binding,

but it is clearly not sufficient as many sites of open chromatin are

not associated with ORC. Additional proteins may participate in

targeting ORC to specific chromosomal locations. Several studies

have shown direct interactions between ORC and various tran-

scription factors, including MYB, RBF, and E2F (Bosco et al. 2001;

Beall et al. 2002; Dominguez-Sola et al. 2007). Although we cannot

rule out the possibility that these and other trans-acting factors are

cooperating with open chromatin to localize ORC to the DNA at

specific locations, we do not think this is a general mechanism. For

example, we did not identify a common motif near ORC binding

sites. If ORC were being recruited to the DNA by a limited number

of transcription factors, we would have found evidence for con-

served transcription factor motifs at the ORC-associated pro-

moters. We also explored the gene ontologies associated with the

ORC-associated promoters. No significant functional categories

emerged, suggesting that there was not a common regulatory ele-

ment among the ORC-associated promoters (Supplemental Table

2). A consequence of locating the majority of origins at promoter

regions is that the replication and transcription forks will be trav-

eling in the same direction. This will eliminate potential head-

to-head collisions between DNA and RNA polymerases. This co-

ordination of transcription and replication to avoid direct poly-

merase collisions is readily apparent in the organization of pro-

karyotic genomes (Kunst et al. 1997).

The local topology of DNA is a likely factor contributing to

the localization of ORC at regions of open chromatin. Negative

supercoiling increases ORC’s affinity for DNA in vitro by at least an

order of magnitude (Remus et al. 2004). Negative supercoils are

likely to be found behind the promoters of actively transcribed

genes where ORC is often localized. Recent genome-wide RNA

profiling experiments using sequencing-based platforms have

identified the presence of short abortive divergent transcripts at

many promoters in mammalian genomes (Core et al. 2008; Seila

et al. 2008). This divergent transcription would create a very high

local concentration of negative supercoils in the vicinity of the

promoter. It will be interesting to see if the subset of promoters that

are divergently transcribed in mammalian genomes are enriched

for ORC and origin activity. Finally, it is tempting to note the

parallels between bidirectional DNA replication and bi-directional

transcription.

The DNA replication program is defined, in part, by where

potential origins are established and the time at which they are

activated in S phase. Studies in S. cerevisiae, Drosophila, and human

cells have clearly shown that the local chromatin environment

influences origin activation (Vogelauer et al. 2002; Goren et al.

2008; Knott et al. 2009; Schwaiger et al. 2009). For example,

tethering the histone deacetylase, RPD3, to Ori-beta at the cho-

rion locus inhibited origin function (Aggarwal and Calvi 2004).

Here, we show that the density of ORC on the chromosome also

contributes to the overall temporal pattern of DNA replication

(Fig. 2). Not unexpectedly, sequences distant from ORC binding

sites replicate later in S phase and are limited to gene-poor regions

of the genome. The localization of ORC to promoters of actively

transcribed genes results in a higher density of ORC in gene-rich

regions, which guarantees their duplication early in S phase. Mam-

malian replication timing studies have shown that the rate of muta-

genesis is significantly higher in late S phase (Stamatoyannopoulos

et al. 2009). By duplicating gene-rich regions in early S phase, the

cell can specifically maintain the integrity of these regions of the

genome.

Our genome-wide studies of ORC binding in Drosophila

revealed extensive colocalization between ORC and multiple

subunits of the cohesin complex. ORC was most often found at the

center of cohesin peaks, suggesting that ORC may participate di-

rectly or indirectly in sister-chromatid cohesion. Prior genome-

wide mapping experiments in mammalian cells implicated the

insulator element, CTCF, in sister-chromatid cohesion (Parelho

et al. 2008; Wendt et al. 2008). In contrast, in Drosophila, <15% of

the CTCF sites are coincident with the cohesin complex member,

SA; however, there is significant overlap between the CP190 in-

sulator element and cohesin binding sites (Bartkuhn et al. 2009).

In egg extracts from Xenopus, ORC and pre-RC assembly are re-

quired for cohesin loading on sperm chromatin. Despite inhibiting

pre-RC assembly by depleting DUP by RNAi, we were unable to

perturb the levels of chromatin-associated Nipped-B, SMC1, and

SA (Fig. 5C). These results suggest that in Drosophila the loading of
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cohesin is not dependent on pre-RC formation. We were unable to

directly test the role of Drosophila ORC in sister-chromatid co-

hesion because of compounding cell cycle phenotypes induced by

RNAi depletion of ORC subunits. Alternatively, in the absence of

pre-RC formation, cohesion may still be established, possibly at

different locations, via an alternative pathway. Future experiments

will address the localization of cohesin subunits in the absence of

pre-RC assembly.

Methods

Cell growth
Kc167 cells were cultured in 150-mm plates at a density of 1 3 106

cells/mL in Schneider’s Insect Cell Medium (Invitrogen) supple-
mented with 10% FBS and 1% penicillin/streptomycin/glutamine
(Invitrogen). All cell growth in this study was conducted at 25°C.
For G1 arrests, DUP was depleted using RNAi. For G1/S arrests, HU
(Sigma) was added to 1 mM final concentration. For G2 arrests,
DMSO (Sigma) was added to 3% final concentration. Cell cycle
position was determined by flow cytometry.

Chromatin immunoprecipitation

For each experiment, ;2–3 3 108 asynchronous Kc167 cells were
collected. The cells were cross-linked at 25°C with 1% formalde-
hyde (Ted Pella) for 10 min and quenched with 125 mM glycine for
5 min. The cross-linked cells were centrifuged at 1000 rpm and
washed twice in cold 13 PBS, and the pellet was frozen in liquid
nitrogen and stored at �80°C. The pellet was thawed on ice, re-
suspended in lysis buffer 1 (50 mM HEPES-KOH at pH 7.5, 140 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100,
Complete MINI protease inhibitor cocktail tablet, Roche), and in-
cubated with rotation for 10 min at 4°C. The extract was centri-
fuged at 1350g for 5 min at 4°C. The pellet was resuspended in lysis
buffer 2 (10 mM Tris-HCl at pH 8.0, 200 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, Complete MINI protease inhibitor cocktail tablet),
incubated with rotation for 10 min at 25°C, and centrifuged as
noted above. The pellet was resuspended in lysis buffer 3 (10 mM
Tris-HCl at pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, Complete MINI
protease inhibitor cocktail tablet). The extract was sheared by
sonication to an average size of 1 kb. Triton X-100 was added to
1%, vortexed gently, and centrifuged at 20,000g for 10 min at 4°C.
The chromatin was immunoprecipitated with anti-dORC2 anti-
body, as described in Austin et al. (1999).

Labeling of DNA with fluorescent nucleotides

The immunoprecipitated DNA was labeled with either fluorescent
Cy5- or Cy3-conjugated dUTP (Perkin Elmer), using Sequenase (US
Biochemicals) and a random nonamer oligo (IDT). The immuno-
precipitated DNA was dried in a speed-vac and resuspended in
10 mL of Sequenase primer mix (13 Sequenase buffer, 5 mg of
random nonamer, 5 mM dUTP-Cy*). The samples were heat-
denatured and cooled to 4°C in a thermocycler before adding 5 mL
of Sequenase reaction mix (13 Sequenase buffer, 1.5 mM dATP,
1.5 mM dCTP, 1.5 mM dGTP, 0.75 mM dTTP, 500 ng of BSA,
3.5 mM DTT, and 13 U of Sequenase). The reaction temperature
was slowly ramped to 37°C and incubated for 30 min. Following
incubation, the sample was heat-denatured and cooled to 4°C, and
fresh Sequenase (4 U) was added for the second and final round
of labeling. Following the labeling, unincorporated nucleotides,
oligo, and dye were removed using Microcon filters (Millipore).

Array hybridization and washing

All experiments were performed using biological replicates. For the
ORC ChIP experiments, the labeled DNA was hybridized across
four genomic tiling arrays, which contained probes spanning the
entire Drosophila genome. The slides were hybridized and washed
as per Agilent recommendations.

Data analysis

The resulting raw data for each slide were loess-normalized using
the LIMMA package in R. Quantile normalization was then used to
normalize probe values across the four-array set. Finally, the nor-
malized values across the four arrays were output into a pseudo-
NimbleGen format for downstream analysis and peak calling by
the python MA2C package (Song et al. 2007). Peaks were identified
at a cutoff of P > 1 3 10�5 using a windowing function of 300 bp.
Analysis of each biological replicate independently identified 3666
and 4533 peaks in replicate 1 and replicate 2, respectively. Eighty-
four percent of the peaks in replicate 1 were also found in replicate
2. The Pearson correlation between replicate 1 and replicate 2 was
R = 0.71. Additional analysis details are provided in the metadata
associated with the data submission files (see below).

Data submission

All genomic data (with accompanying metadata) are publicly
available at the NCBI GEO data repository. The accession numbers
are: GSE17282 for Kc167 ORC2 localization, GSE17279 for Kc167
replication timing, GSE17285 for Kc167 early origins of replica-
tion, GSE18942 for Kc167 ORC2-TAP, IgG control data, and ex-
pression data.

TAP tag chromatin immunoprecipitation

Primers 59-GGTGGTGGATCCATGAGTGCCAGCAACAAAGG and
39-GGTGGTACTAGTTTTCTTCTCCTGCTCCTCGAG were used to
amplify the Orc2 gene from the FastBac-DmOrc2 plasmid. The
PCR product was sequentially digested with BamHI and SpeI
(New England Biolabs) and ligated into a BamHI/SpeI-digested
pMK33CTAP plasmid (gift of the Artavanis-Tsakonas laboratory,
Harvard Medical School). The recombinant ORC2-TAP plasmid
was sequenced and found to be in-frame with the TAP tag and have
no errors. The ORC2-TAP plasmid was transfected into asychro-
nous Kc167 cells in 100-mm tissue culture dishes using the Effec-
tene Transfection Reagent (QIAGEN). 7.0 3 106 cells were trans-
fected with 2.0 mg of ORC2-TAP plasmid and 2.53 vol Effectene
reagent. Day 2 post-transfection, 125 mM hygromycin was added
to cells and allowed to grow for ;2 wk. Transfected cells were in-
duced with 500 mM CuSO4 and allowed to grow for 3 d before
harvesting. Chromatin isolation and cross-linking procedures were
conducted as outlined above. Chromatin was immunoprecipitated
using IgG Sepharose beads (GE Healthcare Bio-Sci Corp), overnight
at 4°C with rotation. Samples were washed, and DNA was isolated
as described in Austin et al. (1999). Labeling, microarray hybrid-
ization, and washing were performed as described above.

Expression arrays

Total RNA was prepared from ;5 3 106 cells using the RNeasy Kit
(QIAGEN). mRNA was labeled and hybridized to Affymetrix Dro-
sophila Genome 2.0 Arrays by the Duke core facility.

RNAi

Primers 59-TTAATACGACTCACTATAGGGAGACTATCAGTATCAA
GAACAGGCG and 39-TTAATACGACTCACTATAGGGAGATGCTT
TCCACCAGACTG were used to amplify an ;700-bp fragment
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from the dup ORF. dsRNA was prepared from the PCR product using
the T7 Ribomax Express Large Scale kit (Promega). 2 3 107 Kc167
cells were collected, centrifuged at 1000 rpm for 5 min, washed
with serum-free medium (SFM), and resuspended in 5 mL of SFM.
Fifteen micrograms of DUP dsRNA was added to 1 3 106 Kc167
cells per mL and allowed to incubate for 1 h. Five milliliters of
23 medium (Schneider’s insect cell medium, 20% FBS, 2% PSG)
and DMSO was added and allowed to incubate for 24 h. Cells
were released from DMSO and allowed to incubate for an addi-
tional 24 h.

Chromatin fractionation

Chromatin fractionation was performed as described (Wysocka
et al. 2001). Soluble and chromatin fractions were incubated for
5 min at 95°C and loaded on a 6% polyacrylamide gel for sub-
sequent Western blotting to nitrocellulose. Blots were blocked in
5% milk/TBS-T for 20 min at 25°C. anti-dORC2 antibody was di-
luted 1:3000 in TBS-T, anti-MCM (AS1.1) 1:100 in TBS-T, and
cohesin subunits 1:3000 in 5% milk/TBS-T and incubated over-
night at 4°C. All secondary antibodies were diluted 1:10,000 in 5%
milk/TBS-T with 0.005% SDS. ORC and SMC1 were detected with
Alexa Fluor 680 goat anti-rabbit IgG (Invitrogen), MCM2-7 with
IRDye 800 conjugated anti-mouse IgG (Rockland Immunochemi-
cals), and Nipped-B and SA with IRDye 800 conjugated anti-guinea
pig IgG (Rockland Immunochemicals). Blots were scanned on
a LICOR Imaging system.

SVM classification

We used the LIBSVM tool (C-C Chang and C-J Lin, http://www.
csie.ntu.edu.tw/;cjlin/libsvm) to train different support vector
machine (SVM) classifiers on the ORC binding data. We generated
feature vectors from 5050 positive (ORC associated) and 5050
negative (not associated with ORC) 1-kb sequences. The set of ORC
negative sequences was randomly chosen, but biased to have
two-thirds of the sequence set overlap transcription start sites. Of
the 5050 positive sequences and 5050 negative sequences, we used
80% as the training set and 20% as the test set. All the ROC curves
shown in Figure 6 were computed on the test set. For each SVM
classifier, we optimized the parameters (the cost parameter and the
width of the kernel’s radial basis function) by performing 10-fold
cross-validation on the training set and choosing the parameters
that gave the best cross-validation accuracy. In each of the 10
rounds of cross-validation, we used 90% of the training set for
training and the remaining 10% of the training set for testing.

Correlation of k-mer features with the class

For each of the 2772 sequence features used by the SVM classifiers,
we computed the Pearson correlation coefficient between the
feature and the class value. The class value was set to +1 for all
positive (ORC-associated) sequences and to �1 for all negative
(ORC-free) sequences. The correlation coefficient ranges between�1
and +1. Features with a positive correlation coefficient are specific
to ORC-associated sequences, while features with a negative cor-
relation coefficient are specific to ORC-free sequences.

Nucleosome occupancy for SVM analysis

To compute the average nucleosome occupancy over k-mers we
used the in vitro nucleosome occupancy data of Kaplan et al.
(2009). For each k-mer, we identified all of its occurrences in the
yeast genome and then computed the average nucleosome occu-
pancy over all occurrences of the k-mer.
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