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An extrachromosomally replicating plasmid was used to
investigate the specificity by which the origin recognition
complex (ORC) interacts with DNA sequences in mamma-
lian cells in vivo. We first showed that the plasmid pEPI-1
replicates semiconservatively in a once-per-cell-cycle
manner and is stably transmitted over many cell genera-
tions in culture without selection. Chromatin immunopre-
cipitations and quantitative polymerase chain reaction
analysis revealed that, in G1-phase cells, Orcl and Orc2,
as well as Mcm3, another component of the prereplication
complex, are bound to multiple sites on the plasmid. These
binding sites are functional because they show the S-
phase-dependent dissociation of Orcl and Mcm3 known
to be characteristic for prereplication complexes in mam-
malian cells. In addition, we identified replicative nascent
strands and showed that they correspond to many plasmid
DNA regions. This work has implications for current
models of replication origins in mammalian systems. It
indicates that specific DNA sequences are not required for
the chromatin binding of ORC in vivo. The conclusion is
that epigenetic mechanisms determine the sites where
mammalian DNA replication is initiated.
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Introduction

The initiation of genome replication starts with the binding of
specific initiator proteins to genomic sites, termed origins,
and results in the localized unwinding of the DNA duplex and
the establishment of replication forks. These interactions are
best understood for prokaryotes and some eukaryotic viruses
such as simian virus 40 (SV40) expressing one single initiator
protein, T antigen, which binds with high specificity to the
viral origin, a specific 60-bp-long DNA segment, and func-
tions as a helicase separating the complementary DNA

*Corresponding author. Department of Biology, Universitdt Konstanz,
Universitdtsstrase 10, Konstanz D-78464, Germany.

Tel.: 49 7531 88 2127; Fax: 49 7531 88 4036;

E-mail: daniel.schaarschmidt@uni-konstanz.de

Received: 10 September 2003; accepted: 17 November 2003; Published
online: 11 December 2003

©2004 European Molecular Biology Organization

strands. This simple initiation mechanism has evolved to
serve the purpose of ‘run-away’ replication of the viral
genome (for a review, see Simmons, 2000).

In contrast, the replication of cellular genomes is strictly
coordinated within the cell cycle and effectively controlled
such that the genome is replicated completely, but without
over-replication, ‘once and only once’ per cell cycle (Coverley
and Laskey, 1994). This is achieved by several levels of
control beginning with the stepwise assembly of prereplica-
tion complexes (pre-RC) in the early G1 phase of the cell cycle
consisting of the DNA-bound multisubunit origin recognition
complex (ORC with its components Orc1-Orc6), which serves
as a platform for the association of additional proteins, Cdc6,
Cdtl and the six Mcm proteins (MCM2-MCM?7). Transition
into the S phase is initiated by the timely activation of specific
protein kinases and is marked by the conversion of pre-RCs to
initiation complexes (for reviews, see Bell and Dutta, 2002;
Blow and Hodgson, 2002).

Re-replication during the S phase is prevented by a partial
decomposition of the pre-RC including the loss of Mcm
proteins, which move away from their original binding sites
probably in close association with replication forks (Aparicio
et al, 1997; Labib et al, 2000; Alexandrow et al, 2002;
Schaarschmidt et al, 2002) where they may be involved in
DNA unwinding (You et al, 1999) and eventually dissociate
from chromatin (for a review, see Tye, 1999). An additional
mechanism preventing the re-replication of DNA is the dis-
sociation of the Orclp subunit of ORC in mammalian cells
(for a review, see DePamphilis, 2003).

In the budding yeast, Saccharomyces cerevisiae, pre-RCs
assemble at defined origin elements known as autonomously
replicating sequences (ARSs) because they direct the extra-
chromosomal replication of ARS-bearing DNA circles. ARS
sites are composed of several short sequences including an
AT-rich ARS consensus which, together with adjacent ele-
ments, form binding sites for ORC (Bell and Stillman, 1992;
Lee and Bell, 1997) and are start sites for bidirectional DNA
replication (for a review, see Bielinsky and Gerbi, 2001). In
contrast, origins of the fission yeast, Saccharomyces pombe,
are longer, 500-1000bp in size, and do not contain a con-
sensus sequence, but possess elements rich in AT base pairs
which serve as binding sites for ORC (Chuang and Kelly,
1999). Moreover, the two dozen or so metazoan origins
characterized so far share no obvious sequence elements,
except perhaps short stretches of AT base pairs (for reviews,
see DePamphilis, 1999; Gilbert, 2001). This lack of sequence
homology contrasts with the finding that identical replication
start sites are used in successive mammalian cell cycles. In
fact, a transfer of authentic origins to ectopic sites in the same
nucleus showed that replication does not start at random
genomic sites, and, moreover, that a given origin is composed
of discrete functional elements which, however, differ among
individual origins (Altman and Fanning, 2001; Liu et al,
2003). It has therefore been proposed that replication start
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sites in mammalian genomes are not so much determined by
the underlying DNA sequence, but by epigenetic factors such
as the presence of specifically bound transcription factors or
the conformation of chromatin (for a review, see Mechali,
2001).

For a detailed investigation of the origin problem in
metazoa and particularly in mammalian cells, it would be
useful to possess an assay system that is comparable to the
ARS system in yeast. However, searches for ARS-like ele-
ments in cultured mammalian cells were usually not success-
ful and did not generally lead to specific sequences that
confer a replication advantage over extrachromosomal DNA
circles without the sequence. In fact, it has been observed
that all DNA segments > 15 kb replicate with similar efficien-
cies in a once-per-cell-cycle manner in cultured mammalian
(Caddle and Calos, 1992; Krysan et al, 1993) and Drosophila
cells (Smith and Calos, 1995). However, it has also been
reported that plasmids with an authentic origin sequence
possess a replicative advantage over plasmids lacking this
sequence (McWhinney and Leffak, 1990), and a loose poten-
tial consensus sequence has recently been described for DNA
circles that replicate extrachromosomally in cultured mam-
malian cells (Price et al, 2003). In either case, many of these
observations are difficult to interpret because they depend on
transient replication assays with extrachromosomal elements
that were either gradually lost upon subsequent cell divisions
or integrated into the cellular genome.

To investigate the in vivo DNA-binding specificities of
mammalian ORC, we use a plasmid, pEPI-1, with a unique
combination of genetic elements including a strong eukaryo-
tic promoter and a scaffold/matrix attachment region (S/
MAR) (Figure 1A). This DNA circle of ca. 6.7kb has been
shown to replicate extrachromosomally over hundreds of
cell generations in Chinese hamster ovary (CHO) cells
(Piechaczek et al, 1999) and HeLa cells (see below). It
associates with mitotic chromosomes (Baiker et al, 2000),
most probably via an interaction of its S/MAR element with
the scaffold attachment factor SAF-A in cellular chromo-
somes (Jenke et al, 2002), and is therefore correctly trans-
mitted from parental to progeny cells.

Here, we report that pEPI-1 replicates early in S phase in a
once-per-cell-cycle manner like a chromosomal DNA seg-
ment, and carries ORC and other components of the pre-RC.
Importantly, we demonstrate by chromatin immunoprecipita-
tion (ChIP) and quantitative polymerase chain reaction (PCR)
that, in the G1 phase, members of ORC and of the Mcm
proteins are bound to many regions of the plasmid. These
sequences are enriched in a fraction of nascent DNA, suggest-
ing that the bound ORCs coincide with regions where replica-
tion is initiated. Furthermore, Orclp and Mcm3p dissociate
during the S phase and thus behave just like chromosomally
bound Orclp and Mcm proteins as previously described
(Kreitz et al, 2001). These results show that ORC is able to
bind productively to many DNA sequences in vivo, and imply
that, in principle, many, if not random, sites in the mamma-
lian genome could serve as origins of DNA replication.

Results

PEPI-1 replicates as an episome in mammalian cells
The construction of pEPI-1 (Figure 1A) has been described by
Piechaczek et al. (1999), who showed that the presence of
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Figure 1 pEPI-1 replicates episomally in HeLa cells. (A) Map of
pEPI-1. The human S/MAR was cloned into the multiple cloning
site of the vector pGFP-C1 (Piechaczek et al, 1999). The divergent
arrow heads indicate the regions analyzed by PCR. (B) Southern
blots of DNA from the HeLa cell clones used for ChIP. DNA was
separated on 0.8% agarose gels, blotted and hybridized with 3*P-
labeled pGFP-C1 probe. Lanes 1 and 2, 20pg (about 3 x 10° mole-
molecules) of undigested (supercoiled form I) or EcoRI-digested
(linearized form III) pEPI-1 DNA. Lanes 3 and 4, undigested and
EcoRI-digested DNA from a Hirt supernatant of 10° pEPI-1 trans-
fected HeLa cells. Lane 5, 20 pg (about 4 x 10° molecules) of EcoRI-
digested (linearized form III) pGFP-C1 DNA. Lane 6, EcoRI-digested
total genomic DNA of about 3 x 10° pGFP-Cl1-transfected HeLa cells.
M, 1-kb ladder (MBI) as marker.

S/MAR (from the 5 region of the human interferon-f gene;
Bode et al, 1992) is essential for extrachromosomal replica-
tion and for its stable transmission at mitosis, because a
plasmid, pGFP-C1, identical to pEPI-1, but lacking S/MAR,
integrates into the cellular genome. More recently, Stehle et al.
(2003) demonstrated that an active cytomegalovirus promo-
ter (pCMV in Figure 1A), which directs the transcription
through the GFP gene and well into the S/MAR region, is
an essential element for autonomous replication whereas all
SV40-derived sequences in pEPI-1 are dispensable (IM Stehle
and HJ Lipps, unpublished data). It thus appears that two
regions are important for extrachromosomal replication, an
active CMV promoter with the adjacent downstream se-
quences and at least part of S/MAR, which seems to be
required for mitotic transmission. In the absence of one or
the other element, the plasmid is rapidly incorporated into
the host genome or lost.
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To demonstrate the episomal state of pEPI-1 in the cell
lines under study, we prepared extrachromosomal DNA from
pEPI-1-transfected CHO cells using a procedure that Hirt had
originally developed to separate the large cellular DNA from
small viral DNA (see Supplementary Data). pEPI-1 plasmids
in the Hirt supernatants were amplified in bacteria and used
to transfect CHO cells and human HeLa cells. The S/MAR-
lacking plasmid pGFP-C1 served as a control in parallel
transfections. Transfected cells were selected with the kana-
mycin derivative G418. Several of the resulting G418-resistant
colonies were subcloned and then expanded in media with-
out the drug. After approximately 30 cell generations in the
absence of selection, Hirt supernatants were analyzed by
Southern blotting for free extrachromosomal pEPI-1 DNA
circles. These were detected in nine out of the 10 CHO cell
clones investigated as well as in all five HeLa cell clones.
Figure 1B shows the result of a HeLa clone that was further
investigated (see below). The number of extrachromosomal
pEPI-1 molecules was determined by comparing the Southern
blot bands of Hirt supernatants with those of known quan-
tities of pEPI-1 and by quantitative real-time PCR (see below).
We measured six-nine copies per cell in HeLa as well as in
CHO cells in agreement with previous results (Piechaczek
et al, 1999; Baiker et al, 2000). The mitotic stability and
integrity of these extrachromosomal elements were tested by
fluctuation assays and bacterial retransformation experi-
ments (see Table SI in Supplementary data, available at The
EMBO Journal Online).

In contrast, the Hirt supernatants of the six CHO and four
HeLa cell clones transfected with the control plasmid pGFP-
C1 were free of plasmid DNA. However, plasmid sequences
could be detected in Southern blots of EcoRI-digested cellular
DNA, indicating that pGFP-C1 had integrated during selection
in the presence of G418 (Figure 1B, lane 6).

Once-per-cell-cycle replication

Being convinced that pEPI-1 is episomal in the cells under
study, we wished to determine whether the plasmid replicates
concomitantly with cellular DNA during the S phase. For this
purpose, CHO cells were transferred to growth medium with
5-bromodeoxyuridine (BrdU) to increase the buoyant density
of replicated DNA for CsCl equilibrium gradient centrifuga-
tion in a Meselson-Stahl density shift experiment. To ensure
that the incorporation of BrdU was successful, we measured
the distribution of total cellular DNA in the CsCl gradients,
and found that essentially all DNA had shifted from a light
(unsubstituted) position to a heavy-light (hemisubstituted)
position within 17 h, the approximate doubling time of CHO
cells under the growth conditions (HL in Figure 2A). After
another 17-h growth period in the presence of BrdU, the HL
DNA had divided into an HL peak and an HH peak of fully
substituted DNA (Figure 2A) exactly as expected for semi-
conservative DNA replication.

The density shifts of pEPI-1 DNA were investigated by
quantitative PCR assays using the Light Cycler instrument.
The internal PCR control was a region from the well-studied
cellular DHFR gene locus. The data in Figure 2B, expressed as
relative units (percentage of total amplified DNA), clearly
show that pEPI-1 (gray bars) replicated in synchrony with the
cellular sequence (black bars), in a once-per-cell-cycle man-
ner and without over-replication.
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To determine the time of replication within the S phase,
cells were first arrested in isoleucine-free medium for 48 h,
and then released into medium with high thymidine concen-
tration to achieve a block at the G1/S-phase border. Cells
were released with normal medium which, however, con-
tained BrdU as a density label. According to FACS analyses,
the cells traversed the S phase with reasonable synchrony
until the total DNA content was duplicated at approximately
6 h after release from the TdR block (left panels in Figure 2C).
DNA was extracted before and at 2, 4 and 6 h after the release
and analyzed by CsCl gradient centrifugation. Quantitative
PCR was used to measure the amount of pEPI-1 DNA and of
cellular DHFR sequences in individual fractions of the equili-
brium gradients. At 2 h within the S phase, pEPI-1 DNA (gray
bars in Figure 2C, right panels) and DHFR DNA (black bars)
had partially shifted to the peak of semisubstituted HL DNA,
and this shift was virtually complete at 4 h after release. The
plasmid sequence shifted to the position of replicated (semi-
substituted) DNA in parallel with the DHFR sequence, and
since the DHFR locus had been classified as early replicating
(Dijkwel and Hamlin, 1992), pEPI-1 can also be considered to
be an early replicon. Early replicating regions are believed to
be sections of the genome with relatively open chromatin
structures as found in and around active genes (Gilbert, 2002;
Lin et al, 2003).

We conclude that episomal pEPI-1 plasmids are replicated
once and only once during the S phase of the cell cycle. Their
replication should therefore be regulated much like the
replication of the cellular genome including an assembly of
the pre-RC before and its disassembly later in the S phase.

Orc2p and Mcm3p on episomal pEPI-1

To determine whether episomal pEPI-1 DNA in CHO cells
carries components of the pre-RC, we used a ChIP procedure
that had previously been successful in the identification of
ORC-binding sites in human HeLa cells (Keller et al, 2002;
Ladenburger et al, 2002). This procedure involves a short
treatment of proliferating cells with formaldehyde, the
preparation of crosslinked nucleoprotein and shearing to
fragments of 0.2-1kb in size. This is followed by immuno-
precipitation of the resulting nucleoprotein fragments and an
analysis by Western blotting or, after deproteinization, by
quantitative PCR for specific DNA sequences.

In the experiment of Figure 3, the nucleoprotein fragments
were immunoprecipitated with control antibodies or with
antibodies directed against human Orc2p and Mcm3p.
Antibodies against human Mcm3p react well with the corres-
ponding CHO proteins (Alexandrow et al, 2002), as do the
antibodies against human Orc2p. Indeed, the Orc2-specific as
well as the Mcm3-specific antibodies precipitated essentially
all the Orc2p and most of Mcm3p in the input sample
(Figure 3A).

Next, we determined the presence of pEPI-1 sequences in
the input (sheared crosslinked chromatin before immunopre-
cipitation) using the six primer pairs indicated in Figure 1A.
The parallel PCR assays gave similar results, 4-5 x 10* copies
of pEPI-1 in the nucleoprotein prepared under standard
conditions (Figure 3B). An estimate based on the number
of cells used for the preparation of the input sample gave a
value of 6-9 episomal pEPI-1 copies per cell. This estimate
takes into account that some of the amplifiable sequences
are destroyed during sonication. We have determined this
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Figure 2 pEPI-1 replicates in a once-per-cell-cycle manner synchronously with cellular DNA and early in the S phase. Asynchronously growing
CHO cells were labeled with 30 ug/ml BrdU for 0, 17 or 34h. After shearing and digestion, total DNA was separated by CsCl gradient
centrifugation. (A) The distribution of total DNA was determined from A,s) measurements. Squares, 0h; circles, 17 h; triangles, 34 h. Three
peaks of A,gp-absorbing material were seen at densities of 1.7, 1.75 and 1.8 g/crn3 corresponding to light-light (LL), heavy-light (HL) and
heavy-heavy (HH) DNA strands. (B) Samples were dialyzed against TE, precipitated and further analyzed by quantitative PCR using primer
pairs SV40 for the plasmid pEPI-1 and DHFRex1 for genomic CHO DNA. The distribution of pEPI-1 (gray bars) or cellular DNA (black bars) is
presented as a percentage of total amplified DNA. (C) CHO cells were synchronized by the excess-thymidine procedure at the G1-to-S-phase
transition and then released into thymidine-free medium containing BrdU. Left, FACS analysis of isolated nuclei. Right, CsCl density gradient
centrifugation followed by quantitative PCR to determine the distribution of cellular DNA (black bars) and plasmid DNA (gray bars).

fraction in control experiments by mixing known amounts of
pEPI-1 with crosslinked nucleoprotein from pEPI-1-free cells.
Routinely, 75% of added plasmid sequences survived and
could be amplified.

We then analyzed for the presence of pEPI-1 sequences in
the Orc2 immunoprecipitates. Originally, we had expected to
find an enrichment of specific pEPI-1 fragments such as those
around the CMV promoter, but to our initial surprise, we
detected that all segments of the replicon were present in the
immunoprecipitate in approximately equal amounts (2000-
2500 copies), with the exception of the MAR sequences
(which were slightly more abundant) and the HSV region
(which was less abundant than the other regions) (Figure 3C).
Likewise, Mcm3p became crosslinked to multiple sites in the
replicon just like Orc2p (Figure 3D). We note though that the
absolute numbers of DNA fragments in the sample immuno-
precipitated with Mcm3-specific antibodies were always
lower than those in the Orc2 immunoprecipitates. This has
been noted in previous experiments investigating cellular
chromatin amplification (Schaarschmidt et al, 2002). One
reason for this could be that the asynchronously proliferating
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cell population included a substantial fraction of late S-phase
and post-S-phase cells that have no chromatin-bound Mcms.
Another reason may be that Mcm-bearing DNA is partially
unwound or otherwise structurally altered and is therefore
less amenable to PCR.

The experiment in Figure 3 was controlled in different
ways. First, control antibodies failed to enrich for pEPI-1
sequences in immunoprecpitates (Figure 3E). Second, Hinfl
digestion separates the regions of pEPI-1 selected for PCR
amplification and cuts the MARI target side. Consequently,
we were unable to amplify MAR1 of Hinfl-restricted chroma-
tin, whereas all the other pEPI-1 regions could be amplified
just as in an untreated sample (not shown). This experiment
underlines the reliability of the PCR procedure. Third, Orc2-
specific antibodies were used to precipitate crosslinked chro-
matin from the pGFP-Cl-transfected control cells. In this
case, we were unable to detect plasmid DNA sequences in
the immunoprecipitates, showing that Orc2p was not bound
to the integrated plasmid sequences (not shown).

The interesting conclusion from Figure 3 is that Orc2p,
Mcm3p and, by implication, other components of pre-RC are

©2004 European Molecular Biology Organization
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Figure 3 Orc2p and Mcm3p on pEPI-1. (A) Immunoprecipitation
with antibodies against human Orc2p (o-Orc2) (upper) and human
Mcm3p (a-Mcm3) (lower). IgG, nonspecific control antibodies.
Inputs (I, crosslinked CHO chromatin before immunoprecipitation),
supernatants (S, remaining chromatin after immunoprecipitations)
and immunoprecipitates (P) were analyzed by Western blotting
with Orc2p-specific (ORC2) and Mcm3p-specific (Mcm3) anti-
bodies. (B) Input DNA (10000 calculated genomic copies) was
extracted from crosslinked CHO chromatin and analyzed by quan-
titative PCR using the primer sets indicated (Figure 1A, Table I) In
parallel, quantitative PCR was performed with DNA extracted from
immunoprecipitated chromatin using antibodies against Orc2p (C),
Mcm3p (D) and IgG control antibodies (E). The data output
obtained with each primer pair was calculated relative to the
input control. The DNA measured in the control immunoprecipita-
tion with IgG antibodies was subtracted. These numbers are ex-
pressed in ‘units’ relative to known amounts of serially diluted
pEPI-1 control DNA.

able to associate with many sequence sites in the extrachro-
mosomal replicon. It should be noted that the interactions
determined with these assays are not measured for a single
replicon, but are a population average. It is therefore likely
that each individual replicon carries just one or a few pre-
RCs.

Abundance of nascent DNA strands

An obvious question is where the start points of replication
are located on pEPI-1. We addressed this point using an assay
to determine the abundance of DNA strands of 0.8-1.4kb

©2004 European Molecular Biology Organization

Sequence-independent binding of ORC
D Schaarschmidt et a/

lengths extracted from denatured genomic DNA (Giacca et al,
1997). Strands of this size class exclusively occur in the
vicinity of replication start sites because leading strands at
more advanced replication forks are much longer, and lagging
strands possess Okazaki fragments of 0.1-0.2kb lengths.
Accordingly, we sedimented denatured DNA and, for com-
parisons, sheared genomic DNA through neutral sucrose
gradients (not shown), collected DNA fragments of 0.8-
1.4 kb length, and treated these fractions with polynucleotide
kinase and A-exonuclease to eliminate artefactually broken
DNA but not short nascent strands (Gerbi and Bielinsky,
1997).

To check the quality of our nascent strands preparation, we
analyzed the best characterized origin region in the CHO
genome, the DHFR locus with the ori-f (Kobayashi et al,
1998) (Figure 4A). We detected by quantitative PCR a 13-fold
enrichment of ori-p sequences and a three-fold enrichment of
closely adjacent sequences (ori-p 2.5kb) in the fraction of
nascent DNA compared to the sheared genomic DNA. In
contrast, origin-distal sequences were not enriched in the
0.8-1.4 kb fraction (Figure 4A). Therefore, the preparation of
denatured CHO DNA was suitable to search for nascent pEPI-
1 DNA. The results showed that the abundance of nascent
plasmid DNA was 1.4-1.9-fold for all pEPI-1 regions in
relation to the HSV region which was set as 1 (Figure 4B).
The abundance of nascent plasmid DNA was statistically
significant and reproducible although rather modest in
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Figure 4 Measuring the relative abundance of nascent DNA strands
on pEPI-1. (A) Genomic organization of the DHFR locus analyzed:
ori-B and ori-f’ are the preferred sites of replication initiation
(Kobayashi et al, 1998). Arrows indicate the positions of the primers
used for quantitative PCR analysis. (B) Nascent strand abundance
for four sequences from the DHFR region. Quantitative PCR analysis
was performed either with nascent DNA (black bars) or sheared
total genomic DNA (gray bars) from asynchronous CHO cells. The
average of three independent assays is shown. (C) Nascent strand
abundance assay with pEPI-1 sequences. Quantitative PCR analysis
was again performed either with nascent DNA (black bars) or
sheared total genomic DNA (gray bars) from asynchronous CHO
cells carrying several copies of episomal pEPI-1. The data are
averages from three independent experiments. To account for the
different copy numbers, the values of the amplified DHFRex1 and
HSV target sequences were set as 1.
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comparison to the ori-f sequences. An explanation is that
replication initiation was not restricted to a single plasmid
DNA site, but occurred at the many sites with the bound ORC.

Variations during the S phase

If pre-RCs on the extrachromosomal plasmids were func-
tional, as the nascent strand abundance assays seem to
suggest, we would expect that Orc2p remains stationary
while other proteins such as Orclp and the Mcm proteins
dissociate from chromatin during the S phase. We have tested
this prediction with CHO cells, which were arrested by the
TdR procedure at the G1-to-S-phase transition and were then
synchronously released into the S phase (Figure SA, left
panels).

ChIP assays were performed with Orc2p- and Mcm3p-
specific antibodies. The presence of plasmid sequences in
the immunoprecipitates was first assayed by conventional
PCR using two primer pairs corresponding to opposite re-
gions in pEPI-1 (pCMV and SV40; see Figure 1A). As shown in
Figure 5A, Orc2 antibodies precipitated plasmid sequences
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Figure 5 Mcm3p is released from pEPI-1 during the S phase. (A)
ChIP assays with 400 pg nucleoprotein from CHO cells blocked at
the G1-to-S-phase border by a thymidine block (TdR) and from cells
released into the S phase for 2 or 6h. Left, FACS analysis of the
isolated nuclei. Right, conventional PCR was performed with 1/50th
of the recovered DNA after immunoprecipitation with Orc2p (o-
Orc2), MCM3p (a-Mcm3) and nonspecific control antibodies (IgG)
using primer pairs SV40 and pCMV. Input, 5 ng crosslinked nucleo-
protein before immunoprecipitation. (B,C) Quantitative real-time
PCR was performed using three different primer pairs (SV40, GFP
and pCMV) with DNA templates extracted from chromatin precipi-
tated with antibodies against Orc2p or Mcm3p.
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before and at two time points within the S phase, whereas
Mcm3 antibodies precipitated equal amounts of plasmid
sequences before and at 2 h, but less at 6 h after the beginning
of the S phase. These results were supported by real-time PCR
showing again that pEPI-1 sequences in the Orc2 precipitates
decreased only slightly during the S phase (Figure 5B), while
pEPI-1 sequences in the Mcm3 precipitates were reduced in
the 2-h samples and almost absent at the end of the S phase
(Figure 5C). Thus, Mcm proteins dissociated from the plas-
mid replicon in parallel to its semiconservative replication
during the S phase (see Figure 2C).

Another pre-RC protein known to dissociate during the S
phase is Orclp (Kreitz et al, 2001). This, however, cannot be
assayed in the CHO cell system because the available anti-
bodies are directed against the human Orclp and do not react
with hamster Orclp (not shown). Therefore, to investigate
the behavior of Orclp, we used a HeLa cell clone harboring
extrachromosomal pEPI-1 (Figure 1B). These HeLa cells were
synchronized by a 2 x TdR procedure (Ritzi et al, 1998) and
processed for ChIP after treatment with formaldehyde before
and at 3 h after entry into the S phase.

In an exploratory experiment, we performed conventional
PCR and found amplifiable sequences in the Orcl, Orc2 and
Mcm3 precipitates before the S phase, and a strong reduction
of amplifiable DNA in the Orcl and Mcm3 precipitates at 3 h
after the beginning of the S phase, but no significant changes
in the Orc2 precipitates (Figure 6A). The immunoprecipitated
chromatin was then investigated by quantitative PCR using
the six-primer pairs (Figure 1A). We found that the immuno-
precipitated pre-S-phase chromatin contained sequences cor-
responding to all plasmid regions regardless of which of the
three antibodies was used (black bars in Figure 6B-D). Thus,
components of pre-RCs in HeLa cells assemble on multiple
sites on the plasmid replicon, just as they do in CHO cells.
The data also indicate that Orclp as well as Mcm3p disso-
ciated while Orc2p remained on chromatin during the S
phase (gray bars in Figure 6B-D).

The conclusion is that pre-RCs on the extrachromosomal
replicon partially disassemble during the S phase like they do
on cellular replicons, and this may be one of the control
mechanisms that underlies the once-per-cell-cycle replication
of pEPI-1 as documented in Figure 2.

No preference for a cellular ORC-binding site

As shown above, pre-RC proteins, Orclp and Orc2p as well as
Mcm3p, are bound to many sites on the extrachromosomal
plasmid. We were concerned though that their promiscuous
binding may occur by default, that is, because the plasmid
lacks a strong ORC-binding site as present in the cellular
genome. To address this point, we inserted into the multiple
cloning site of pEPI-1 an established ORC-binding region, the
upstream promoter region of the human MCM4 gene (UPR).
The control was a sequence in exon IX (EX9), about 6kb in
distance, which has never been shown to carry ORC in vivo
(Ladenburger et al, 2002). We transfected these constructs,
pEPI-UPR and pEPI-EX9 (Figure 7A), into HeLa cells, and
showed that both plasmids were transmitted as low-copy-
number extrachromosomal elements over many cell genera-
tions without selection exactly as the parent plasmid pEPI-1
(not shown). Proliferating HeLa cells, carrying pEPI-UPR or
PEPI-EX9, were processed for ChIP as described above. DNA
in the immunoprecipitates from Orc2 and Mcm3 antibodies
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Figure 6 Orclp is released from pEPI-1 during the S phase in HeLa
cells. A HeLa cell clone containing episomal pEPI-1 was investi-
gated (see Figure 1B). (A) Left, FACS analysis showing the passage
of cells through the S phase. Right, conventional PCR using DNA
from crosslinked chromatin. PCR was performed with 5ng nucleo-
protein before immunoprecipitation (Input) or 1/100th of the
recovered DNA after immunoprecipitation with Orclp (a-Orcl),
Orc2p (o-Orc2) and MCM3p (¢-Mcm3) antibodies using primer
pairs SV40 and pCMV with 20/23 cycles. (B-D) Quantitative real-
time PCR were performed with six different primer pairs on DNA
templates extracted from chromatin precipitated with antibodies
against Orclp, Orc2p or Mcm3p.

was analyzed by real-time PCR with the six primer pairs
described and an additional primer pair designed to amplify
the two inserts (Figure 7A). The results of these experiments
indicate that Orc2p and Mcm3p dispersed over the entire
DNA circle without a preference for the inserted chromoso-
mal DNA sequences. In fact, the MCM4 upstream promoter
region (with its mapped ORC-binding site) and the exon-IX
region (which does not serve as an ORC site in vivo) were as
abundant in the chromatin immunoprecipitates as the other
plasmid sequences (Figure 7B; the difference in the calculated
numbers between the pEPI-UPR and the pEPI-EX9 experi-
ment was due to the fact that the pEPI-UPR input contained
four-six plasmid copies per cell and the pEPI-EX9 input
contained only two-three copies per cell). We also performed
nascent strand abundance assays and could show that se-
quences corresponding to all regions of the two plasmids
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Figure 7 Orc2p binds sequence-independently to plasmid DNA in
vivo. (A) Maps of pEPI-UPR and pEPI-EX9. The UPR and the EX9
sequence of the human MCM4 gene were cloned into the BglII site of
the vector pEPI-1. The divergent arrowheads indicate the location of
the regions analyzed by PCR amplification with the additional
primer pairs Bglll and BgIIINS. ChIP assays with antibodies against
Orc2p (B) and nascent strand abundance assays (C) were performed
with asynchronously growing HeLa clones containing either episo-
mal pEPI-UPR (black bars) or pEPI-EX9 (gray bars).

were enriched by factors of 1.2-1.8 over the HSV region
(Figure 7C).

Discussion

We have shown here that a plasmid, pEPI-1, replicates in
hamster CHO and in human HeLa cells as an extrachromo-
somal replicon in a once-per-cell-cycle manner and segre-
gates faithfully over many cell generations in the absence of
selection. We have taken advantage of this system and
investigated the in vivo binding sites for two Orc proteins,
Orclp and Orc2p, and for another member of the pre-RC,
Mcm3p. We could show that these proteins, and by implica-
tion other components of the pre-RC, bind to multiple sites on
the extrachromosomal replicon. We present evidence that the
pre-RCs on pEPI-1 are functional because they partially
disassemble in the S phase exactly as known for cellular
pre-RCs. In addition, replication can be initiated at various
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regions of pEPI-1. The important conclusion is that the
chromatin-binding sites for ORC and therefore for other
components of the pre-RC are not much, if at all, determined
by DNA sequence elements.

An extrachromosomal replicon in mammalian cells
Viral systems provide useful models for the study of extra-
chromosomal replicons in mammalian systems. The appro-
priate model is not so much the run-away replication of viral
DNA in lytically infected cells that depends on a highly
specific interaction between an initiator protein, T antigen
in the case of SV40, and a circumscribed origin sequence.
Rather, it is the once-per-cell-cycle replication of papilloma
virus and herpes virus genomes in latently infected cells. In
the case of EBV, viral DNA replication appears to initiate in a
region of the viral genome at or around the viral origin of
replication that includes the binding sites for a viral protein,
the Epstein-Barr Virus Nuclear Antigen 1 (EBNA-1) (Collins
and Medveczky, 2002). EBNA-1 appears to interact with ORC,
which in turn recruits other pre-RC proteins to the viral
replication start site (Chaudhuri et al, 2001; Schepers et al,
2001). Together, these proteins are responsible for the coor-
dination of viral DNA replication in the mammalian cell cycle
(Dhar et al, 2001). However, EBNA-1 has a second function,
namely the (direct or indirect) tethering of the viral episomes
to chromosomes. This interaction provides the basis for the
successful segregation of replicated episomes at mitosis
(Kapoor and Frappier, 2003). Thus, the two essential
functions for the extrachromosomal maintenance of viral
episomes, replication and segregation, appear to be deter-
mined by virally encoded factors such as EBNA-1.

Does the research on EBV episomes help to understand
how pEPI-1 is maintained as an extrachromosomal element?
Experiments performed over many years in several labora-
tories suggest that transfected plasmid DNA of essentially any
sequence can replicate in mammalian cells. However, Price
et al. (2003) have recently suggested that a loosely defined
36-bp sequence seems to be required for at least a few rounds
of semiconservative plasmid DNA replication in transfected
mammalian cells. Allowing three mismatches, this 36-bp
sequence occurs six times in the pEPI-1 sequence. We believe,
however, that the presence of an active strong promoter,
pCMYV, is a more important requirement for the extrachromo-
somal maintenance of pEPI-1 because its deletion abolishes
extrachromosomal replication (Stehle et al, 2003). Our pre-
sent model is that transcription from this strong eukaryotic
promoter affects the structure of the chromatin such that Orc
proteins and other initiator proteins gain access to their
binding sites on pEPI-1. Previous studies had shown that
ORC and replication start sites are located in the upstream
promoter regions of several constitutively transcribed genes
(Keller et al, 2002). We had therefore expected to find a
preferred ORC-binding site and a replication start site in the
vicinity of the CMV promoter in pEPI-1. We found, however,
that ORC assembles at many sites on the plasmid circle.
Whether this implies that active transcription alters the
chromatin structure around the entire plasmid circle, or
whether other mechanisms are involved, is presently under
investigation.

Replication is one reaction required for the maintenance of
the extrachromosomal state another reaction is the segrega-
tion of replicated plasmids at mitosis. It appears to be most
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likely that the essential element here is S/MAR. These
elements are not necessarily preferred sites for replication
initiation in mammalian DNA (Keller et al, 2002; Mesner et al,
2003), but they are believed to be important for the organiza-
tion of chromatin loops and of chromosomes in mitosis.
Indeed, extrachromosomal pEPI-1 is found in association
with mitotic chromosomes (Baiker et al, 2000), and this
could well be mediated by S/MAR because the scaffold
attachment factor A (SAF-A), a major component of cellular
chromatin and chromosomes (Kipp et al, 2000), associates
with pEPI-1 due to its high affinity for S/MAR (Jenke et al,
2002). Thus, in contrast to viral episomes which encode their
own tethering factors, pEPI-1 contains a DNA element,
S/MAR, that interacts with a chromosomal factor, SAF-A,
provided by the host cell.

In conclusion, much like ARS-bearing plasmids in yeast
cells, pEPI-1 appears to be a useful model as an extrachro-
mosomal replicon in mammalian cells. The practical side is
that pEPI-1 could serve as a valuable vector for the expression
of foreign proteins in mammalian cells such as required in
gene therapy (Lipps et al, 2003).

Sites of ORC binding

We have used a ChIP approach to determine the distribution
of ORC proteins on the extrachromosomal DNA circle. This
procedure involves in vivo crosslinking of chromatin proteins
to DNA, immunoprecipitations of the resulting nucleoprotein
fragments and the identification of enriched specific DNA
sequences in the immunoprecipitates. The procedure has
been successfully used to identify unique ORC-binding sites
within several >100-kb-long sections of human chromatin
(Keller et al, 2002) and in episomal herpesviral genomes
(Schepers et al, 2001). By the same experimental approach,
we now show that Orclp and Orc2p, and by implication other
components of ORC, bind to multiple sites on the plasmid
DNA circle. Similarly, Mcm3p, a component of the six-mem-
bered Mcm protein complex, also occurs at multiple sites
on pre-S-phase chromatin as expected, since bound ORC is
known to recruit Mcm proteins to complete the formation
of pre-RCs.

We recall that we have measured large plasmid popula-
tions, not individual plasmids, and it is quite possible that
each plasmid DNA circle carries just one or only a few pre-
RCs. However, this point has yet to be investigated. In either
case, evidence indicates that pre-RCs on pEPI-1 are functional
because they undergo the same transitions during the S phase
as pre-RCs on cellular chromatin involving the dissociation of
Orclp and Mcm proteins. In addition, replicative nascent
DNA strands correspond in sequence to many regions of
pEPI-1, just as the ORC-binding sites.

A second point that needs further attention is whether ORC
prefers particular sequences within the regions identified by
PCR. If it does, the similarities between these sequences must
be low, because we detect no obvious sequence similarities in
pairwise comparisons, except perhaps for elements like the
Price et al. sequence (see above), which is, however, rather
loosely defined. Indeed, a sequence, UPR of human MCM4
gene that is known to be a preferred ORC-binding site in the
context of the cellular genome, attracts ORC to pEPI-UPR with
the same efficiency as a control target sequence in exon IX
(EX9), which has never been shown to harbor ORC in vivo
(Figure 7). In addition, nascent strand analysis indicates that
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replication can be initiated at various regions of both con-
structs. Related observations have been reported for yeast
where replication initiation was found to occur at a fixed
chromosomal site, but at many more sites when the same
sequence was present in an autonomously replicating epi-
some (Bielinsky and Gerbi, 1999).

The results described here have major implications for our
thinking on the organization of genome replication in mam-
malian cells. They suggest that specific DNA sequences are
not the major determinant for the assembly of ORC, although
we cannot completely dismiss the possibility that AT-rich
elements, DNA unwinding elements (DUEs) and other se-
quences that have previously been discussed as components
of mammalian origins may facilitate the binding of ORC
(DePamphilis, 1999). In fact, pEPI-1 has a high overall AT
content (56%) with a maximum of 69% in S/MAR. This
could have modulating effects on ORC binding. However, the
major mechanism for the selection of ORC sites must be
epigenetic in nature. For episomal EBV it is EBNA-1 which
that ORC to the viral origin region, and in cellular chromatin
it could be that transcription factors or other DNA-binding
proteins determine the site of ORC binding. More generally,
we expect that all mechanisms that hold chromatin in an
extended confirmation or otherwise facilitate the access of
proteins to DNA may in principle be involved in the localiza-
tion of ORC (Gilbert, 2001; Mechali, 2001). This explains why
origins can either be strictly localized to defined DNA
sequences (Abdurashidova et al, 2000) or widely distributed
over long chromatin regions (Dijkwel et al, 2002). In the

Table I Sequences and amplification conditions for primers
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former case, specifically bound transcription factors may
direct ORC to precise sites, whereas, in the case of wide
open chromatin regions, ORC can choose among a much
larger set of sequences.

In summary, what we have presented above may be
considered to be an in vivo version of an ORC-binding
experiment—a foreign DNA is introduced into cultured mam-
malian cells and recruits ORC which binds to multiple sites as
a requirement for ordered replication. Vashee et al. (2003)
have recently published corresponding in vitro ORC-binding
experiments and arrive at the same conclusion, namely that
the binding of ORC and the initiation of replication do not
depend on the underlying DNA sequence.

Materials and methods

Cell culture and synchronization
Available as Supplementary data at The EMBO Journal Online.

Plasmids and transfection
The plasmids used were pEPI-1 (Piechaczek et al, 1999), pGFP-C1
(Clontech), pEPI-UPR and pEPI-EX9. The latter two plasmids were
constructed by cloning PCR-amplified UPR- and EX9-sequences (see
Table I) into the BgllI restriction site of pEPI-1 using the TOPO TA
cloning kit (Invitrogen).

Details of transfection, maintenance of transfected cells, fluctua-
tion assay, rescue experiments and DNA extraction methods are
described as Supplementary data.

Separation of BrdU-substituted DNA
Total DNA was isolated from transfected CHO cells cultivated for
indicated times in BrdU-containing medium (30pg/ml). After

Primer Sequence (5’ to 3') Size (bp) of PCR product Annealing temp. (°C)
pEPI

SV40-F CCCCTAACTCCGCCCAGT

SV40-R TGTGCCCAGTCATAGCCGAA 254 60
MARI1-F AAGGTAATGCTGGCCATA

MARI1-R AGGTTCAGGGGGAGGT 239 68
MAR2-F TGGCATTTTACAATGGG

MAR2-R TCATGATGGCATGCTTCT 194 60
GFP-F CATTGAAGATGGAAGCGTTC

GFP-R GTCCGGACTTGTATAGGTC 211 60
pCMV-F CCAAGTCTCCACCCCATTG

pCMV-R GAATTGGGACAACTCCAGTG 231 60
HSV-F AATAAAACGCACGGTCGTTGG

HSV-R CAAAAAGGATCTTCACCTAGA 277 62
BglIl-F TGGGATTACACATGGCAT 629 (pEPI-UPR)

BgllI-R TCTCTCCGTTTCTGCATT 533 (pEPI-EX9) 64
BgIIINS-F CCTTTTACCAGACAACCA

BgIIINS-UPR-R AGCCAACGCTAGAGGAACA 279 60
BglIINS-EX9-R ATGCAGATTTTGTCCCCCT 264 60
DHFR locus

DHFRex1-F TGGCCTCCGATTCACAAGT

DHFRex1-R TTCCCTAACCCAATCCAGCCAGTA 217 60
DHFR3’-F CCAAAGACATAGAGCCCCTGA

DHFR3’-R TTTACCCATTTTCTGTCTGAGTGA 210 60
Ori-B-F GTCCCTGCCTCAAAACACAA

Ori-p-R CCTTCATGCTGACATTTGTC 278 62
Ori-p2.5-F GGACACTAAGTCTAGGTACTACA

Ori-f2.5-R GCTGGGATAAGTTGAAATCC 259 58
MCM4 locus

EX9-F GTAGATCTATGTCTTCCGGAGACTCCTGAAGC

EX9-R CTAGATCTGGCCTCCTATTCTCAGAATCATGC 403 60
UPR-F GTAGATCTAAACCAGAAGTAGGCCTCGCTCGG

UPR-R CTAGATCTGTCTGACCTGCGGAGGTAGTTTGG 499 68
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sonication and digestion with EcoRI, DNA was loaded onto density
gradients (5pg DNA/ml), the refractive index was adjusted to
1.4038, and the gradients were spun in a Beckman SW40 rotor first
at 40000rpm for 24h and then at 30000rpm another 24h.
Fractions of 250 ul were collected from the top of the gradient and
their refractive index was determined. Samples were dialyzed
against TE, precipitated and further analyzed by quantitative PCR.

PCR-based nascent strand abundance assay

Total genomic DNA was prepared from 10% exponentially growing
cells. After denaturation at 85°C for 10min followed by rapid
cooling on ice, the single-stranded DNA was loaded on a 5-30%
neutral sucrose gradient and centrifuged in a Beckman SW28 rotor
for 20 h at 26 000 rpm.

Fractions of 1 ml were collected and the size of DNA in each
fraction was determined by alkaline agarose gel electrophoresis.
Fractions containing fragments from 0.8 to 1.4kb were pooled,
concentrated by ethanol precipitation, treated with polynucleotide
kinase and A-exonuclease as described previously (Gerbi and
Bielinsky, 1997) and used for quantitative PCR analysis. For an
input control, total genomic DNA was sheared to fragments 1-2 kb
in size by sonication before loading on the gradient. The quality of
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