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The binding of the prereplication complex proteins Orcl, Orc2, Mcm3, Mcm7, and Cdc6 and the novel DNA
unwinding element (DUE) binding protein DUE-B to the endogenous human c-myc replicator was studied by
chromatin immunoprecipitation. In G,-arrested HeLa cells, Mcm3, Mcm7, and DUE-B were prominent near
the DUE, while Orcl and Orc2 were least abundant near the DUE and more abundant at flanking sites. Cdc6
binding mirrored that of Orc2 in G,-arrested cells but decreased in asynchronous or M-phase cells. Similarly,
the signals from Orcl, Mcm3, and Mcm7 were at background levels in cells arrested in M phase, whereas Orc2
retained the distribution seen in G;-phase cells. Previously shown to cause histone hyperacetylation and
delocalization of replication initiation, trichostatin A treatment of cells led to a parallel qualitative change in
the distribution of Mcm3, but not Orc2, across the c-myc replicator. Orc2, Mcm3, and DUE-B were also bound
at an ectopic c-myc replicator, where deletion of sequences essential for origin activity was associated with the
loss of DUE-B binding or the alteration of chromatin structure and loss of Mcm3 binding. These results show
that proteins implicated in replication initiation are selectively and differentially bound across the c-myc

replicator, dependent on discrete structural elements in DNA or chromatin.

Eukaryotic DNA replication initiates at a large number of
chromosomal origins, controlled by the ordered assembly of
multiprotein replication complexes and the cell cycle-depen-
dent activity of kinases that phosphorylate them (49). In cases
where origins have been transposed to other chromosomal
locations, they have been found to colocalize with genetically
defined replicators, i.e., sequences capable of promoting DNA
replication at ectopic genomic sites (3, 6, 7, 9, 16, 22, 47, 48, 50,
61). In metazoan systems, replication origins or replicators are
bound by homologues of proteins first characterized for the
yeast Saccharomyces cerevisiae (5, 34, 38, 40, 61, 64, 66, 73, 76),
suggesting that the basic mechanisms controlling replication
initiation are conserved among eukaryotes. In S. cerevisiae,
replicators typically comprise a binding site for the hexameric
origin recognition complex ORC and a DNA unwinding ele-
ment (DUE) (45, 56). ORC enables the Cdc6-, Cdtl-depen-
dent recruitment of the MCM helicase complex to replication
origins, forming a prereplication complex (pre-RC) (18, 69)
early during the G, phase of the cell cycle. Cyclin-dependent
kinase and DDK activities promote the binding of Mcm10,
Cdc45, and RPA to form preinitiation complexes and unwind
the DNA template in advance of replication (76). The effect of
kinase activity on the pre-RC is partially to disassemble ORC
and release MCMs and Cdc6 from chromatin (1, 37, 38, 65).

The 2.4-kb 5" region of the human c-myc gene contains
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multiple transcription factor binding sites and a DUE that is
unwound in vivo (10, 25). The DUE is situated in a 100-bp
zone containing three 10/11 matches to the S. cerevisiae ARS
consensus sequence. Our laboratory initially reported that rep-
lication initiates in this region (43, 51, 52), and Vassilev and
Johnson first used quantitative PCR (qPCR) to define the
replication initiation zone (74). Subsequent work has con-
firmed that replication initiates in the 5’ flanking DNA of the
c-myc gene in multiple species (19, 23, 57, 62, 71, 77). The
2.4-kb c-myc core origin endowed plasmids with ARS activity
in vitro (12) and in vivo (51, 52, 71) and showed replicator
activity when moved to an ectopic chromosomal location (47,
50). This region displays an ordered chromatin structure stable
to chromosomal translocation (39), and mutational analyses
have identified regions of the replicator essential for replica-
tion initiation, including the DUE (47).

In the present work we used chromatin immunoprecipita-
tion (ChIP) to show that the human analogs of the yeast ORC,
MCM, and Cdc6 proteins bind preferentially and selectively to
the c-myc replicator. The distributions of Mcm3 and Mcm?7 are
similar in asynchronous cells, with the greatest ChIP signal at,
and upstream of, the DNA unwinding element. These distri-
butions change in parallel in cells synchronized in G, or M
phases. By contrast, Orcl, Orc2, and Cdc6 appear to be least
abundant at the DUE and each displays a different temporal
pattern of replicator binding. We show also that the DNA
unwinding element binding protein DUE-B, identified using
the c-myc DUE as bait in a yeast one-hybrid assay (17), pref-
erentially binds near the c-myc DUE in a pattern comparable
to that of the MCMs in asynchronous and G,-phase cells.
Furthermore, at an ectopic locus, c-myc replicator deletions
that removed the DUE or altered chromatin structure sup-
pressed DUE-B or Mcm3 binding, respectively, and eliminated
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TABLE 1. Oligonucleotide primers used in this work

STS or primer

Forward primer sequence

Reverse primer sequence

5’ GCCACGGCTCAAGCAATC GCCTCATGGCTGTAATCCTATCTACT
A GGCTCCTGCGGGAAGG CCTGACGGTGTCTGATCACTTAGA
B TGCCATTACCGGTTCTCCA TTCAACCGCATAAGAGATGGTG

C GGGAAAGACGCTTTGCAGC TTTGCCGCAAACGCG

D TTCACAAGGGTCTCTGCTGACTC GCGGGACCGGACTTCCTA

E CGCGCCCATTAATACCCTT AGGGCCGCGCTTTGA

F CACTTTGCACTGGAACTTACAACA GAATAGCCTCCCCGCGTC

G TTGTGTGCCCCGCTCC TTCCTGTTGGTGAAGCTAACGTT
H TGGTCTTCCCCTACCCTCTCA TGGAGTCTTGCGAGGCG

3’ GGAGACTATGATAACAGCCAGAGTTG TCCTTTGCCTACCTCTCACCTT
LB2A ATGAAGCGGATGTCTAAGAAAG CGCCTGGGTCCTGTTTACAC

LB nonorigin GAAAACACGCCTCTGGAGACA TCAGGGACCCTGTTACCACC

2q20 GTGACCAGCCACCAACTAAGC CACCGCCAAAGACTGCACTA
Nested-PCR primer no. 1 AATCCAGTGTCTTGCTTTCA

Nested-PCR primer no. 2 AGCCAGGTTTCAGAAGAGAC
Nested-PCR primer no. 3 GCATTGTTAGATTTCATACA

origin activity. The relationship between chromatin structure,
MCM binding, and origin activity was supported by the dem-
onstration that inhibition of histone deacetylase activity by
trichostatin A (TSA) caused a redistribution of Mcm3 binding
similar to the broadening of the c-myc replication initiation
zone. These results suggest that pre-RC proteins bind nonran-
domly to the c-myc replicator and that c-myc origin activity is
a function of ORC, MCM, Cdc6, and DUE-B binding to c-myc
chromatin.

MATERIALS AND METHODS

Cell lines and synchronization. HeLa cells were grown at 37°C in 5% CO,
(47). The generation of isogenic HeLa cell lines carrying either a single copy of
the 2.4-kb c-myc replicator core region or specific deletions of the c-myc repli-
cator at an ectopic location was described previously (47). HeLa cells were
synchronized at M phase by 20 h of incubation in the presence of 50 ng/ml of
nocodazole in complete medium. To accumulate cells at G, phase, HeLa cells
were treated with 300 pM mimosine for 20 h. Daudi Burkitt lymphoma cells were
obtained from the ATCC and were cultured in RPMI 1640 medium (Invitrogen)
supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 10% fetal bovine
serum, and 50 pg/ml gentamicin.

ChIP. Polyclonal antibodies against human Orcl, Orc2, Mcm3, and Mcm7
were raised and purified as described previously (65). Affinity-purified antibody
against human Cdc6 protein was generously provided by Nicholas Heintz (Uni-
versity of Vermont), and antibody used against Orcl in chromatin immunoblot-
ting was generously provided by C. Obuse (Kyoto University). Rabbit antiserum
against acetylated histone H4 and normal rabbit serum were obtained from
Upstate Biotechnology. Polyclonal antibody against DUE-B protein was gener-
ated in rabbits by using bacterially expressed recombinant DUE-B (17).

Cross-linked chromatin was prepared as described previously (65), with the
exception that the sonicated chromatin was also subjected to micrococcal nucle-
ase (MNase) digestion. To study the endogenous c-myc locus and the lamin B2
replicator, chromatin was digested with 0.05 U micrococcal nuclease (Sigma) per
100 pg of chromatin at 37°C for 5 min to limit the maximum length of each
fragment to 200 to 400 bp. To study the ectopic c-myc locus, 0.01 U micrococcal
nuclease per 100 pg of chromatin was used at room temperature for 5 min to
generate fragments of ~2 kb. Digestions were stopped by adding EGTA to 5
mM. Equal amounts of cross-linked chromatin (250 ng) were used for each
ChIP. Chromatin was diluted with 11X NET (550 mM Tris-HCI, pH 7.4, 1.65 M
NaCl, 5.5 mM EDTA, 5.5% NP-40) to a final concentration of 1X NET. Fifteen
micrograms of DUE-B antiserum, 15 pg of Mcm3, Mcm7, Orc2, or Cdc6 anti-
body, 15 pl of polyclonal Orcl antiserum, or an equivalent amount of normal
rabbit serum was used for ChIP. Antibodies were allowed to bind the chromatin
complex for 2 h at room temperature. The antibody:chromatin complex was
mixed with protein A-agarose beads-salmon sperm DNA (Upstate Biotechnol-
ogy) and incubated for 2 h at room temperature. Antibody complex washing and
purification of coprecipitated DNA were carried out according to the method of
Schepers et al. (67).

PCR. Real-time PCR was performed with an ABI Prism 7000 system using
SYBR green fluorescence. One-sixtieth or 1/120 aliquot of ChIP or input DNA,
respectively, was used for each qPCR. Primer sequences are listed in Table 1.
Data were compiled from at least three qPCR repeats from each of three
independent ChIP experiments. Serially diluted HeLLa genomic DNA was used to
generate a standard curve for each primer set (> > 0.99) and to determine the
sequence-tagged site (STS) copy number in ChIP DNA. Based on the slopes of
the standard curves, the efficiency of amplification for each primer set was
greater than 89%. The relative enrichment at each STS is the percentage of input
chromatin DNA precipitated with specific antibody divided by the percentage of
input chromatin DNA precipitated with normal rabbit serum. For all experi-
ments, error bars indicate standard deviations.

For nested PCR, primer sets specific for the endogenous (primers 1 and 2) and
ectopic (primers 2 and 3) loci were used to amplify aliquots of input DNA and
ChIP DNA. First-round PCR was carried out for 25 cycles when the products
were at the logarithmic phase of amplification. PCR conditions were 94°C for 10
min; 25 cycles of 94°C for 40 s, 56°C for 40 s, and 72°C for 2 min; and then 72°C
for 7 min. Diluted products of these reactions were used for qPCR with primer
sets STS-B and STS-C. Protein binding at the ectopic c-myc locus was normalized
using protein binding at the endogenous c-myc locus as an internal standard, i.e.,
enrichment at the ectopic locus is shown as the ratio of DNA copies at the
ectopic locus versus DNA copies at the endogenous c-myc locus.

Isolation of a chromosomal site depleted for DUE-B protein binding. DNA
from total chromatin (input) or from ChIP DNA with DUE-B antibody was
amplified with random amplified polymorphic DNA primer 50-01 from Genosys,
Inc. (5" GTGCAATGAG 3'), as follows: 94°C for 10 min; 45 cycles each of 94°C
for 40 s, 35°C for 1 min, and 72°C for 2 min; 72°C for 7 min. A 225-bp product
that was amplified in the input DNA but not in the ChIP DNA was gel purified,
cloned, and sequenced. The 2p20 chromosomal location (GenBank accession no.
AC098853) was determined by BLAST analysis and designated the DUE-B
depleted site. Replication origin activity is expressed as the abundance of 1- to
2-kb nascent DNA at the DUE-B depleted 2q20 site or the c-myc origin (STS-
myc2) relative to that at a site in the human B-globin locus (BG3) (35).

RESULTS

The structures of the endogenous c-myc replicator and of
deletion mutants of the replicator integrated at an ectopic site
in HeLa cells (47, 50) are schematized in Fig. 1. Highlighted
are the c-myc promoters, the DUE, the segments deleted from
the ectopic-site integrants, and the positions of the primer sets
used for real-time quantitative PCR of immunoprecipitated
(IP) DNA. Formaldehyde-cross-linked chromatin from asyn-
chronously growing cells or populations enriched in G,-phase
cells with mimosine or in mitotic cells with nocodazole was
immunoprecipitated using polyclonal antibodies previously
employed to examine the binding of pre-RC proteins to other
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FIG. 1. Maps of DNA sequences used in this study. (A) Endogenous human c-myc locus. The first c-myc exon and the 5’ part of the second
exon are shown as black boxes. The HindIII/Xhol fragment constitutes the wild-type c-myc core replicator (Hd, HindIII; Xh, Xhol). The diamond
denotes the DUE region. The c-myc promoters (bent arrows) are indicated as Py, P, P,, and P;. Arrowheads indicate primers 1 and 2 used in
nested PCR (see text). 5', 3’, and A through H denote qPCR STS primer sets. (B) Structure of the ectopic c-myc replicator locus in cell lines
containing the integrated wild-type (map) or deleted (black boxes) core replicator constructs (45). Arrowheads indicate primers 2 and 3 used in
nested PCR (see text). The two qPCR primer sites STS-B and STS-C used in nested PCR are indicated. Ec, EcoRI; FRT, FLP recombination

target.

regions of chromatin (30, 38, 64, 65, 67). In the HeLa cells used
here, the levels of abundance of pre-RC proteins and DUE-B
did not vary substantially in whole-cell extracts of asynchro-
nous cells and cells synchronized by mimosine or nocodazole
(Fig. 2A, top). These results agree with previous reports, ex-
cept in the case of Orcl, where twofold- to fourfold-lower
levels have been reported for mitotic cells (53, 54, 59, 70). This
may be due to differences in the synchronizing reagents or the
greater stringency of the mitotic selection used previously. The
association of Orcl with cross-linked chromatin was lower in
G,-phase- and M-phase-synchronized cells than in asynchro-
nous cells (53, 54, 59, 70), while the increased levels of Cdc6 on
chromatin in nocodazole-arrested cells (53, 54) were enhanced
by HCHO cross-linking (Fig. 2A, bottom).

Figure 2B shows the degree of cell synchrony in these cul-
tures. To confirm that the chromosomal abundance of pre-RC
proteins in cells synchronized by mimosine or nocodazole was
similar to that in cells synchronized by thymidine block (37,
38), immunoblotting was performed on chromatin precipitated
with control normal rabbit serum or antibodies against Orc2 or
Mcm7 from equal amounts of input chromatin. Orc2 was
present at roughly equal amounts in the input from asynchro-
nous cells or cells in G; or M phase (Fig. 2C) and was effi-
ciently immunoprecipitated on chromatin by Orc2-specific an-
tibody but not by control antiserum. In contrast, Mcm?7 was
found in both chromatin-bound and unbound fractions of asyn-

chronous and G, cells but was significantly reduced in cultures
arrested in mitosis by nocodazole and not detectably bound to
mitotic chromatin.

To test whether ORC proteins are localized to the c-myc
replicator, cross-linked chromatin was prepared from HelLa
cells in asynchronous growth or arrested in G, phase or in M
phase. qPCR was used to quantitate the amount of each of 10
STSs (A to H, 5', and 3") (Fig. 1) along the c-myc replicator.
The relative enrichment for each STS is the amount of that
STS in the DNA IP by the specific antibody relative to that
precipitated by the control antiserum from an equal input
amount of chromatin. The highest level of Orcl binding was
seen in the chromatin from cells in G, phase, whereas cells
blocked in mitosis showed only low abundance, comparable to
the signals at the 5’ and 3’ distal sites, which we define as
background. We interpret the signal from the immunoprecipi-
tated DNA to indicate the presence of Orcl on DNA, although
the nature of immunoprecipitation makes it formally possible
that low Orcl signals reflect epitope masking, e.g., at the 5’ and
3’ distal sites and during M phase, rather than the absence of
protein binding. Chromatin from asynchronous cells showed
an intermediate level of Orcl abundance (Fig. 3A). In both
asynchronous and G,-phase cells, the pattern of Orcl binding
was nonrandom across the c-myc replicator, showing the low-
est enrichment at STS-C, which reports on binding at the
DUE/ARS consensus sequence region. In contrast to Orcl,
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FIG. 2. Cell synchrony. (A) Whole-cell extract (WCE) or formaldehyde-cross-linked (HCHO) chromatin was prepared from asynchronous
(Asyn) cells or cells arrested with mimosine (G,) or nocodazole (M) and immunoblotted for the indicated proteins. Protein from equal numbers
of asynchronous or G;- or M-phase cells was loaded. (B) Asynchronous HeLa cells, HeLa cells synchronized in G, with mimosine, or HeLa cells
synchronized in M with nocodazole were stained with propidium iodide and analyzed by flow cytometry. (C) ChIP chromatin from asynchronous
or G;- or M-phase HeLa cultures analyzed by Western blotting (WB), using the indicated antibodies. Input, cross-linked chromatin from
asynchronous, G, and M cells before ChIP (5% aliquot); unbound, supernatant fraction after ChIP (5% aliquot); IP, immunoprecipitate (50%

aliquot). NRS, normal rabbit serum.

Orc2 showed similar distributions in chromatin from asynchro-
nous, G,;, and M cells (Fig. 3B), although like Orcl, Orc2
revealed a significantly lower signal near the DUE than at
other sites across the replicator.

To verify the ability of the Orc2 antibody to detect differ-
ences in Orc2 binding at a characterized origin, we assayed the
same ChIP DNA for lamin B2 origin sequences. The lamin
B2A (LB2A) primer site is 110 bp downstream of the lamin B2
origin of bidirectional replication, and the lamin B2 nonorigin
site is 5 kb downstream of the lamin B2 origin (1). ChIP
revealed a four- to fivefold enrichment for Orc2 at the LB2A
site compared to that at the nonorigin site (Fig. 3C), confirm-
ing the preferential binding of Orc2 at the lamin B2 origin site
observed previously (1), despite differences in cross-linking
agent.

During the formation of the pre-RCs in G; phase, Cdc6 is
recruited by the origin recognition complex (32, 72). To deter-
mine whether Cdc6 recruitment is observed at the c-myc rep-
licator, cross-linked chromatin was IP with anti-Cdc6 antibody
(a generous gift of I. Sharon and N. Heintz). Cdc6 levels were
low in c-myc-associated chromatin from mitotic cells or asyn-

chronous cells but were significantly elevated in chromatin
from cells arrested in G, (Fig. 4). The pattern of Cdc6 binding
was similar to that of Orcl, particularly with respect to the
minimal abundance near the DUE in the ChIP chromatin.
Despite the similarity in distribution of Orcl, Orc2, and Cdc6,
the STS copy number was nominally lower in Orcl or Cdc6
ChIP than in Orc2 ChIP. This could be due to the greater
stability of Orc2 or to the less efficient precipitation of Orcl
and Cdc6. To validate these measurements, the binding of
Cdc6 was examined at the lamin B2 origin (Fig. 4B). The
highest level of Cdc6 binding to the origin and the greatest
selectivity of binding was again observed to occur in G,-ar-
rested cells, in quantitative agreement with results obtained
using UV cross-linking (1). Moreover, Cdc6 and Orc2 ChIP
showed similar preferential binding to the lamin B2 origin site
versus the nonorigin site. These results support the view that
two constituents of the pre-RC, Orcl and Cdc6, are nonran-
domly bound to the c-myc replicator in a cell cycle-dependent
pattern.

The hexameric Mcm?2-7 complex and two subcomplexes, the
Mcm3/Mcm5 dimer and the Mcm4/Mcm6/Mcm7 trimer, have
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FIG. 3. Orcl and Orc2 binding. Shown are results from ChIP using chromatin from asynchronous (Asyn), mimosine-arrested G;-phase, or
nocodazole-arrested M-phase HeLa cells with antibodies against (A) Orcl or (B) Orc2 proteins. The ChIP DNA was used for qPCR of STSs in
the c-myc replicator. The relative enrichment (ordinate) at each STS is the copy number of the DNA precipitated with the specific antibody divided
by the copy number of the DNA precipitated by normal rabbit serum at the same STS. Map details are described in the legend for Fig. 1. (C) Orc2
protein binding at the lamin B2 replicator. ChIP DNA was used to measure the abundance of STS LB2A sequences (110 bp from the transition
point at the lamin B2 origin) and lamin B2 nonorigin sequences (5 kb downstream of the lamin B2 origin) by qPCR.

been reported to play important roles in DNA replication
initiation (15, 31, 42, 60, 79). Antibodies against Mcm3 or
Mcm7 were used to examine MCM complex loading at the
c-myc replicator. A previous study of the nuclear abundance of
MCM proteins suggested that the highest level of chromatin
association would occur during G, phase (53). As anticipated,
the highest levels of Mcm3 and Mcm7 binding to the c-myc
replicator were observed with G,-phase cells and the lowest

with M-phase cells (Fig. SA and B). Surprisingly, in contrast to
the patterns of Orcl, Orc2, and Cdc6 binding, which were
relatively low near the c-myc DUE, Mcm3 and Mcm7 showed
high levels of binding at STS-C, near the DUE. To confirm that
the ChIP chromatin mirrored the abundance of sequences
reported for another origin, the same chromatin preparations
were analyzed for Mcm3 binding to the lamin B2 origin and
nonorigin sequences. As shown in Fig. 5C, Mcm3 binding was
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FIG. 4. Cdc6 binding. Cross-linked chromatin from asynchronous (Asyn), mimosine-arrested G,-phase, or nocodazole-arrested M-phase HeLa
cells was precipitated with affinity-purified antibodies against Cdc6 protein, and the ChIP DNA was used for gPCR of STSs in the (A) c-myc or
(B) lamin B2 replicator locus. Map details are described in the legend for Fig. 1.

most apparent and selective in G,-phase cells. These data are
quantitatively comparable to those reported by Abdurashidova
et al. (1). Earlier reports have suggested that MCM proteins
move from ORC-dependent sites of pre-RC loading (21, 64,
66). The present observation that Mcm3 and Mcm7 are
enriched near the c-myc DUE, while Orcl, Orc2, and Cdc6
are relatively depleted there, may be a reflection of this
phenomenon.

It was previously shown that treatment of cells with a single
dose of the histone deacetylase inhibitor TSA reversibly de-
creases the selectivity of replication initiation at the human
c-myc origin, in parallel with the time course of histone hyper-
acetylation (35) (Fig. 6A). When ChIP was used to examine
the distribution of Orc2 and Mcm3 at the c-myc origin in cells
treated with TSA, a quantitative decrease in Orc2 immunopre-
cipitation of c-myc DNA sequences was observed, but the
qualitative pattern of Orc2 binding, particularly the low abun-
dance of Orc2 near the DUE, was nominally unchanged (Fig.
6B). The decrease in Orc2 ChIP may be a consequence of Orc2
lysine acetylation (28), since similar amounts of Orc2 were
associated with chromatin over this time course (Fig. 6A). In
contrast, the hyperacetylation of histones correlated with an
increase in chromatin-bound Mcm3, a more uniform pattern
of Mcm3 binding across the origin, and the loss of preferential
Mcm3 binding at the DUE (Fig. 6B). Hence, the patterns of
Mcm3 binding and replication initiation change in parallel
upon hyperacetylation of chromatin.

A DNA unwinding element binding protein, DUE-B, was
identified using the c-myc DUE as bait in a yeast one-hybrid
screen and was shown by competition electrophoretic mobility

shift assays to bind the c-myc DUE bait in a sequence-depen-
dent manner in the presence of HeLa nuclear proteins (17).
ChIP with anti-DUE-B antibody revealed that DUE-B is pref-
erentially bound at or near the c-myc DUE in asynchronous
cells and in G,-arrested cells (Fig. 7A) in a pattern similar to
that of Mcm3 (cf. Fig. 5A). In contrast, in nocodazole-blocked
cells DUE-B binding to the replicator region (STS-A to
STS-H) remained above background levels (STS-5' and STS-
3"). This observation is consistent with the increased associa-
tion of DUE-B with cross-linked chromatin in M-phase- versus
G,-phase-arrested cells (Fig. 2) and implies that DUE-B may
redistribute or associate with additional chromosomal sites
after the G, phase. Like Orc2, Cdc6, and Mcm3, DUE-B is
more abundant and shows greater binding selectivity at the
LB2A origin site than at a nonorigin site in asynchronous cells
and cells arrested in G, (Fig. 7B). In contrast to the patterns of
ORC, Cdc6, and MCM binding at the lamin B2 nonorigin site,
DUE-B levels increased nominally in nocodazole-blocked cells
(Fig. 7B). To confirm that the uniform level of DUE-B binding
to the c-myc replicator was different from the level of nonspe-
cific background binding, we used the anti-DUE-B antibody
to IP chromatin from an asynchronous population of Daudi
Burkitt lymphoma cells that do not express DUE-B protein or
mRNA (M. Kemp, unpublished data). In these cells, one copy
of the c-myc gene has been translocated into the immunoglob-
ulin heavy chain locus from a breakpoint more than 170 kb 5’
to the c-myc core replicator (33). Anti-DUE-B ChIP with
Daudi cross-linked chromatin showed only background-level
binding across the c-myc replicator (Fig. 7C).

The preceding results demonstrate that DUE-B and pre-RC
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proteins bind to replicator regions in the genome. To test the from total cross-linked chromatin or anti-DUE-B ChIP chro-
converse hypothesis, we identified a site that does not effi- matin. A 225-bp fragment present in the amplified product of
ciently bind DUE-B in asynchronous HeLa cells by compari- total chromatin but absent in the PCR product of anti-DUE-B
son of the products of random PCR amplification of DNA ChIP DNA was cloned, sequenced, and localized to chromo-
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0 h, 4 h, or 8 h, using antibodies against (left) Orc2 or (right) Mcm3. The ChIP DNA was used for qPCR of STSs in the c-myc replicator. Map
details are described in the legend for Fig. 1. AcH4, acetylated histone H4.

some band 2q20 (not shown). Real-time PCR primers were
designed to monitor the binding of DUE-B and pre-RC pro-
teins at the DUE-B depleted 2q20 site in asynchronous, G-
phase, and M-phase cells. No significant enrichment was ob-
served at this chromosomal site for any of the pre-RC proteins
tested, and there was no significant fluctuation of Orc2, Mcm3,
Mcm7, or Cdc6 abundance between G;- and M-phase cells
(Fig. 7D). The decrease in Orcl abundance at the 2q20 site in
nocodazole-arrested cells may reflect the decreased chromatin
binding of Orcl during M phase (44). In contrast, DUE-B
levels increase moderately at the 2q20 site in mitotic cells, as at
the lamin B2 nonorigin site and at c-myc replicator sites distal
to the DUE. Since DUE-B levels do not vary over the cell
cycle, these results support the idea that DUE-B redistribution
occurs prior to or during mitosis. The low levels of pre-RC

protein binding at the 2q20 site suggested that the DUE-B
depleted 2q20 site would not display origin activity. Consistent
with this expectation, the abundance of short nascent DNA
strands at the 2q20 site was ~10-fold lower than at the c-myc
origin (Fig. 7E). Combined with the results of ChIP at the
c-myc, lamin B2, and 2q20 loci, these data indicate that pre-RC
components and DUE-B are preferentially bound to replicator
elements during G;.

The relationship between DNA structure, origin activity,
and replication protein binding was probed using c-myc repli-
cator deletion mutants integrated at an ectopic chromosomal
site. The 2.4-kb 5’ flanking DNA of the c-myc gene acts as a
replicator when integrated at the Flp recombinase target site in
HeLa/406 cells (chromosome band 18p11.22; 406.myc cells).
Nascent-strand quantitation of a series of c-myc replicator
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nm. (C and D) Orc2, Mcm3, and DUE-B binding at the ectopic and endogenous c-myc replicators assayed by ChIP at (C) STS-B and

(D) STS-C (Fig. 1).

deletion mutants integrated at this ectopic site showed that
nucleotides 384 to 533 (removed in deletion 3; A3 cells [Fig. 1])
were not essential for full origin activity, while deletion of the
DUE (deletion 5; AS cells [Fig. 1]) or a downstream segment
containing a positioned nucleosome (deletion 7; A7 cells [Fig.
1]) eliminated origin activity (47). To correlate replicator ac-

tivity and protein binding, a nested-PCR strategy that included
the endogenous c-myc replicator as an internal standard was
used. ChIP DNA was isolated, and preparative PCR of a
1.45-kb fragment from the endogenous or ectopic replicator
was carried out using locus-specific primer pairs 1 and 2 or 2
and 3 (Fig. 1), respectively. PCR was performed for 25 cycles
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so as not to exceed the logarithmic phase of amplification. The
preparative PCR products were then diluted and quantitated
by real-time PCR at STS-B or STS-C. We note that this pro-
cedure reports on the presence of the entire 1.45-kb template
in the qPCR analyses that follow. First, MNase digestion was
used to compare the levels of chromatin accessibility at the
endogenous and ectopic sites in 406.myc, A3, A5, and A7 cells.
Figure 8A shows that the rates of digestion of bulk chromatin
are similar for the four cell lines. When the abundances of the
c-myc replicator templates were compared in undigested
DNA, the ratio was close to 0.25, as expected of pseudotet-
raploid cells containing one ectopic copy of the replicator (Fig.
8B). The sensitivities of the ectopic and endogenous sequences
to MNase digestion were similar in 406.myc cells containing
the wild type c-myc core replicator at the ectopic locus, indi-
cating that there is not a gross change of chromatin structure
that accounts for origin activity at the ectopic site, since the
nature of the nested PCR is such that the assay is sensitive to
the first nuclease cleavage within the c-myc PCR template. In
the A3 and AS cell lines, the ectopic replicator was slightly less
sensitive to digestion at very low MNase concentrations. How-
ever, the A7 cell line showed the greatest resistance to nuclease
digestion of the ectopic replicators, where the ectopic locus
was approximately fourfold less sensitive to digestion than the
endogenous locus at the MNase concentration of 0.02 U/unit
of optical density at 260 nm.

We next compared the abundances of ectopic and endoge-
nous replicator sequences by Orc2, Mcm3, or DUE-B ChIP.
Orc2, Mcm3, and DUE-B were cross-linked as efficiently (on a
per-copy basis) to the endogenous c-myc replicator as to the
wild-type c-myc core replicator at the ectopic locus in 406.myc
cells (Fig. 8C), and the A3 cell line mutation did not signifi-
cantly affect Orc2, Mcm3, or DUE-B binding. In contrast,
deletion of the DUE in the AS cell line resulted in a selective
decrease in DUE-B association with the ectopic replicator,
whereas Mcm3 and Orc2 binding were not detectably altered.
These data argue that the DUE is necessary for DUE-B bind-
ing to the c-myc replicator in vivo and suggest that while ORC
and MCM binding do not require the presence of DUE-B, they
are not sufficient for replicator activity in the absence of the
DUE region.

In the A7 cell line, a segment of DNA harboring a positioned
nucleosome was deleted from the ectopic replicator. Orc2 and
DUE-B proteins remained efficiently cross-linked to the rep-
licator, but a large decrease in Mcm3 binding was detected.
The loss of Mcm3 binding thus correlated with the change in
nuclease accessibility of the replicator chromatin. These results
are similar to those of Lipford and Bell (46), where removal of
a positioned nucleosome at the S. cerevisiae ARSI locus re-
sulted in the loss of MCM binding and origin activity without
a decrease in ORC binding. Similar to the conclusions derived
from the A5 cell line, these data suggest that DUE-B and ORC
binding are not sufficient for replicator activity.

DISCUSSION

Using chromatin immunoprecipitation, we showed that the
human homologues of the yeast pre-RC proteins Orcl, Orc2,
Mcm3, Mcm7, and Cdc6 and the human DNA unwinding el-
ement binding protein DUE-B bind nonrandomly to the hu-
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man c-myc replicator and that the levels of binding of Orcl,
Mcm3, Mcm7, Cdc6, and DUE-B vary over the cell cycle.
Examined over 10 sequence-tagged sites spanning the c-myc
replicator, Orcl and Orc2 are most abundant in asynchronous
and G-arrested cells at sites flanking the DUE and ARS
consensus region. While we interpret low ChIP signals as in-
dicative of low protein association, we cannot rule out the
possibility that local modification of proteins reduces the effi-
ciency of cross-linking or immunoprecipitation. This caveat
notwithstanding, analysis of ORC binding in cells arrested in
M phase suggested that Orcl is not stably bound to the c-myc
or lamin B2 replicators, whereas Orc2 was present at similar
levels in asynchronous, G,-phase, and M-phase cells. Orcl,
Orc2, and Cdc6 were depleted near the DUE (STS-C) com-
pared to the neighboring sites, whereas Mcm3, Mcm?7, and
DUE-B revealed considerably higher abundance at STS-C. An
MCM-enriched region flanked by ORC bound regions has
been reported in a detailed ChIP scan of ori2004 in fission
yeast (68). This study suggested that cooperative binding of
ORC to AT-rich regions I and III promotes MCM loading in
the flanking region II, consistent with a model in which ORC
binds to the replicator and recruits MCM proteins to flanking
chromatin (21, 24, 41, 64). The behavior of Orcl and Orc2 at
the c-myc replicator mimics that observed at the PRKDC-
MCM4 (40, 66) and lamin B2 (1) origins, and a similar pattern
of stable Orc2 association with chromatin has been described
in several other studies (53, 66). The elevated Orc2 binding
which we observed at the LB2A site in M-phase chromatin
differs from that reported previously (1). Possibly a change in
ORC composition or conformation during M phase makes the
complex less susceptible to the zero-length UV cross-linking
used previously (1), whereas Orc2 may be cross-linked to DNA
by formaldehyde through protein-protein bridges.

The similarity in ChIP patterns of Cdc6 and ORC at the
c-myc replicator is consistent with the recruitment of Cdc6 by
ORC; however, the efficiency of Cdc6 cross-linking to the c-
myc replicator in asynchronous cells was low, possibly because
Cdco6 is bound transiently (13, 58, 63) or because the antibody
used in our ChIP experiments does not recognize the phos-
phorylated form of Cdc6 reported to reside on S-phase chro-
matin (4). That complete pre-RCs are assembled at the c-myc
replicator is supported by the observation that Orcl, Orc2,
Mcm3, Mcm?7, and Cdc6 levels significantly above background
are found at the c-myc and lamin B2 replicators during G,
phase, but only low levels are found at the 5’ and 3’ sites distal
to the c-myc replicator and at the chromosome 2p20 site se-
lected for depleted DUE-B binding. On the other hand, we
have consistently observed a very low level of Cdc6 cross-
linking to the c-myc replicator in nocodazole-blocked HeLa
cells. Cdc6 levels are also greatly reduced at the LB2A origin
site in M-phase HeLa cells, comparable to the levels at the LB2
nonorigin site, similar to the observations made earlier (1).
The presence of Orcl and Cdc6 on cross-linked mitotic chro-
matin, but their low appearance at the c-myc replicator, sug-
gests that these protein epitopes are masked on M-phase chro-
matin or that Orcl and Cdc6 are removed from origin sites to
other chromosomal locations before mitosis. A recent immu-
nofluorescence study posited that a fraction of Cdc6 phosphor-
ylated by cyclin A-Cdk2 remains associated with chromatin
throughout S phase (4), whereas the present experiments find
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a small residual amount of Cdc6 by ChIP of asynchronous
cells. Possible quantitative differences between these results
may arise from inefficient immunoprecipitation of low levels of
Cdc6 or phosphorylated Cdc6.

DUE-B is preferentially cross-linked to the c-myc DUE re-
gion in asynchronous cells and G;-arrested HeLa cells but is
distributed more evenly over the replicator in cells arrested in
mitosis. Taken with the demonstration that binding of DUE-B
is dependent on the presence of a segment of the replicator
essential for c-myc origin activity and that DUE-B is enriched
at the lamin B2 origin site, we suggest that DUE-B is involved
in the initiation of replication. In this light, the temporal and
spatial similarities in binding of DUE-B, Mcm3, and Mcm7
and the contrast to the binding of Orcl, Orc2, and Cdc6 are
striking. DUE-B is not essential for DNA replication in Daudi
cells, and yet small interfering RNA knockdown of DUE-B
slows entry of HeLa cells into S phase and efficient immu-
nodepletion of DUE-B from Xenopus laevis egg extracts inhib-
its sperm chromatin replication, which can be rescued by af-
finity-purified DUE-B expressed in HeLa cells (17). From
HeLa or Xenopus egg extracts, DUE-B coisolates with the
major maintenance DNA methyltransferase Dnmtl (Kemp,
unpublished), which has also been implicated in the process
of DNA repair (27, 36, 55, 78). We propose, therefore, that
DUE-B or a coisolating protein is involved in the recruitment
of DNA repair or modifying proteins to replicating DNA and
that the effect of DUE-B depletion on S-phase progression is
linked to the integrity of the cellular checkpoint system.

The nuclear abundance of DUE-B protein remains the same
in G- and M-phase cells (17), although the redistribution of
DUE-B in mitotic chromatin implies that the protein binds to
previously depleted sites. Notably more DUE-B protein bind-
ing was observed downstream of c-myc STS-C in mitotic cells
than in G, cells. Similarly, there were appreciable increases in
DUE-B association at the lamin B2 nonorigin and chromo-
some 2p20 sites in M-phase cells but not at the c-myc 5" and 3’
distal sites. An explanation of this observation must await iden-
tification of the determinants of DUE-B binding. DUE-B ex-
pressed in insect cells is able to inhibit RPA loading and
replication of sperm chromatin in Xenopus egg extracts (17).
Considered with the colocalization of DUE-B and MCM pro-
teins at the c-myc and lamin B2 replicators, we propose that
DUE-B associates with the pre-RC during G, at or near the
DNA unwinding element. Once the MCMs are loaded and
unwinding is complete, DUE-B may relocate to participate in
additional nuclear processes.

Multiple structures contribute to eukaryotic replicator activ-
ity (3, 6, 7, 45, 47), suggesting that both DNA sequence and
chromatin packaging influence replication initiation. To inves-
tigate how the structure of the c-myc replicator affects pre-RC
formation, we made use of isogenic HeLa cell lines harboring
either the 2.4-kb core c-myc replicator or deletion mutants
integrated at the same ectopic chromosomal location. The
ratio of Orc2 immunoprecipitable sequences at the wild-type
ectopic and endogenous c-myc replicators was close to 0.25,
similar to the copy number ratio of the ectopic and endoge-
nous c-myc loci in these cell lines. The data imply that Orc2
binds to the ectopic and endogenous replicators with similar
efficiencies. In two of the mutant cell lines, A5, in which the
DUE region is deleted, and A7, in which the replicator chro-
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matin structure was altered, origin activity was eliminated (47).
The presence of Orc2 at the nonfunctional c-myc replicators
shows that in human cells, as in yeast, ORC binding is not
sufficient for replicator activity. The DUE region contains a
zone of easily unwound DNA and three matches to the S.
cerevisiae ACS. This region was originally identified as the
c-myc far-upstream element (FUSE) and binding site for the
FUSE binding protein FBP (20, 26). FBP binding is sensitive to
the extent of DNA unwinding, and we speculate that FBP and
DUE-B may interact through binding to this region. In the A5
cell line, deletion of the DUE/FUSE is correlated with a de-
crease in DUE-B binding and the loss of c-myc replicator
activity. These results show that DUE-B binding is dependent
on the DUE/FUSE in vivo but that neither the DUE nor
DUE-B binding is essential for Orc2 or Mcm3 binding. These
observations are consistent with the finding that DUE-B inter-
acts with the pre-RC after MCM binding and before RPA
binding in Xenopus egg extracts (17).

At the ectopic c-myc locus in the A7 cell line, Mcm3 asso-
ciation was significantly impaired, whereas neither Orc2 nor
DUE-B protein association was affected. To our knowledge,
these are the first demonstrations that mutation of a specific
region of a metazoan replicator influences the binding of rep-
lication proteins in vivo. The correlation between an altered
chromatin structure and decreased Mcm3 binding at the ec-
topic c-myc replicator is reminiscent of the loss of Mcm3 bind-
ing but not Orc1 binding at ARS1 of S. cerevisiae following loss
of a nucleosome positioning signal (46). The ordered nucleo-
some arrangement of the c-myc replicator is stable to translo-
cation (39), suggesting that the c-myc chromatin structure is a
function of the underlying DNA sequence. It has recently been
shown that recruitment of the CREB transcription factor or an
open chromatin structure associated with basal transcription is
compatible with c-myc replicator activation (22). That chroma-
tin structure can influence origin activity has been shown by the
demonstration that trichostatin A treatment leads to the ex-
posure of novel sites of replication initiation (35) and that
histone acetyltransferase recruitment to the Drosophila mela-
nogaster ACE3/ori- chorion origin locally stimulates DNA
replication (2). The present ChIP data provide a possible
mechanism for this effect, namely, the redistribution of MCM
proteins. In response to a single dose of TSA, histone H4
acetylation occurs within 4 h; however, the change in the dis-
tribution of Mcm3 and replication initiation sites (35) contin-
ues until at least 8 h after TSA treatment. These observations
suggest that histone acetylation is temporally upstream of
events leading to pre-RC formation or that pre-RC formation
responds to other effects of TSA. In conjunction with reports
that multiple pre-RC constituents interact with the histone
acetyltransferase HBO1 (14, 28, 29) and that deletion of the
histone deacetylase Rpd3 from the budding yeast genome al-
lows many late-firing replication origins to initiate DNA syn-
thesis earlier in S phase (8, 75), these data imply that modu-
lations of chromatin structure that affect transcription may also
influence pre-RC formation and replicator activity.

The region 5’ to the c-myc gene acts as a replication origin
in human (47, 57), chicken (62), frog, and mouse cells (23),
indicating conservation of origin function. A recent report (37)
focused on the temporal pattern of protein binding to the
c-myc replicator to show that pre-RC formation follows the
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models derived from studies of yeast and frog systems (re-
viewed in reference 11). The present results are consistent with
those of Kinoshita and Johnson (37), showing the preferential
binding of pre-RC proteins near the c-myc DUE, but extend
the spatial resolution of pre-RC protein binding across the
c-myc replicator by using shorter chromatin fragments to dem-
onstrate that ORC and MCM binding sites are separable (cf.
reference 64). The observation that ORC, MCM, and DUE-B
binding show differential sensitivities to replicator sequence
deletions strengthens the view that the binding of these pro-
teins depends on different aspects of replicator structure.

Finally, a striking outcome of this study is the similarity in
association of DUE-B and Mcm3 at the c-myc replicator dur-
ing G, phase and the preferential binding of DUE-B and
Mcm3 near the lamin B2 origin. Whereas analysis of the A5
and A7 cell lines shows that these proteins bind the c-myc
replicator independently of one another, their colocalization
near the c-myc and lamin B2 DUEs may reflect a functional
interaction that is either direct or codependent on the struc-
ture of the replicator. Future studies will examine the impli-
cations of this interaction.
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