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Mammalian replication origins appear paradoxical. While some studies conclude that initiation occurs
bidirectionally from specific loci, others conclude that initiation occurs at many sites distributed throughout
large DNA regions. To clarify this issue, the relative number of early replication bubbles was determined at 26
sites in a 110-kb locus containing the dihydrofolate reductase (DHFR)-encoding gene in CHO cells; 19 sites
were located within an 11-kb sequence containing ori-b. The ratio of ;0.8-kb nascent DNA strands to non-
replicated DNA at each site was quantified by competitive PCR. Nascent DNA was defined either as DNA that
was labeled by incorporation of bromodeoxyuridine in vivo or as RNA-primed DNA that was resistant to
l-exonuclease. Two primary initiation sites were identified within the 12-kb region, where two-dimensional gel
electrophoresis previously detected a high frequency of replication bubbles. A sharp peak of nascent DNA
occurred at the ori-b origin of bidirectional replication where initiation events were 12 times more frequent
than at distal sequences. A second peak occurred 5 kb downstream at a previously unrecognized origin (ori-b*).
Thus, the DHFR gene initiation zone contains at least three primary initiation sites (ori-b, ori-b*, and ori-g),
suggesting that initiation zones in mammals, like those in fission yeast, consist of multiple replication origins.

At least 22 replication origins have now been mapped in the
chromosomes of flies, frogs, and mammals (references 14, 45,
and 61 and references cited below) by using several different
strategies (reviewed in reference 13). While all the data are
consistent with bidirectional replication involving classical rep-
lication bubbles and forks, a complex and sometimes contra-
dictory view of replication origins has emerged. While some
studies conclude that most initiation events occur at specific
sites analogous to those found in single-cell organisms such as
yeast, Tetrahymena, and Physarum, other studies conclude that
most initiation events are distributed throughout large DNA
regions with no preference for one site over another. This
paradox is best illustrated by studies on the mammalian rRNA
and dihydrofolate reductase (DHFR) gene regions, where sev-
eral different methods have been applied to the same genomic
loci.

When nascent DNA is labeled with nucleotide precursors
during its biosynthesis, the data suggest that most initiation
events occur at specific DNA sequences referred to as origins
of bidirectional replication (OBRs). In the rRNA gene region,
the earliest labeled DNA fragments have been identified (8,
21) and the growth and relative abundance of nascent DNA
chains have been determined (21, 29, 60). These studies reveal
two primary initiation sites: a 1- to 6-kb locus upstream of the
rRNA gene promoter that is .10-fold more active than distal
sites and a ;3-kb locus with weaker activity downstream of the
39 end of the gene. The major site appears to be conserved
among species (37). In the DHFR gene region in Chinese
hamster ovary (CHO) cells, the earliest labeled DNA frag-
ments have been identified (1, 4, 5, 34, 43), the polarity of

replication forks has been determined by measuring both Oka-
zaki fragment and leading-strand biases (6, 7, 30, 52), and the
growth and relative abundance of nascent DNA chains have
been determined (47, 53). These studies reveal two OBRs, a
strong one (ori-b) located within a 0.5- to 3-kb sequence ;17
kb downstream of the 39 end of the DHFR gene, and a weaker
one (ori-g) located about 23 kb further downstream. The fre-
quency of initiation at ori-b is .10-fold greater than at distal
sites.

In contrast, when replicating intermediates are isolated from
mammalian cells, fractionated by two-dimensional (2D) gel
electrophoresis, and then hybridized with sequence-specific
probes, initiation events appear to be distributed almost ran-
domly throughout large DNA regions (initiation zones). Neu-
tral-neutral 2D gel electrophoresis has detected replication
bubbles throughout the 31-kb intergenic region in rRNA gene
repeats and the 55-kb region between the DHFR and 2BE2121
genes, while neutral-alkaline 2D gel electrophoresis has de-
tected equivalent numbers of replication forks within these
regions, traveling in both directions (17, 44).

How might these two sets of data be reconciled? Analysis of
newly synthesized DNA relies upon a quantitative comparison
of results at different DNA sequences and thereby reveals sites
where the frequency of initiation is greatest. However, the
relative frequency of initiation events at different sites is diffi-
cult to quantify by 2D gel electrophoresis, and therefore most
publications simply report their presence or absence. Never-
theless, the intensity of bubble arcs in the rRNA gene initiation
zone varied ;10-fold and was greatest in the regions corre-
sponding to the two primary initiation sites (44). Visual inspec-
tion of neutral-neutral 2D gel electrophoresis data from the
DHFR gene region suggests that the frequency of initiation
bubbles is greatest within a 12-kb region containing ori-b (17,
18, 56). Thus, 2D gel electrophoresis may be unable to detect
primary initiation sites. A relevant paradigm is provided by
Schizosaccharomyces pombe. Initial studies by 2D gel electro-
phoresis suggested that initiation events in the ura4 region
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were distributed throughout a ;5-kb initiation zone (62).
However, when genetic analyses were coupled with 2D gel
electrophoresis analyses (20), initiation events were discovered
to occur coincident with three separate autonomously replicat-
ing sequence (ARS) elements. Thus, what at first appeared to
be a continuous initiation zone is actually a cluster of three
replication origins.

To determine whether additional, previously unrecognized
replication origins exist in mammalian chromosomes at sites
where 2D gel electrophoresis detects strong bubble arcs, the
nascent-strand abundance assay was used to quantify the rel-
ative abundance of ;0.8-kb nascent DNA fragments in and
around the ori-b in the DHFR gene region of CHO cells.
These nascent DNA fragments represent newly initiated rep-
lication bubbles. This assay and its close relative, the nascent-
strand length assay, are based on the fact that sequences clos-
est to an OBR are represented more frequently in nascent
DNA strands than are sequences further away (Fig. 1A). They
have been used to map at least 10 different replication origins
in mammalian cells to sites as small as 0.5 kb (reviewed in
references 24, 47, 51, and 60). In the present study, quantifi-
cation was carried out at 26 sites by competitive PCR and
nascent DNA was identified by two independent criteria, in-
corporation of bromodeoxyuridine (BrdU) in vivo and resis-
tance to l-exonuclease in vitro. Twenty of these probes were
distributed throughout the ;12.2 kb that contains the two

EcoRI restriction fragments, F9 and F. Both fragments pro-
duce strong bubble arcs in 2D gel electrophoresis, but only
fragment F9 has previously been shown to contain an OBR
(ori-b).

The results reveal that EcoRI fragments F9 and F each con-
tain one primary initiation site. The strongest initiation site
was coincident with the ori-b OBR in fragment F9 originally
identified in synchronized CHO cells by a transition from
continuous to discontinuous DNA synthesis (6, 7, 30, 52) and
subsequently confirmed by nascent-strand length (53) and
abundance (47) assays in exponentially proliferating CHO
cells. A second, previously unrecognized initiation site (ori-b9)
of lower intensity was detected 5 kb further downstream in
fragment F. Thus, when results from both the DHFR and
rRNA gene regions are taken together, initiation zones in
mammals appear to consist of one or more primary initiation
sites (OBRs) as well as several low-frequency, secondary ini-
tiation sites that are detected only by 2D gel electrophoresis
methods.

MATERIALS AND METHODS

Culture and synchronization of CHO cells. CHO K1 cells were seeded in
150-mm tissue culture dishes at about 10% confluence and cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
and nonessential amino acids at 37°C under 5% CO2. Two different methods
were used to synchronize cells at their G1/S boundary. The first was a double
aphidicolin block. When the cell monolayers were about 20% confluent, they
were cultured in the presence of 1 mg of aphidicolin per ml and 10 nCi of
[14C]thymidine per ml for 24 h. The monolayers were washed twice with pre-
warmed medium to remove aphidicolin and the radiolabel, and the washed cells
were cultured for 12 h to allow them to pass through the S phase. Aphidicolin
(1 mg/ml) was then added to the culture medium for an additional 12 h to impose
a second aphidicolin arrest as they again entered the S phase. The second
method was an isoleucine deprivation-serum starvation-aphidicolin block. When
the cell monolayers were 80 to 90% confluent, the cells were washed with
prewarmed phosphate-buffered saline and then cultured in DMEM without
isoleucine and supplemented with only 0.5% fetal calf serum (dialyzed) (GIBCO
BRL) for 48 h to arrest the cells in the G1 phase. The cells were washed twice
with prewarmed complete DMEM and then cultured for an additional 12 h in
complete DMEM supplemented with 10% fetal calf serum and 10 mg of aphidi-
colin per ml to arrest the cells as they entered the S phase.

Isolation of nascent BrdU-labeled DNA from early replication bubbles. Cells
synchronized at their G1/S boundary were washed twice with prewarmed medium
supplemented with serum and nonessential amino acids and then incubated for
15 min at 37°C with prewarmed fresh medium containing 1 mM [3H]dC and 100
mM BrdU. After incubation, the cells were washed twice with 20 ml of ice-cold
phosphate-buffered saline containing 0.02% sodium azide, 5 ml of 10 mM Tris-
HCl (pH 7.5)–1 mM EDTA–100 mM NaCl was added, and the cells were
collected by being scraped off the dish with a rubber policeman. All the subse-
quent steps were performed in a dark room or with an orange safety light to
prevent photodamage to BrdU-substituted DNA (Br-DNA).

Total DNA (;80 mg) was extracted from one dish containing ;107 cells by the
procedure described in reference 50. The DNA was suspended in 400 ml of 10
mM Tris-HCl (pH 7.8)–1 mM EDTA, denatured by incubation in boiling water
for 5 min, and cooled immediately on ice. The DNA was divided in two aliquots
and fractionated in 5 to 30% linear sucrose gradients (5 ml) in 10 mM Tris-HCl
(pH 8.0)–1 mM EDTA–0.3 M NaCl with an SW50Ti rotor in a Beckman cen-
trifuge (45,000 rpm for 5 h at 20°C) (24). Alternatively, the DNA was treated
with 0.2 N NaOH at room temperature for 20 min and then fractionated in 5 to
30% linear sucrose gradients in 1 mM EDTA–0.2 N NaOH–0.3 M NaCl under
the same conditions. DNA collected in either neutral or alkaline sucrose gradi-
ents gave the same results when ori-b was mapped. Sucrose gradient fractions
(25) of 200 ml were collected, and the size of DNA in each fraction was deter-
mined by alkaline agarose gel electrophoresis as described in reference 50. Four
fractions that contained DNA with a mean length of ;0.8 kb were pooled,
dialyzed against TBSE (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1 mM
EDTA), and further purified by anti-BrdU affinity chromatography (9). At least
90% of these molecules were determined by electrophoresis in alkaline agarose
gels (2) to be 800 6 200 nucleotides.

Goat anti-mouse immunoglobulin G was coupled to CNBr-activated Sepha-
rose 4B (Pharmacia, Uppsala, Sweden), and then mouse anti-BrdU monoclonal
antibody was bound to the coupled Sepharose. The immunoaffinity beads (0.5
ml) were poured into a column and washed twice with 10 ml of TBSE before
being incubated with the Br-DNA sample (1.5 ml). After 2 h at room tempera-
ture with slow agitation, unbound DNA was collected as the flowthrough frac-
tion. The column was then washed twice with 4 ml of TBSE before eluting bound

FIG. 1. Mapping replication origins by the nascent DNA strand abundance
assay. (A) Early replication bubbles contain an OBR and two RNA-primed (box)
nascent DNA strands (the arrow indicates the direction of growth). (B) Nascent
DNA strands from early replication bubbles were isolated either as newly syn-
thesized (BrdU-labeled) DNA or as RNA-primed DNA with an average length
of ;0.8 kb. (C) Competitive PCR was used to measure the relative abundance of
specific probe sequences. nts, nucleotides.
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Br-DNA with 2 ml of 150 mM NaCl adjusted to pH 11.5 with NH4OH. The
eluate was neutralized on an NAP 10 column (Pharmacia) and treated with
proteinase K (200 mg/ml) overnight at 37°C before being extracted once with
phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol) and once with chloro-
form-isoamyl alcohol (24:1, vol/vol), and the DNA was precipitated in 0.1 M
NaCl by the addition of 2 volumes of ethanol. The DNA pellet was resuspended
in 1.5 ml of Tris-EDTA (TE) buffer. Nonreplicating DNA was prepared from G0
cells (a confluent culture arrested in 0.5% serum), and 30 mg of DNA in 200 ml
of TE was sonicated for 13 s at 80% power with a microtip (Misonix). The
products were fractionated by sucrose gradient sedimentation to isolate the same
size population taken from Br-DNA.

Enrichment of 5*-RNA-DNA chains from early replication bubbles. DNA
from 107 synchronized cells was isolated as described above, except that the
RNase treatment was omitted. DNA of ;0.8 kb was isolated by neutral sucrose
gradient sedimentation and precipitated with ethanol. The pellet was washed
with 70% ethanol, air dried briefly, dissolved in 20 ml of water, and denatured for
2 min at 100°C. To this sample was added 4 ml of 500 mM ATP, 2 ml of T4
polynucleotide kinase (New England Biolabs), 4 ml of 103 T4 kinase buffer (New
England Biolabs), 5 ml of water (RNase free), and 5 ml of EcoRI-digested,
dephosphorylated, 2.7-kb pUC18 DNA (100 ng/ml; Pharmacia). The 40-ml mix-
ture was incubated for 30 min at 37°C, and 10 ml of 1% Sarkosyl–0.1 M EDTA–
0.25-mg/ml proteinase K was added. The sample was incubated for 30 min at 50°C
and extracted with an equal volume of phenol-chloroform-isoamyl alcohol (25:
24:1) and then with chloroform-isoamyl alcohol (24:1). DNA was precipitated
and washed with ethanol, and the pellet was resuspended in 22 ml of water
(RNase free). To 20 ml was added 16 ml of 2.53 l-exonuclease buffer (167.5 mM
glycine-KOH [pH 8.8], 6.25 mM MgCl2, 125 mg of bovine serum albumin per ml)
plus 4 ml of l-exonuclease (Gibco BRL), and the mixture was incubated for 12 h
at 37°C. The remaining 2-ml sample of predigested DNA was compared with a
4-ml sample of l-exonuclease-digested DNA by electrophoresis in 1% agarose to
confirm that all of the pUC18 59-phosphorylated-DNA control had been di-
gested. l-Exonuclease was then inactivated by heating at 75°C for 10 min, and
the DNA was extracted, precipitated, and resuspended in 500 ml of Tris-EDTA
buffer.

Competitive PCR. For each of the 26 DNA target sites to be amplified, four
oligonucleotides complementary to the target sequence were synthesized (Table
1), two external primers (primers 1 and 4) and two internal primers (primers 2
and 3). Each internal primer carries the same 20-nucleotide tail attached to its 59
end: tail 1 (59-GTCGACGGATCCCTGCAGGT-39) and tail 2 (59-ACCTGCA
GGGATCCGTCGAC-39) are unrelated to genome sequence and are comple-
mentary, so that the PCR products can be used to construct a competitor
sequence that is identical to its corresponding target sequence except for an
additional 20 nucleotides in the center. For the genomic positions of each primer
set, see Fig. 3. Competitor DNAs (from 156 to 266 nucleotides) were constructed
as previously described (19), and their concentrations were determined as fol-
lows. PCR was performed with 10 ml of diluted competitor DNA (,10 pg/ml)
with the two external primers of each set. The PCR mixture contained the
standard amount of dCTP (10 nmol) plus 0.4 ml (0.66 pmol) of [a-32P]dCTP
(6,000 Ci/mmol, 10 mCi/ml; Amersham, Little Chalfont, United Kingdom), corres-
ponding to 3.4 3 106 cpm. Amplification products were resolved by electrophore-
sis in 1.8% agarose gel (50), and the radioactive band was eluted in 100 ml of TE
buffer. Residual [a-32P]dCTP was removed on a NICK column (Pharmacia). For
example, 400 ml of competitor 6 was recovered from the NICK column, and 50
ml contained 5.2 3 103 cpm or 1.0 fmol of [a-32P]dCTP. Since the ratio of cold
to hot dCTP in a PCR mixture was 1 3 104/0.66, 1.0 fmol [1 3 104/0.66] 5 15.2
pmol of cytidine. Since competitor 6 contained 87 cytidines/molecule, there is
15.2/87 5 0.175 pmol of competitor 6 in 50 ml. The amount of unlabeled dCTP
contributed by [a-32P]dCTP was insignificant and was therefore ignored.

PCR was performed on 10-ml samples of size-fractionated cellular DNA in the
presence of known amounts of competitor DNA. Fifty cycles were carried out
with 5 U of AmpliTaq Gold Taq polymerase (Perkin-Elmer), which was activated
at 95°C for 8 min before the PCR was started (total volume, 50 ml). Each cycle
consisted of denaturation for 30 s at 94°C, annealing for 30 s at 60°C, and
extension for 30 s at 72°C. Amplified DNA products were then fractionated by
electrophoresis in 10% polyacrylamide gels (Bio-Rad Ready Gel, 100 V [con-
stant voltage], 1.5 h at room temperature), stained with 0.5 mg of ethidium
bromide per ml for 10 min at room temperature, and then quantified by densi-
tometry with an Eagle Eye densitometer (Stratagene, La Jolla, Calif.). The ratio
of competitor to target DNA was used to determine the number of target
molecules, as described in Results.

RESULTS

Measuring the relative abundance of nascent DNA strands.
Most analyses of replication origins in the DHFR gene region
have been carried out with cells synchronized at their G1/S
boundary. Synchronized cells enrich for initiation events at
replication origins that are activated at the beginning of the S
phase and help to ensure that nascent DNA from specific loci
results from initiation of replication at those loci and not from

replication forks traveling through them from neighboring or-
igins. To facilitate comparison between earlier studies and
those reported here, CHO K1 cells were synchronized by two
different methods and the efficacy of each method was evalu-
ated by fluorescence-activated cell sorter (FACS) analysis. In
the first method, randomly proliferating cells (Fig. 2A) were
cultured for 24 h in low concentrations of aphidicolin, a specific
inhibitor of replicative DNA polymerases. This caused the cells
to accumulate in both the S and G2 phases (Fig. 2B). The cells
were allowed to recover and then subjected to a second aphidi-
colin block that arrested about 40% of the cells at their G1/S
border (Fig. 2C). Most of these cells entered S phase when the
aphidicolin was removed (Fig. 2D). Cells that had arrested in
G2 did not incorporate BrdU when aphidicolin was removed
(data not shown). These cells presumably suffered DNA dam-
age during the synchronization procedure (27) and therefore
responded to checkpoint controls (11). The second synchroni-
zation method avoided the production of a large population of
G2 cells. The cells were arrested first in G1 phase by depriving
them of isoleucine and serum (Fig. 2A9) and then released
from this block in the presence of a high concentration of
aphidicolin to arrest them as they entered S phase (Fig. 2B9).
Subsequent removal of aphidicolin allowed most (.95%) of
these cells to enter (Fig. 2C9) and complete (Fig. 2D9) S phase.
Both methods yielded identical origin-mapping results, al-
though the second was more commonly used in previous stud-
ies and produced a larger population of G1/S-phase cells.

Two methods were used to map replication origins by the
nascent-strand abundance assay (Fig. 1B). The first is that of
Giacca et al. (23, 24). CHO cells were released into S phase in
the presence of BrdU to label nascent DNA (Br-DNA). DNA
strands isolated were 800 6 200 nucleotides long, because they
should be small enough to originate from newly formed repli-
cation bubbles (Fig. 1A) but large enough to exclude CHO cell
Okazaki fragments, which have a mean length of 105 nucleo-
tides (7). Br-DNA of this length was then purified by affinity
chromatography to avoid contamination with fragments of non-
replicated DNA that resulted from DNA damage. In fact, pre-
labeled genomic [14C]DNA was never detected in the purified
Br-DNA fraction.

Br-DNA was then analyzed by competitive PCR to deter-
mine the relative concentrations of specific DNA sequences
present at 26 genomic sites distributed within a 110-kb region
containing ori-b (Fig. 3). An average of one probe every 0.6 kb
was constructed in the 10.8 kb of sequenced DNA around
ori-b. Since the nascent DNA strands mapped in these exper-
iments were ;0.8 kb, all origins within this region should be
detected. Competitive PCR (Fig. 1C) permits quantification of
small amounts of DNA sequences by coamplifying the target
DNA in the presence of known amounts of a competitor DNA
that has the same primer recognition sites (28). The competi-
tor DNA contains a 20-nucleotide insertion, so that its ampli-
fied products can be distinguished from those of the target.
Since target and competitor DNAs compete for the same PCR
primers, they are amplified with the same efficiency. Thus,
when the amount of competitor DNA added to the reaction
mixture equals the amount of target DNA present, the ratio of
amplified competitor to target sequences is unity. Since this
method is independent of the time course of amplification,
small amounts of target can be amplified until the reaction is
exhausted.

The results for primer sets I, 1, 6, and 7 from a single DNA
preparation illustrate the method (Fig. 4). Two slower-migrat-
ing bands of DNA invariably appeared in our PCR products.
These represented heteroduplexes between target and compet-
itor DNA amplicons that formed during the final cycle of
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denaturation and renaturation. They were absent whenever
either target or competitor DNA was omitted from the PCR
mixture (Fig. 4, primer sets 1 and 7) and appeared when pre-
amplified competitor and target DNAs were mixed, denatured,
and then slowly renatured (data not shown). Since the ratio of
competitor to target DNA is used to determine the actual
amount of target DNA present, the amount of heteroduplex
DNA formed must be taken into account. This was done as
follows. Amplified target DNA is indicated by T, and amplified
competitor DNA is indicated by C. Homoduplex DNAs are
indicated by T z T or C z C, and heteroduplex DNAs are
indicated by T z C or C z T. Total target DNA [T] 5 [T z T 1
(T z C 1 C z T)/2], and the total competitor DNA [C] 5 [C z
C 1 (T z C 1 C z T)/2]. Using this formula, the ratio of [Total
C] to [Total T] was linear as a function of the amount of
competitor DNA added to the PCR mixture (Fig. 4). In con-
trast, when the ratio of [C z C] to [T z T] was plotted against the
amount of competitor DNA added to the PCR mixture, a
curved line resulted (Fig. 4). Thus, when the experimental ratio
of [C z C] to [T z T] in the PCR mixture was '1, the effect of
heteroduplex formation on the calculated value for [T] was
negligible, but when [T] was determined by extrapolation be-
tween data points, the effect of heteroduplex formation could
be significant.

TABLE 1. PCR primer sets used in this studya

Name Sequence (59 to 39) Map positions
(bp)

H-1 AGACAGAGCCTCTTCAGGAG
H-2 TCCTCAGAAGAAACTGCATT
H-3 TTCCAAATCTCAGGCTGATC
H-4 CCCACATAACCTTGAAGTAC
I-1 GGTTGGGTGATAACAAAGTC
I-2 TACAAGTACATGCCACCAAG
I-3 ATCCTATCAGTGGATCAGCA
I-4 GGTCTCTCGCTATGATCTGG
J-1 GAGAATGGATATTGCTTGAA
J-2 TGCTGAGATAGGAAAGGCAT
J-3 GGGTTTGTAGCATCAGGTCA
J-4 GAGGATATGAAGGTAGTGGA
G-1 GGAAGTGGTCTTGAGCATCT
G-2 CTCTCTCTCCCCAGACCTCG
G-3 GTGGGGCTTCCACCATAACG
G-4 AAGCTCCACCTGAGCTCCTA
10-1 GCTTCCGTCCAGTAAGTGCT 66–85
10-2 GCTCAGTGCTTGTCTGTGGT 102–121
10-3 CAAGCTCCAGGAGTCCTGTT 122–141
10-4 GGTCAAGAGTCCATGAGCTC 231–250
1-1 ATCCTCCTAGCTCGGAGTCA 1534–1553
1-2 CATCTGAGACTTGGCTGGGA 1611–1630
1-3 AGTCACAGACCTGCATGGCA 1631–1650
1-4 GGCTTATCTGCATCCTATTC 1677–1696
8-1 GCCTTTGAGCTCAGACTAGA 2020–2039
8-2 CATTCATCAAGCTGGAAAGC 2061–2080
8-3 TCCATGGCAGTCTTCACACT 2081–2100
8-4 GTCCTCGGTATTAGTTCTCC 2183–2202
6-1 GGAAATGTTCTGAAACCAGC 2464–2483
6-2 AACCCACACCTACCTTACGA 2508–2527
6-3 ATAGCATAATCCCACACAAG 2528–2547
6-4 TTGTGTTTTGAGGCAGGGAC 2600–2619
7-1 CCTTCCTTCTCAGTGAGTCC 2669–2688
7-2 TAGTGCGTCTTTAAGACCTG 2703–2722
7-3 GATGCTGAACTTAACAGTAA 2723–2742
7-4 CTGAACTTTATCAGTGCAGT 2786–2805
2-1 CTACTGCCGTATTATAAGAC 2842–2861
2-2 GGTAGGGACTTCAGAAAAAC 2977–2996
2-3 AGGACACAACGCACCCTGGT 2997–3016
2-4 AGGTGACACCTTGCTTTTGT 3069–3088
3-1 ATAACTACTGTCTTAGCTGG 3108–3127
3-2 GACAATGGATTAAACCTCTG 3208–3227
3-3 ATGATTGCAGGAAGTATGGT 3228–3247
3-4 GGTGTGGCCTTGTTGGAAGA 3310–3329
4-1 GCCATTTTCATTCAAACCAC 3353–3372
4-2 GGTATAAGCTACCTTGTAGC 3377–3396
4-3 CCAGCTTGCTATTTCTGATG 3397–3416
4-4 GCTTCTTCCTAATTTGAACT 3483–3502
5-1 CAAGCAGTCCTCGTGGAGCT 4102–4121
5-2 GAAACCAGAGTTGCCATGGT 4179–4198
5-3 CTTGGGCAGCACCTGCTTTA 4199–4218
5-4 GTTTCATGAGCTGATTGGTC 4232–4251
11-1 GGACCTCAGCCTCTGAAACA 5085–5104
11-2 ATACTAAGCTCTCTTTATAG 5167–5186
11-3 TTTAAGAAATCTGTAGCTAT 5187–5206
11-4 CTTTCTCCACTCACTTCACC 5261–5280
9-1 ATCAGACTGGTCCCATATCC 5955–5974
9-2 AAATGTCTCCCTCAGTTGAT 6005–6024
9-3 TTGGATTGAAAGCATAATGC 6025–6044
9-4 ATGGCTTAAATGTGACTCCC 6074–6093
16-1 GAAGACCTGACTGTTCCATG 6437–6456
16-2 TTCAATTCTACACGCAGCTT 6491–6510
16-3 GAGCACAGCATTTGAGTGAC 6511–6530
16-4 CCCTGTTCTCTGCTAAGCAG 6591–6610
12-1 CCAGGACCAATGTGATACAA 6921–6940
12-2 AATGAGATGAGACCTTGGGA 6986–7005
12-3 TTGCGTGTGCCTTTGACACC 7006–7025
12-4 GCTTAAGGCTCACTTATGGA 7086–7105

Continued

TABLE 1—Continued

Name Sequence (59 to 39) Map positions
(bp)

17-1 TGAAAGTAGGTTAGAAGGGC 7412–7431
17-2 TTCATGTGTGTGTTCTGGGG 7481–7500
17-3 GGTAAACGATGGTTAAAGGA 7501–7520
17-4 GCCACAGCCTGTCACTTCAA 7566–7585
13-1 ACCAAGCACTAGCTAACCCC 7917–7936
13-2 AAGATTGTTCATACTCTTCT 7995–8014
13-3 AGCTTTTCTGTATATGTGTC 8015–8034
13-4 TTCACAGCCTTTCATGTTGC 8075–8094
14-1 TAGGAAGATGCTGGACTTCT 8909–8928
14-2 AACCAGAAGATTATATATGG 8990–9009
14-3 TATAAACAGATTGCTTTACC 9010–9029
14-4 ATGACACTCCAATCAGAGAC 9081–9100
19-1 ATAATCCAGGCAAGCCTGGC 9429–9448
19-2 TTGCCATGCACAGATGGGTG 9481–9500
19-3 GCAGTACCCTGACTCTGTAT 9501–9520
19-4 TGGCCTCCCTCCTCAGAGAA 9578–9597
15-1 TGGTTCCTCAGAAAGCAGTC 9900–9919
15-2 TAGTAAGTATACGGGATCTT 9997–10016
15-3 TTAAGATGTATATAAACCTC 10017–10036
15-4 ACCCTCTTCCTCTAATCAGG 10102–10121
F-1 GGCTCTTATCCACACATATA 10678–10697
F-2 AGTAGCGTCAAAGGCAGGGA 10725–10744
F-3 CTGTTTCTCCAACCCTGCTT 10745–10764
F-4 AGAGGTCCTGGGGTCAGAGT 10806–10825
K-1 GGAGCTGCATTGGGAGATGG
K-2 AGTAAGTTAGACTTTCTGCC
K-3 TGAGAGTTAACTTGGAAATG
K-4 CATCTGTCAGGCTAACTTCT
O-1 AGAAAATCCCAAGTTGGTTT
O-2 GAGTCCAATGGTACACCTTT
O-3 ATTTCCCCAAATAGTATAC
O-4 CACTCACCCTTATGTTCTCC
P-1 ACTTTAGTCTCTTAAGGCAG
P-2 TTGAGATGGGAAGGAGTCAG
P-3 GCAGTATAAAGCCAATAGAG
P-4 GTTACACTTCTGTAGGAAAA

a GenBank accession no. X94372 and AF028017.
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Mapping replication origins with newly synthesized BrdU-
labeled DNA from early replication bubbles. To identify pri-
mary initiation sites in the DHFR gene region, five indepen-
dent samples of newly synthesized Br-DNA from CHO cells
were assayed in parallel with five samples of nonreplicating
DNA fragments of the same size prepared from G0-phase
CHO cells. To present the results from these experiments on
the same graph, the average value for probes H, I, and J in
each Br-DNA sample was taken as unity and each of the
probes used in that sample was normalized to this value. The
results from five analyses of nascent Br-DNA were then aver-
aged and are presented in Fig. 5A and B. The same procedure
was carried out with the five analyses of nonreplicating G0
DNA. Since probes H, I, and J are located within or slightly
upstream of the DHFR gene, a region in which initiation
events have never been detected by any method including 2D
gel electrophoresis (17, 18, 56), a value of unity indicated the
absence of initiation events at that probe site. As expected,

probes H, I, and J were consistently represented at the lowest
levels in nascent Br-DNA.

In principle, the copy number for each probe in the G0 DNA
samples should be the same, if each probe represents a single-
copy locus. In practice, the mean copy number for 26 primer
sets in five DNA samples was 1.14 6 0.08 (standard error of
the mean) (Fig. 5A and B). This variation reflected the degree
of inaccuracy in our measurements of competitor DNA con-
centrations. In addition, competitor DNA, like any DNA
stored at low concentrations, can deteriorate over time (41).
Therefore, these variations were corrected in each experiment
by assaying a sample of nascent Br-DNA in parallel with a
sample of nonreplicated G0 DNA, and the ratio of Br-DNA to
nonreplicating DNA was calculated for each probe in each
experiment. The average ratio of Br-DNA to nonreplicating
DNA at each probe was then determined (Fig. 5C and D).

In one experiment, a 10-ml sample of Br-DNA contained
0.2 3 103 copies of primer set I located in the DHFR gene and
3.5 3 103 copies of primer set 6 located close to the ori-b OBR
(Fig. 4). Primer sets H and J gave results very similar to those
obtained with primer set I. Therefore, in this experiment, prim-
er set 6 was enriched about 17.5-fold over the DHFR gene
region in nascent DNA. Primer sets 1 and 7, which flanked
primer set 6, gave intermediate levels, consistent with an OBR
at or near primer set 6.

The average enrichment in all five experiments for primer
set 6 over the primer sites in the DHFR gene in Br-DNA was
(14.4 6 2.3)-fold (Fig. 5A and B). Since the region around
primer set 6 produced a reasonably symmetrical peak of nas-
cent DNA centered on primer set 6 that was absent in non-
replicating DNA (Fig. 5A and B), these results suggested bi-
directional replication from a site at or close to primer set 6.
This peak was even more symmetrical when the average ratio
of Br-DNA to nonreplicating DNA was displayed (Fig. 5C and
D). After correcting for experimental variation among the
probes, the ratio of primer set 6 (peak of initiation activity)
relative to the DHFR gene (mean value of primer sets H, I,
and J) in nascent DNA was 11.3 6 1.7 (Fig. 5C and D). Since
primer set 6 is coincident with the ori-b OBR (see Discussion),
these data demonstrate that the ori-b OBR is a primary initi-
ation site for DNA replication.

A second, previously undetected initiation site (ori-b9) was
discovered about 5 kb downstream of ori-b (Fig. 5B and D).
The average ratio of Br-DNA to nonreplicating DNA at ori-b9
was 5.5 6 1, representing about half as many initiation events
as were observed at ori-b. The data also indicated a third
initiation site that may correspond to the previously identified
ori-g locus located about 23 kb downstream of ori-b, but the
absence of sequence information in this region precluded fur-
ther analysis. Therefore, the DHFR gene initiation zone con-
tains at least two (b and b9) and probably three (b, b9, and g)
primary initiation sites.

Mapping replication origins with RNA-primed DNA from
early replication bubbles. Gerbi and Bielinsky (22) showed
that the 59 to 39 l-exonuclease activity could be used to enrich
for RNA-primed nascent DNA chains because they are resis-
tant to digestion whereas DNA chains containing a 59-terminal
phosphate are degraded. RNA-primed DNA chains isolated in
this manner were used to map the transition from continuous
to discontinuous DNA synthesis at OBRs in simian virus 40
(SV40) and yeast to a few nucleotides (3). Therefore, to con-
firm the results obtained with Br-DNA (described above) and
to eliminate possible artifacts from BrdU-induced DNA dam-
age and repair, this strategy was adapted to mammalian cells.

At least 90% of Okazaki fragments from CHO cells carry a
10-residue oligoribonucleotide (7). For the 39 end of an Oka-

FIG. 2. FACS analyses of CHO K1 cell synchronization procedures. CHO
cell synchronization was evaluated by staining nuclei with Cycle Test Plus (Bec-
ton Dickinson) and measuring their DNA content by flow cytometry (FACScan;
Becton Dickinson). Between 5,000 and 10,000 fluorescent events were counted.
(A to D) Double aphidicolin block. (A) Randomly proliferating cells; (B) cells in
the first aphidicolin block; (C) cells in the second aphidicolin block; (D) cells 2 h
after release from the second aphidicolin block. (A9 to D9) Isoleucine-serum-
aphidicolin block. (A9) Cells arrested by depletion of isoleucine and fetal calf
serum; (B9) cells released into aphidicolin; (C9 and D9) cells released from
aphidicolin for 4 h (C9) and 8 h (D9).
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zaki fragment to be ligated to the 59 end of a long, growing
nascent DNA chain, the RNA primer of the last Okazaki
fragment joined to this chain must be excised. However, since
this excision step is slow, a fraction of long, nascent DNA
chains should still have one or more ribonucleotides attached
to their 59-ends (2, 16). Accordingly, a second method (Fig.
1B) for the nascent-strand abundance assay was used in which
DNA with an average length of ;0.8 kb was purified as before
from CHO cells, except that the cells were not incubated with
BrdU and the DNA was not treated with RNase A. A linear
dephosphorylated plasmid DNA was added to provide an in-
ternal control. Under the conditions used, the plasmid DNA
was completely phosphorylated by T4 polynucleotide kinase in
the presence of ATP and then digested by l-exonuclease, while
residual cellular RNA remained unless RNase A was added to
degrade it (Fig. 6A). These DNA samples were then analyzed
by competitive PCR as described above.

Since these data were essentially the same as in Fig. 4 and 5,
the ratios of RNA-primed nascent DNA to nonreplicating
DNA were compared with the ratios of Br-DNA to nonrepli-
cating DNA. The results revealed that the same replication
origins, ori-b and ori-b9, were identified by either definition of
nascent DNA (Fig. 6B). Digestion with l-exonuclease was
required to detect ori-b and ori-b9.

DISCUSSION

Visual inspection of the results of neutral-neutral 2D gel
electrophoresis analyses of the DHFR gene region (17, 18, 56)
suggests that a high frequency of initiation events occurs within
each of two adjacent ;6.1-kb EcoRI restriction fragments (F9
and F [Fig. 3]) but only fragment F9 appeared to contain an
OBR (ori-b). The results presented here confirm previously
published work that ori-b is a primary initiation site for DNA
replication, and they extend it with the discovery of a second,
previously unrecognized initiation site (ori-b9) 5 kb down-
stream in fragment F (Fig. 3). Thus, the DHFR initiation zone
contains at least three primary initiation sites (ori-b, ori-b9,
and ori-g) within a 28-kb locus. Taken together with similar
results from the rRNA gene region (see the introduction),
these results show that initiation zones in mammalian chromo-
somes (like those in yeast) consist of multiple primary initia-
tion sites (OBRs). In addition, there may be low-frequency
initiation sites that escape detection by biolabeling methods
but not by 2D gel electrophoresis methods.

These results support the hypothesis that while many poten-
tial initiation sites exist in metazoan DNA, in vivo some of
these potential initiation sites are suppressed while others are
activated (Jesuit model) (12, 14). Site-specific initiation of

FIG. 3. PCR primer sets used to map the ori-b region. Primer sets H, I, J, G, F, and K in this study are the same sites as A, B, C, D, E and F (30), respectively.
Their DNA sequences were determined from plasmids pDGKS-H, pDGKS-I, pDGKS-J, pDGKS-G, pDGKS-F, and pDGKS-K (25), respectively, originally cloned by
H. Cedar. DNA sequences of primer sets P and O were determined from plasmids pDGKS-P and pDGKS-O (25), respectively, originally cloned by J. Hamlin. Primer
sets for probes 1 to 19 and F were taken from the 10,825 sequenced nucleotides [Map Position (bp)] now available (GenBank accession no. X94372 and AF028017).
Primer sets H, I, J, G, K, P, and O are identical to probes of the same name in reference 25, and primer sets 6, 7, and 9 are similar to probes C, D, and R (6). Primer
set 8 is similar to primer set 8 in reference 47. The direction of transcription of the DHFR and 2BE2121 genes is indicated with arrows. ori-b is defined by the data
summarized in Fig. 7, ori-b9 is defined by the data in Fig. 5 and 6, and ori-g is defined by the data in references 1, 30, 43, and 59. The initiation zone is defined by data
in references 17, 18, and 56. The distance from the 39 end of the DHFR gene is based on restriction fragment analyses of plasmids and cosmids. Primer sequences are
provided in Table 1.
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DNA replication at ori-b can be activated de novo in isolated
nuclei by soluble Xenopus egg factors (25), but not until the
nuclei have entered late G1 phase (43a, 58, 59), suggesting that
assembly of prereplication complexes (46) is not complete in
mammalian cells until late G1. Thus, to the extent that prerep-
lication complexes form at alternative sites, initiation events
may also occur at other, secondary initiation sites. Four pa-
rameters have been implicated in the selection of initiation
sites: nuclear structure (25, 26, 58), chromatin structure (42),
DNA sequences (14), and DNA methylation (48, 49). Devel-
opmental changes in one or more of these parameters could
account for the observation that initiation of DNA replica-
tion in the Xenopus rRNA gene repeats changes from non-

specific to site specific following the midblastula transition
(39).

ori-b is a primary initiation site for DNA replication. The
presence of a DNA replication origin downstream of the
DHFR gene in CHO cells was first suggested by the discovery
that two restriction fragments within a 28-kb region down-
stream of the DHFR gene incorporate radioactive DNA pre-
cursors in the first 20 min of the S phase (33). These fragments
coincide with ori-b and ori-g. The 12-kb fragment closest to
the DHFR gene (ori-b) replicated within the first 10 min of the
S phase (4). DNA labeled in vivo during the first 2 min of S
phase (4) and putative replication forks from early S-phase
cells labeled in vitro (5) hybridized preferentially to a 4.5-kb

FIG. 4. Use of competitive PCR to quantify the amount of a specific sequence. A fixed amount of newly synthesized Br-DNA was amplified in the presence of
increasing amounts of the indicated competitor molecules (primer sets I, 1, 6, and 7). DNA products were resolved by gel electrophoresis and stained with ethidium
bromide (upper panels). The amount of competitor DNA added to the PCR mixture is indicated above each lane. Lanes M contain a 100-bp DNA ladder. Lanes C
lacked target DNA. Lanes T lacked competitor DNA. Two heteroduplex DNA bands consisting of either T z C or C z T are indicated by H. The ratio of competitor
DNA to target DNA was determined by quantifying the fraction of DNA in each of the four major bands by densitometry (lower panels). This ratio was plotted as a
function of the amount of competitor DNA added to the PCR assay: C/T versus [competitor added] (open symbols, thin line), and [C 1 H/2] / [T 1 H/2] versus
[competitor added] (solid symbols, heavy line; H 5 T z C 1 C z T). The thin lines with open symbols take into account heteroduplex DNA. The amount of target DNA
determined in each example is given.
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XbaI fragment, suggesting that this fragment contained an
origin of replication (Fig. 7B, gray rectangle). This locus was
later refined to a 2-kb BamHI-HindIII fragment (43) by using
an in-gel renaturation method that reduced background (Fig.
7B, solid rectangle) and then to a 0.5-kb PvuII DNA fragment
(Fig. 7F) by introducing DNA cross-links to prevent replica-
tion bubbles from expanding beyond their origin.

One caveat in these studies was the use of synchronized
CHOC 400 cells containing ;1,000 tandem integrated copies
of the DHFR gene region. Either the process of cell synchro-
nization or the presence of an excessive number of gene copies
might artifactually induce origin specificity. Therefore, Vassi-
lev et al. (53) used PCR to measure the lengths of nascent
DNA strands in the ori-b region of unsynchronized, single-
copy CHO cells containing a single copy of the DHFR gene
region per haploid genome. They concluded that long nascent
DNA strands expanded bidirectionally from ori-b, and they
mapped the origin of this expansion to a 1.4- to 2.8-kb region
of the 4.5-kb XbaI fragment identified in earlier studies (Fig.
7C). Later, Pelizon et al. (47) used competitive PCR to quan-
tify the relative number of ;1-kb BrdU-labeled nascent DNA
strands at seven probes distributed over a 25-kb region (Fig.
7D and E). The fact that both of these studies were done with

unsynchronized CHO cells shows that ori-b is a primary initi-
ation site during cell proliferation. In the present study, the
same nascent-strand abundance assay was applied to synchro-
nized CHO cells at 20 probes in the 13-kb region containing
ori-b. At least 95% of initiation events detected in this region
(Fig. 5D) were localized to two primary initiation sites, ori-b
and ori-b9. ori-b activity was confined to a 2- to 4-kb locus
centered at the 786 bp between primer sets 8 and 7 (map
positions 2020 to 2805), coincident with the OBR originally
identified by analysis of the distribution of Okazaki fragments
in this region (6). These results are in excellent agreement with
those of Pelizon et al. (47). Recently, sites corresponding to
ori-b plus ori-b9 and ori-g have been identified by using fluo-
rescence in situ hybridization analysis to map sites of BrdU
incorporation relative to the DHFR gene in CHO cells (57a).

Compelling evidence that DNA replication in metazoan
chromosomes originates at specific sites by using the classic
replication fork mechanism comes from measurements of rep-
lication fork polarity. A transition from discontinuous to con-
tinuous DNA synthesis (the OBR) occurs on each DNA strand
where bidirectional replication is initiated. When the leading-
strand bias was measured by preferential inhibition of Okazaki
fragment synthesis with emetine, at least 85% of replication

FIG. 5. Mapping replication origins with newly synthesized BrdU-labeled DNA from early replication bubbles. (A) The relative abundance of 26 different probes
(Fig. 3) was determined on five samples of nonreplicating DNA (■) and on five samples of newly synthesized Br-DNA (h) chains with an average length of ;0.8 kb
by competitive PCR. The mean values and the standard errors of the mean are shown. The amount of each probe was normalized to the average of probes H, I, and
J (the region where 2D gel electrophoresis has never detected replication bubbles). Therefore, numbers of unity or less (shaded area) indicate absence of initiation
events. Since most of the region from 240 to 180 kb has not been sequenced (Fig. 3), the distance from the 39 end of the DHFR gene was plotted. (B) Since most
of the region from 12 to 27 kb downstream of the 39-end of the DHFR gene has been sequenced (Fig. 3), the nucleotide map positions of these data in panel A were
plotted. (C) The ratios of Br-DNA to nonreplicating DNA were calculated (E) in each of the five experiments and averaged. (D) Data in the region from 12 to 27 kb
downstream of the 39 end of the DHFR gene in panel C were replotted on their nucleotide map position. The positions of ori-b, ori-b9, and ori-g OBRs are indicated.
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forks 5 kb upstream and 9 kb downstream of ori-b were trav-
eling away from ori-b in both CHO and CHOC 400 cells (Fig.
7A). This OBR was further refined by measuring the Okazaki
fragment bias. At least 80% of the replication forks within a
27-kb segment emanated from an OBR located within a
0.45-kb region ;17 kb downstream from the DHFR gene (Fig.
7G and H). The Okazaki fragment bias has been used to map
an OBR to a few nucleotides in SV40 (15, 31), polyomavirus
(15, 35, 36), and Saccharomyces cerevisiae (22). In each case,
the OBR was coincident with the binding site for replication
initiation proteins, suggesting that the ori-b OBR is a site
where prereplication complexes assemble.

Comparison of results from all 12 studies revealed that the
regions of maximum origin activity define a 2-kb region en-
compassing the original ori-b OBR (6) that was identified by
the transition between leading- and lagging-strand synthesis

(Fig. 7, dashed box). This 2-kb locus contains several features
that may be related to its origin activity (14, 32, 49), but so far
none have been proven to be required.

Interpretation of nascent DNA strand analyses. Why was
ori-b9 not detected in any of the previous nascent-strand anal-
yses? In previous nascent-strand abundance assays (47), the
probes were not located in sites that would have detected
ori-b9. In early-labeled DNA fragment assays and nascent
DNA strand length assays, ori-b9, which is three- to fourfold
less active than and only 5 kb distant from ori-b, simply con-
tributed to a broadening of the peak defining ori-b. In fork
polarity assays, the bias in leading strands from asynchronous
cells was lost at probes close to ori-b (30) and the Okazaki
fragment bias close to ori-b was difficult to observe unless the
cells were well synchronized (6), consistent with a second OBR
close to ori-b. In a recent attempt to observe the transition
from continuous to discontinuous DNA synthesis at the ori-b
OBR, the expected strong Okazaki fragment bias was observed
on the DHFR gene side of ori-b but not on the downstream
side containing ori-b9 and ori-g (56). Less than optimal cell
synchronization could account for this problem, particularly
when exacerbated by omission of the Br-DNA affinity purifi-
cation step in the Okazaki fragment distribution method (56).
Under these conditions, Okazaki fragments anneal to pieces of
contaminating DNA in solution, which reduces their hybrid-
ization to filter-bound probes, preventing quantification with
small probes (see e.g., Fig. 6 in reference 56). Originally, it was
thought that the ori-b OBR could be mapped in exponentially
growing CHOC 400 cells by the Okazaki fragment distribution
method (6), but subsequent studies revealed that CHOC 400

FIG. 6. Mapping replication origins with RNA-primed DNA from early rep-
lication bubbles. DNA with an average length of ;0.8 kb was enriched for
RNA-primed nascent DNA chains by treatment first with T4 polynucleotide
kinase plus ATP to ensure that all 59-DNA ends were phosphorylated and then
with l-exonuclease to degrade all 59-phosphorylated-DNA chains (Fig. 1B).
Linear, dephosphorylated pUC18 DNA was included as an internal control. (A)
An aliquot of the sample was fractionated by electrophoresis in a 1% agarose gel
before (lane 1) and after (lane 2) l-exonuclease treatment. A sample of the
l-exonuclease-treated material was later digested with RNase A (lane 3). A
100-bp DNA ladder (Pharmacia Biotech) was run in parallel to provide size
markers (M). (B) Two preparations of the T4 kinase/l-exonuclease-treated ma-
terial were used to determine the relative abundance of RNA-primed nascent
DNA chains (■) ;0.8 kb long by competitive PCR. These results are compared
with the relative abundance of BrdU-labeled nascent DNA chains (E) of the
same size class.

FIG. 7. Comparison of results from the nascent DNA strand abundance as-
say with results from other nascent DNA strand origin-mapping strategies. Six
different methods for mapping replication origins reveal a primary initiation site
for DNA replication in CHO cells that can be localized to a 2-kb region encom-
passing the original ori-b OBR identified by the transition between leading- and
lagging-strand synthesis ( ) (6). (A) Leading-strand distribution (7, 30); (B)
earliest labeled DNA fragment (4, 5, 25, 34, 43, 59); (C) nascent DNA strand
length (53); (D) nascent DNA strand abundance in unsynchronized cells (47);
(E) nascent DNA strand abundance in synchronized cells (this paper) (– – –,
Br-DNA; ——, RNA-DNA); (F) replication bubble trap (1); (G and H) Okazaki
fragment distribution (6, 52). Lightly shaded rectangles indicate the outer limits
of the origin, while solid rectangles indicate the region of maximum origin
activity. For example, the outer limits of the initiation site described here (E) are
between primer sites 10 and 5, while the center is between primer sites 8 and 7
(Fig. 6). These data show that most initiation events occur within the 2-kb locus
indicated by the dashed box. The highest Br-DNA/nonreplicating DNA ratios
were routinely observed at probe 6 (nucleotides 2464 to 2619). The ori-b OBR
is located between nucleotides 2431 and 2914, ;17 kb downstream of the DHFR
gene.
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cells were actually synchronized in early S phase under the
conditions used (25). The importance of these considerations
is evident from studies on SV40 and polyomavirus DNA rep-
lication, where even with a single origin, various parameters
limited the observed strand bias to ;6:1 (36).

A general problem in mapping replication origins is inter-
ference from DNA damage and repair. For example, l-exonu-
clease was required to eliminate fragments of unreplicated
DNA in order to map the ARS1 OBR in yeast (3). This prob-
lem is more pronounced in mammalian cells when they are
synchronized at their G1/S boundary with inhibitors of DNA
synthesis such as aphidicolin and mimosine that arrest repli-
cation forks after initiation of replication has occurred (10, 27,
38, 57). This results in damaged DNA, including breaks at
replication forks (27, 38, 40), and could account for the low
ratio of replication bubbles to forks observed at ori-b and
ori-b9 4 min after the cells were released from aphidicolin (56).
Cells appear to recover from aphidicolin synchronization after
30 min (55) and from mimosine after 60 to 90 min into the S
phase (17). Some cells accumulate in the G2 phase (Fig. 2),
presumably as a result of checkpoint controls (11). Thus, while
the Br-DNA affinity purification step can be omitted from the
nascent-strand abundance assay with unsynchronized cells
(23), we found that either affinity purification of BrdU-labeled
nascent DNA fragments or elimination of broken DNA with
l-exonuclease was required to detect ori-b and ori-b9 in syn-
chronized cells. Therefore, it is not surprising that the signal at
ori-b relative to nearby sequences can vary from negligible (56)
to 2- to 3-fold (25, 43) to 5- to 10-fold (1, 4, 5) in early-labeled
fragment assays. Resolution in these assays is strongly depen-
dent on cell synchrony, on allowing cells to recover from the
synchronization protocol, and on blocking extensive elonga-
tion.

A major concern in the nascent-strand abundance assay is
artifactual overrepresentation of nascent DNA at some se-
quences relative to others. In the experiments described here,
this problem was eliminated as follows. (i) Repetitive sequence
elements were avoided in the selection of PCR probes. This
was verified by the production of a single major PCR product
and by the equal representation of all 26 target sites in non-
replicating DNA from G0 cells (1.14 6 0.08 copies/site [Fig. 5A
and B). (ii) The ratio of nascent DNA to nonreplicating DNA
was measured at each target site. This eliminated artifacts from
errors in determining the concentration of different competitor
DNAs and from overestimates of origin activity if some target
sites were components of active origins elsewhere in the ge-
nome. (iii) The same peaks of origin activity were observed
when two different definitions of nascent DNA were used (Fig.
5 and 6). Therefore, the high frequency of nascent DNA at
ori-b and ori-b9 did not result from DNA labeled by damage
and repair and did not result from preferential PCR amplifi-
cation of BrdU-labeled DNA relative to the same, nonrepli-
cated sequence.

If the ori-b OBR (transition from discontinuous to contin-
uous DNA synthesis) occurred within a few base pairs (as it
does in SV40, polyomavirus, and yeast), most of the nascent
DNA chains should map within a ;2-kb-wide peak (failure in
Okazaki fragment ligation will produce some 1-kb chains that
begin at the center of the replication bubble and extend in
either direction [Fig. 1A]). This model is supported by the
59-RNA-primed nascent DNA strand map (Fig. 6). The BrdU-
labeled nascent DNA strands mapped within a ;4-kb-wide
peak (Fig. 5), suggesting that they were contaminated by bro-
ken pieces of Br-DNA from larger replication bubbles. Most of
these broken pieces would lack a 59-RNA primer. Both sets of
data show that initiation events at the ori-b OBR are at least

10 to 12 times more frequent than at distal sequences, and they
suggest that most initiation events at ori-b occur within a 2-kb
locus centered at the OBR.

Interpretation of 2D gel analyses. Why have 2D gel analyses
failed to identify primary initiation events within the DHFR
gene initiation zone? Although there are many technical dif-
ferences among the various methods (reviewed in references
13 and 54), each method yields reproducible results at the
same sites when carried out by different laboratories, as well as
consistent results at other chromosomal sites, regardless of
whether single-copy or multiple-copy cells are used, whether
cells are synchronized or not, or whether DNA is labeled in
vivo or in vitro. Therefore, neither specific OBRs nor broad
initiation zones can be dismissed easily as experimental arti-
facts. Thus, the question whether the frequency of initiation
events at an OBR differs significantly from the frequency of
initiation events elsewhere revolves around quantification of
data and resolution.

The following comments offer some insight. 2D gel electro-
phoresis patterns represent a photograph of all DNA struc-
tures that exist at a particular time, whereas analyses of DNA
labeled during its biosynthesis reveal only the active replication
structures. Moreover, 2D gel electrophoresis analyses on mam-
malian cells are generally carried out 1 to 2 h after cells are
released into S phase, when the signal from replication bubbles
is greatest, while nascent-strand analyses are generally carried
out 4 to 20 min into S phase. Thus, while 2D gel electrophore-
sis analyses focus on the most prominent structures in early S
phase, nascent-strand analyses focus on the most active ones at
the beginning of S phase. However, since 2D gel electrophore-
sis, nascent-strand length, and nascent-strand abundance as-
says on nonsynchronized cells were essentially the same as
those on synchronized cells, neither OBRs nor initiation zones
can be considered unique to a particular portion of the S
phase.

Perhaps of greater significance is the fact that 2D gel elec-
trophoresis analyses of DNA replication in mammalian and
frog genomes depends completely upon enriching for replica-
tion intermediates by their association with nuclear matrix and
benzoylated-naphthoylated-DEAE cellulose prior to their
analysis. These methods select for single-stranded sequences.
In contrast, nascent-strand assays select only for newly synthe-
sized DNA. Therefore, if the extent of single-stranded DNA
varies as replication bubbles expand, representation of bubbles
and forks in 2D gel electrophoresis will vary. Furthermore, if
the tacit assumption that replication origins (prereplication
complexes) as well as replication forks are attached to nuclear
matrix is false, a finite time or distance will elapse before
replication forks associate with matrix (i.e., before they form
replication factories). This could account for the absence of
replication intermediates on 2D gel electrophoresis of cells
arrested in mimosine (17). This could also account for the fact
that small replication bubbles are underrepresented in 2D gel
electrophoresis patterns of mammalian and Xenopus DNA but
not in 2D gel electrophoresis patterns either of plasmid DNA
replication in Xenopus egg extract or of DNA amplification in
flies, studies where the nuclear matrix enrichment step was
omitted. Thus, while visual inspection of 2D gel electrophore-
sis data indicates that most replication bubbles occur in the
vicinity of an OBR (see the introduction), the need to enrich
for replication intermediates may reduce their resolution.

With these considerations in mind, the results reported here,
together with those of 13 other studies involving six different
origin-mapping methods (Fig. 7), strongly support a reconcil-
iation between these data and those from 2D gel electrophore-
sis based on the concept that initiation zones consist of one or
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more primary initiation sites surrounded by several secondary
initiation sites.
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