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We have mapped an initiation region ofDNA replication at a single-copy chromosomal locus in exponentially
proliferating Drosophila tissue culture cells, using two-dimensional (2D) gel replicon mapping methods and
PCR-mediated analysis of nascent strands. The initiation region was first localized downstream of the DNA
polymerase a gene by determining direction of replication forks with the neutral/alkaline 2D gel method.
Distribution of replication origins in the initiation region was further analyzed by using two types of 2D gel
methods (neutral/neutral and neutral/alkaline) and PCR-mediated nascent-strand analysis. Results obtained
by three independent methods were essentially consistent with each other and indicated that multiple
replication origins are distributed in a broad zone of approximately 10 kb. The nucleotide sequence of an
approximately 20-kb region that encompasses the initiation region was determined and searched for sequence
elements potentially related to function of replication origins.

Accumulating data on chromosomal replication origins in
Saccharomyces cerevisiae have revealed that the replication
origins are defined by specific sequences and that DNA
replication initiates at short DNA stretches of several hundred
base pairs (see references 13, 23, and 38 for reviews). In
contrast, controversial results have been reported for chromo-
somal replication origins in higher eukaryotes (see references
2, 12, 16, 18, and 20 for reviews).
The most extensively studied chromosomal replication ori-

gins in mammalian cells are those located downstream of the
dihydrofolate reductase (DHFR) gene of Chinese hamster
ovary (CHO) cells. By using a methotrexate-resistant cell line
in which the DHFR gene locus had been amplified about
1,000-fold, two initiation sites were identified by mapping the
earliest labeled restriction fragments at the onset of S phase in
synchronized cells (18). However, analyses with recently devel-
oped replicon mapping methods have produced apparently
contradictory data on the distribution of origins in the DHFR
locus. Application of the two-dimensional (2D) gel electro-
phoretic methods developed by Brewer and Fangman (3) and
Huberman et al. (24) to the amplified DHFR domain sug-
gested that replication origins are distributed in a nearly 30-kb
region including the two initiation sites identified by pulse-
labeling experiments (15, 46). According to a recent report by
Dijkwel and Hamlin (14), the initiation zone has been further
extended to 55 kb. On the other hand, application of PCR-
mediated nascent-strand analysis developed by Vassilev and
Johnson (43) to exponentially growing cells containing the
nonamplified, single-copy DHFR gene locus showed that DNA
replication initiates at a rather fixed region coinciding with one
of the early replicating sequences (45). Burhans et al. (5)
further narrowed the initiation site to a fragment of 0.45 kb by
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mapping the site where strand specificity of the Okazaki
fragments switches. Results consistent with the notion of
defined localization of the replication origin were also reported
by analyzing the strand specificity of leading strands in cells
treated with emetine, which was shown to preferentially inhibit
Okazaki fragment synthesis (6).
The 2D gel methods have also been used to examine several

other chromosomal replication origins in higher eukaryotes.
The existence of multiple initiation sites within a 6- to 8-kb
zone was suggested for amplified chorion genes in Drosophila
melanogaster (10, 19) and for DNA puff II/9A in Sciara
coprophila (33), although the major initiation sites seemed to
be located within the central region. The 2D gel techniques
were also used to demonstrate that replication initiates at
multiple sites throughout most of the 31-kb nontranscribed
spacer of human ribosomal DNA (34). On the other hand, the
presence of a localized replication origin was reported in the
upstream region of the c-myc gene (44), the enhancer region of
the murine immunoglobin heavy-chain gene (1, 27), and the
adenosine deaminase region (47) by using the PCR-mediated
nascent-strand analysis.

Thus, the 2D gel methods seem to give results supporting a
broad distribution of replication origins, while direct analysis
of nascent strands suggests a more fixed location of replication
origins. However, our previous results for the histone gene
repeats in Drosophila tissue culture cells indicated that both
the 2D gel methods and PCR-mediated nascent-strand analysis
gave essentially consistent results showing that replication
initiates at multiple sites in the 5-kb histone gene repeating
unit (42). In this work, we have analyzed replication origins at
a single-copy chromosomal locus in exponentially growing
Drosophila tissue culture cells, using two 2D gel methods and
PCR-mediated nascent-strand analysis. The results showed,
independent of the methods, that DNA replication initiates at
multiple sites within a broad zone of approximately 10 kb in
the initiation region identified downstream of the DNA poly-
merase ot gene.
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TABLE 1. Synthetic oligonucleotides for primers and probes

Nucleotide positions"

Segment Primer for amplification of segments Oligonucleotide Primer for preparation of probes

5' 3' probe 5' 3'

a 4345-4364 4611-4630 4417-4437 4417-4437 4588-4607
C 1874-1893 2117-2136 1968-1988 1968-1988 2095-2114
D 5093-5112 5329-5348 5202-5222 5116-5135 5302-5321
E 7968-7989 8158-8177 8051-8071 8005-8024 8132-8151
F 10239-10258 10518-10537 10482-10502 10257-10276 10488-10507
A 12798-12817 13018-13037 12919-12939 12851-12870 12992-13011
B 15204-15223 15461-15480 15303-15323 15303-15323 15423-15442
G 17406-17425 17672-17691 17510-17530 17510-17530 17652-17671
H 20628-20647 20846-20865 20766-20786 20696-20715 20829-20848

a Nucleotide numbers of oligonucleotides for segment a are from Hirose et al. (22); those of oligonucleotides for the other segments are from the sequence
determined in this work; nucleotide 1 is the left EcoRI recognition site in the region shown in Fig. 2F. Oligonucleotides shown in the second and third columns are
5' and 3' primers used to amplify the segments indicated in the first column. Oligonucleotides shown in the fourth column are probes for hybridization in the experiment
shown in Fig. 6A. Primer sets shown in the fifth and sixth columns were used to prepare probes for hybridization in the experiment shown in Fig. 6B.

MATERIALS AND METHODS

Cells and cultivation. D. melanogaster Kc cells were grown at
25°C in a Spinner flask with M3(BF) medium (9) supple-
mented with 2% fetal calf serum.
DNA clones. Lambda clones (XDGDPA02 and XDGDPA11)

covering the DNA polymerase a gene of D. melanogaster
Oregon R and plasmid clones of their subfragments (22) were
provided by F. Hirose and A. Matsukage. A genomic clone (X
clone 102) containing the downstream region of the DNA
polymerase ot gene was screened from a genomic library of D.
melanogaster Oregon R provided by Y. Nishida. Subfragments
were recloned to pUC18 or pBluescript II SK- plasmids.

Analysis of replication intermediates by 2D gel electro-
phoresis. DNA was prepared by protocol B described before
(42). Exponentially growing Kc cells (5 x 108 cells per sample)
were encapsulated into microbeads of low-melting-point aga-
rose. DNA (100 to 200 ,ug per sample) was prepared and
digested with restriction enzymes as being encapsulated in
agarose beads. Replication intermediates were enriched by
chromatography on a benzoyl naphthoyl DEAE-cellulose col-
umn. Caffeine eluates were concentrated by iso-propanol
precipitation.

Neutral/neutral (N/N) 2D gel electrophoresis (3) and neu-
tral/alkaline (N/A) 2D gel electrophoresis (24) were carried
out as described before (41) except that concentrations of
agarose in the N/N 2D gel electrophoresis were 0.35% in the
first-dimension electrophoresis and 0.875% in the second-
dimension electrophoresis.

Southern hybridization was carried out as described before
(41). Hybridization images were taken by exposing membranes
to erasable phosphor imaging plates (Fuji Photo Film) and
analyzed with a BAS2000 Bio Image Analyzer (Fuji Photo
Film). Exposure time was 4 to 24 h.
PCR-mediated nascent-strand analysis. PCR-mediated

analysis of chain length of nascent DNA strands (43) was
carried out as described before (42), with the following mod-
ifications. The bromodeoxyuridine (BrdU)-labeled DNA was
fractionated into 15 fractions by centrifugation in alkaline
sucrose gradient. The distribution of chain length of DNA
fragments in each fraction was determined by agarose gel
electrophoresis. Because the chain length of DNA fragments
in fractions larger than 10 could not be accurately determined,
it was estimated by extrapolation of the average chain length in
fractions 3 to 10. PCR amplification (30 cycles) of nascent
DNA was carried out by using 5-,ul samples of each fraction in

the presence of the indicated combinations of primer sets. The
PCR products were separated by agarose gel electrophoresis
and quantitated by Southern hybridization. Probes for hybrid-
ization were either 32P-5'-end-labeled oligonucleotides specific
to the individual segments or short fragments within the
individual segments. The latter probes were prepared by PCR
amplification using total chromosomal DNA of Kc cells as a
template and were labeled with [32P]dATP by random priming.
Nucleotide positions of synthetic oligonucleotides used as
primers for PCR amplification and probes are shown in Table
1.
DNA sequencing and analysis of sequence elements. DNA

sequencing was done by the dideoxy method (39), using a
GENESIS 2000 fluorescence automatic sequencer (DuPont).
DNA fragments to be sequenced were cloned into pBluescript
II SK-, and their nested deletions were generated by digestion
with exonuclease III and S1 nuclease (Pharmacia) for both
orientations. Plasmid DNA was prepared by using the Magic
MiniPreps DNA purification system (Promega). Sequencing
with double-stranded DNA was done with T3 and T7 primers
(Stratagene). Sequence data were assembled with the program
Gel of IG-Suite (Intelligenetics).

Local helical stability, AG, was calculated by the method of
Natale et al. (36). Sequence similarities were searched for with
the program SEQ of IG-Suite or GENETYX-MAC (Software
Development).

Nucleotide sequence accession number. The sequence data
reported are deposited in the DDBJ, EMBL, and GenBank
DNA databases under accession number D28563.

RESULTS

Mapping replication origins at a single-copy locus by 2D gel
methods. Two types of 2D gel replicon mapping methods, N/N
(3) and N/A (24), have been successfully applied to map
chromosomal replication origins in yeast cells. However, their
application to mapping chromosomal replication origins in
higher eukaryotes has been limited to amplified genome or
repetitive sequences because of their low sensitivity and the
difficulty in preparing chromosomal DNA suitable for analysis.
Our previous results (42) showed that the agarose microbead
method developed by Jackson and Cook (8, 29) was very
effective in preparing intact chromatin DNA suitable for 2D
gel analysis and that 1 ,ug of total DNA prepared from
exponentially growing Drosophila tissue culture cells was suf-
ficient to analyze replication origins located in the histone
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FIG. 1. 2D gel patterns expected when multiple replication origins

are distributed in a large zone. The diagrams are based on those of
Zhu et al. (48). In each diagram, first-dimension electrophoresis is
from right to left, and second-dimension electrophoresis is from top to
bottom. (A) N/N 2D gel patterns. Each panel shows the results
obtained when replication origins are located outside (upper diagram)
or inside (lower diagram) the studied restriction fragments. (B) N/A
2D gel patterns. Each panel shows the results obtained when the
membrane containing the blot of the 2D gel is hybridized with a short
probe located at the indicated position within the studied restriction
fragment. When the fragment is located outside the initiation zone

(top diagram), probes are at the origin-proximal end, at the origin-
distal end, or in the center. When the fragment is located within the
initiation zone (middle diagram) or includes the initiation zone

(bottom diagram), probes are at the left end, the right end, or the
center. Thick diagonal lines represent the dominant population of
nascent strands, and thin diagonal lines represent faint signals from
nascent strands originated from the replication origins located within
the regions covered by the central probes.

repeat sequences with the N/N 2D gel method. Because copy
number of the histone repeats are about 100 per haploid
genome, these results suggested that it would be possible to
analyze replication origins at a single-copy locus by using about
100 pLg of total DNA. Actually, we could get signals derived
from replication intermediates at a single-copy chromosomal
locus by using 100 to 200 jig of total DNA both in N/N and N/A
conditions, after one-step enrichment of replication interme-
diates on a benzoyl naphthoyl DEAE-cellulose column.
Diagrams shown in Fig. 1 illustrate the expected N/N and

N/A 2D gel patterns when multiple replication origins are

distributed in a broad initiation zone. These diagrams are

based on those of Zhu et al. (48); see reference 48 for a

detailed description of the differences in the 2D gel patterns
between a specific origin and a broad initiation zone.

Localization of an initiation region by N/A 2D gel analysis.
We first localized an initiation region in a chromosomal region

including the DNA polymerase a gene by determining the
direction of replication forks, using the N/A 2D gel method. A
restriction map of the relevant chromosomal region is shown in
Fig. 2A. Figure 2 also includes a summary of the results
obtained in this work.

In the N/A 2D gel method, restriction fragments are sepa-
rated mainly according to mass in the first-dimension electro-
phoresis, and nascent strands of replication intermediates are
separated from parental strands in the second-dimension
electrophoresis in alkaline conditions. By probing the blots
with probes derived from different locations in the fragment,
the direction of replication in the restriction fragment of
interest can be determined. When the fragment is replicated by
external origins, the closer a probe is to an origin, the shorter
the strands it can detect, as depicted in the upper diagram of
Fig. 1B.
We could locate an initiation region downstream of the

DNA polymerase ac gene from the data shown in Fig. 3. In
fragment HH6.3, which includes the 3' portion of the DNA
polymerase a gene, the right-end probe F detected nascent
strands shorter than 1 kb, while the left-end probe D detected
only the largest nascent strands. The central probe E detected
nascent strands greater than medium size (data not shown).
These results indicate that replication proceeds unidirection-
ally from right to left in this fragment, opposite the direction of
transcription of the DNA polymerase at gene. The direction of
replication in the fragment including the 5' portion of the
DNA polymerase a( gene (HH6.1) was also from right to left
(data not shown). In contrast, the direction of replication in
fragment EE7.0, which is located about 20 kb downstream
from fragment HH6.3, was opposite that in fragment HH6.3.
The left-end probe P5 of fragment EE7.0 detected nascent
strands shorter than 1 kb, while the right-end probe Ql
detected only the largest nascent strands. Either of two central
probes (P4 and Q2) of fragment EE7.0 detected nascent
strands longer than the distance between the individual probe
and the left end of fragment EE7.0 (data not shown). Thus, we
could locate an initiation region somewhere between frag-
ments HH6.3 and EE7.0. We designated this initiation region
oriDot. The direction of replication in fragment SS9.5, which is
located between fragments HH6.3 and EE7.0, seemed to be
predominantly from right to left, because probe 0, located
close to the right end, detected nascent strands shorter than
those detected by probe H, located close to the left end.
Therefore, at least one replication origin seemed to be located
between fragments SS9.5 and EE7.0.
N/N 2D gel analysis of the initiation region. Another type of

2D gel replicon mapping method, the N/N 2D gel method, was
used to define the distribution of replication origins in oriDa.
The N/N 2D gel method permits distinction between fragments
containing internal origins (bubbles) and fragments which are
passively replicated by forks moving through one end to the
other (simple Y arcs) by their different electrophoretic mobil-
ities in the second-dimension electrophoresis.
N/N 2D gel patterns of various restriction fragments located

downstream of the DNA polymerase a- gene are shown in Fig.
4. The N/A 2D gel data described above indicated that
fragments HH6.3 and EE7.O are replicated unidirectionally by
passing forks. As expected, only simple Y arcs were visible in
these fragments. In contrast to these outer fragments, compos-
ite patterns with strong simple Y arcs plus weak bubble arcs
were produced by internal fragments SB6.5, EE5.7, SS6.7, and
HH5.0. The bubble arcs (arrowheads in Fig. 4A) were visible
up to the position of almost fully replicated molecules. The
bubbles in fragment EE4.3 that overlap fragment SB6.5 were

barely visible.
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FIG. 2. Maps of the DNA polymerase a gene locus and the initiation region. (A) Physical and genetic maps. The DNA polymerase a gene and
its direction of transcription are shown by an arrow under the physical map. B, BamHI; E, EcoRI; H, HindIII; S, SalI. (B) Direction of replication
forks determined by N/A 2D gel analysis. The predominant direction of replication forks in each restriction fragment is shown by an arrow. A line
with arrows at both ends indicates that rightward and leftward replication forks are included with nearly equal proportions. (C) N/N 2D patterns.
A line with an internal bubble means that the composite arcs of simple Y arcs plus bubble arcs were observed. A simple line means that no or few
bubble arcs were observed. (D) Positions of segments amplified by PCR for analysis for nascent DNA. (E) Range of the initiation region. The line
with arrows at both ends represents the major initiation region of oniDa. (F) Range whose nucleotide sequence was determined in this work (from
EcoRI to BamHI sites).

These results confirm the location of oniDa suggested by the
N/A 2D gel data shown in Fig. 3 and also indicate that multiple
replication origins are distributed in the initiation region.
Because three fragments (SB6.5, EE5.7, and HH5.0) that have
no or little overlapping region generate the bubble arcs, at
least three replication origins must be located in this region.
Further, composite arcs with strong simple Y arcs plus weak
but complete bubble arcs (schematically illustrated in the lower
diagram of Fig. 1A) are indicative of distribution of multiple
initiation sites in the studied restriction fragments (14, 25, 30,
35, 40-42, 46, 48). The finding that such composite arcs are
observed in all restriction fragments in the initiation region
suggests the presence of numerous initiation sites within oriDo.
We can also see signals of replication intermediates with two

replication forks (double Y; lower diagram of Fig. 1A) in the
2D gel pattern produced by fragment EE5.7. Much weaker
signals of the double Y's are visible also in fragments SS6.7 and
HH5.0. This finding suggests that more than one initiation site
within the oriDa are activated in the same DNA molecule at a

certain frequency.
These results, including data not shown in Fig. 4, are

summarized in Fig. 2C. Restriction fragments that generate
composite patterns of strong simple Y arcs plus weak bubble
arcs are shown by lines with internal bubbles, and those that
generate no or few bubbles are indicated by straight lines.
Comparison of the 2D gel patterns suggests that the majority
of initiation events in oriDct occur within the 10-kb region
shown in Fig. 2E. The distribution of initiation sites in frag-
ment SB6.5 seems to be biased to the right portion of the
fragment, because the bubbles were scarcely visible in frag-
ment EE4.3. Similarly, the 2D gel patterns of fragments HH5.0

and EE7.0 suggest that the major initiation region does not
extend into the right half of fragment HH5.0.
N/A 2D gel analysis of the initiation region. The N/N 2D gel

data shown above suggest that multiple replication origins are
distributed in a broad region centered at fragment EE5.7. To
confirm this, three overlapping restriction fragments, SB6.5,
EE5.7, and SS6.7, were subjected to N/A 2D gel analysis (Fig.
5). Each of the fragments was hybridized to four probes, two
from both ends and two from the internal area of the respec-
tive fragment.

If the N/N 2D gel data are correct, fragment EE5.7 is located
within the larger initiation zone. The expected N/A 2D gel
patterns of a fragment that is located within an initiation zone
larger than the fragment are illustrated in the middle panel of
Fig. 1B. Because substantial portions of such fragments are
replicated by forks moving through in both directions from
external origins, both end probes will detect significant amount
of short nascent strands. On the other hand, signals of short
nascent strands emanating from internal replication origins
located in a region covered by a central probe must be fainter
than those of nascent strands originating in external origins, as
illustrated with a thin line in Fig. 1B. In contrast, when the
initiation region is located within the fragment, the end probes
detect nascent strands longer than those detected by the
central probes, as illustrated in the bottom diagram of Fig. 1B.
As shown in Fig. 5, the N/A 2D gel pattern produced by

fragment EE5.7 was similar to that produced by a fragment
located within a larger initiation zone. Both of the end probes
detected nascent strands shorter than those detected by either
of two central probes. Signals of short nascent strands ema-
nating from internal replication origins were not detected with
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FIG. 3. Mapping of the initiation region by N/A 2D gel analysis. Restriction fragments located downstream of the DNA polymerase aL gene
were subjected to N/A 2D gel analysis. (A) Hybridization profiles obtained by using the left- and right-end probes of the studied restriction
fragments. First-dimension electrophoresis is from right to left, and second-dimension electrophoresis is from top to bottom. (B) Locations of
restriction fragments and probes. Probes shown by black boxes represent those that detected nascent DNA shorter than 1 kb; probes shown by
white boxes represent those that detected only the longest nascent DNA; other probes are shaded according to the size of the shortest nascent
DNA detected. Abbreviations for restriction sites are as for Fig. 2.

either of the central probes, probably because the signal-to-
noise ratio in the present experimental conditions was insuffi-
cient to detect such faint signals.

In fragment SB6.5, the size of the smallest nascent strands
detected by each probe increased depending on the distance of
the probe from the right end of the fragment, which means that
the predominant direction of replication in fragment SB6.5 is
from right to left. In contrast, the predominant direction of
replication forks in fragment SS6.7 was opposite that in
fragment SB6.5.
These N/A 2D gel data are consistent with the N/N 2D gel

data, which indicate that fragment EE5.7 is located at the
center of the major initiation zone of about 10 kb.
PCR-mediated nascent strand analysis of the initiation

region. The 2D gel data presented above indicate that multiple
replication origins are distributed in oriDo. Although a similar
broad distribution of replication origins was suggested by 2D
gel analysis of the DHFR gene locus of CHO cells, contradic-
tory results showing a more fixed location of the replication
origin were also found with alternative replicon mapping
methods. Thus, we applied the PCR-mediated nascent-strand
analysis developed by Vassilev and Johnson (43) to onDo.

Exponentially growing cells were pulse-labeled with BrdU,
and denatured DNA was size fractionated by centrifugation in
an alkaline sucrose gradient. DNA was fractionated into 15
fractions from the top of the gradient, and the BrdU-labeled
nascent DNA was then purified from fractions 2 to 14. Nine
segments shown in Fig. 2D were amplified by PCR using the
purified nascent DNA as templates. The PCR products were
separated by agarose gel electrophoresis and detected by
Southern hybridization using probes specific to the individual
segments.

Hybridization patterns are shown in Fig. 6. The data shown
in Fig. 6A and B differ in the combinations of primer sets used

for PCR amplification and in the hybridization probes used. In
the experiment shown in Fig. 6A, PCR amplification was

carried out with two sets of primer set combinations, B-C-D-
E-F and a-A-G-H-F, and 5'-end-labeled synthetic oligonucle-
otides specific to the individual segments were used as probes
for hybridization. Inspection of the hybridization patterns
revealed that size distributions of nascent DNA are not
significantly different among five internal segments, D, E, F, A,
and B. In contrast to these internal segments, size distributions
of nascent strands containing the outer segments are shifted to
a longer size depending on the distance between the segments
and the initiation region. In the experiment shown in the Fig.
6B, the same samples were amplified by the primer set
combination including all of the primer sets for the internal
segments (A, B, D, E, and F) and the primer set combination
of the external segments (ao, C, G, and H) plus segment F in
order to compare the amount of nascent DNA containing the
internal segments in the same amplification reaction. Further,
the sensitivity of detection was increased by 10- by 30-fold by
using PCR-amplified short DNA fragments labeled with ran-
dom primers as hybridization probes. The results indicated
that the internal segments (D, E, F, A, and B) are nearly
equally found in the shortest nascent DNA, but the outer
segments (a, C, G, and H) are distributed in much longer
nascent DNA. (Note that hybridization intensities in some
fractions larger than 8 were out of the semiquantitative range
in the data shown in the Fig. 6B. Experiments using 1/10 the
amount of nascent DNA were performed in parallel to provide
the data for quantitative treatment described below.)
To compare quantitatively the amounts of nascent DNA,

hybridization intensities of the bands were quantitated with a

phosphor image analyzer, and the resulting data were used to
calculate the ratios of hybridization intensity of segment F to
intensities of the other segments (Fig. 7). The intensity ratio in
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FIG. 4. N/N 2D gel patterns. Restriction fragments located downstream of the DNA polymerase a gene were subjected to N/N 2D gel analysis.
(A) Hybridization profiles. First-dimension electrophoresis is from right to left, and second-dimension electrophoresis is from top to bottom.
Arrowheads point bubble arcs. Probes were the restriction fragments themselves or their subfragments. (B) Locations of restriction fragments (for
abbreviations, see the legend to Fig. 2).

each fraction was normalized to that in the fraction containing
nascent DNA long enough to include all segments. The values
estimated from the data shown in Fig. 6 were averaged and
plotted versus fraction numbers. (The intensity ratios in frac-
tions 9 to 14 [experimental conditions of Fig. 6B] were
calculated from the data obtained by using 1/10 the amount of
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nascent DNA.) As shown in Fig. 7A and D, nascent DNA
containing segment F was significantly more abundant than
that containing segment a, C, G, or H until the chain length of
nascent DNA reached about 30 kb or more. In contrast to
these outer segments, the amount of nascent DNA containing
segment D, E, A, or B was almost equal to that containing
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FIG. 5. N/A 2D gel patterns of the initiation region. Restriction fragments located in the initiation region defined by N/N 2D gel analysis shown
in Fig. 4 were subjected to N/A 2D gel analysis. (A) Hybridization profiles. First-dimension electrophoresis is from right to left, and
second-dimension electrophoresis is from top to bottom. Four panels for each restriction fragment represent, from left to right, hybridization
profiles obtained by using the left-end probe, two central probes, and the right-end probe. (B) Locations of restriction fragments and probes.
Probes are shown by boxes.
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FIG. 6. Hybridization profiles of PCR-amplified nascent DNA.
The BrdU-labeled DNA was fractionated by centrifugation in an
alkaline sucrose gradient and collected from the top. The BrdU-
labeled nascent strands in each fraction were purified by immunopre-
cipitation with anti-BrdU antibodies and used as templates for PCR
amplification. The PCR products were separated by agarose gel
electrophoresis, and the blots were hybridized to specific probes.
Locations of the amplified segments are shown in Fig. 2D, and primers
used to amplify the individual segments are shown in Table 1. The
direction of sedimentation was from left to right. Fraction numbers are
indicated at the top, and segment names are shown at the left. (A)
Primer set combinations were B-C-D-E-F and o-A-G-H-F. Probes
were 5'-end-labeled oligonucleotides shown in the fourth column of
Table 1. (B) Primer set combinations were A-B-D-E-F and a-C-G-
H-F. Probes were prepared by PCR amplification using primer sets
shown in the fifth and sixth columns of Table 1 and labeled by random
priming. Hybridization intensities in some larger fractions were out of
the semiquantitative range in the data shown. Experiments using 1/10
the amount of nascent DNA were also performed in parallel (data not
shown).

segment F (Fig. 7B and C) throughout the fractions. Similar
results were obtained with two other independent DNA prep-
arations.
These results cannot be explained by the notion that only a

single specific origin is located at a short stretch of DNA within

this region, because the spacing between the adjacent segments
(2.3 to 2.7 kb) is sufficient to detect difference in size distribu-
tion of nascent DNA between the origin-proximal segment and
the origin-distal segment in a replicon replicated from a
specific origin (42, 43). Thus, the most plausible explanation of
these results is that DNA replication initiates at multiple sites
in a 10-kb region flanked by segments D and B. The initiation
region thus defined by the PCR-mediated nascent-strand anal-
ysis coincides well with the major initiation region deduced
from the 2D gel data (Fig. 2E).

Sequence characteristics of the initiation region. The nudle-
otide sequence of the 20.8-kb region including oriDot was
determined and searched for sequence elements possibly re-
lated to the function of replication origins.

Distributions of sequence stretches homologous to the au-
tonomously replicating sequence (ARS) core sequence of S.
cerevisiae (4), the A and T boxes found in Drosophila scaffold
attachment regions (17), and DNA-unwinding elements
(DUEs) (36) are shown in Fig. 8A. As in other initiation
regions of higher eukaryotes so far identified (2), these se-
quence elements are frequently found in oriDot. DUEs shown
in Fig. 7A were defined as the regions where the difference in
Gibb's free energy between single-stranded and double-
stranded DNA of 100 bp (AG) is within the limits ofAG values
of the DUEs found in various yeast ARSs (less than 100 kcal
[ca. 418 kJ]/mol) (36, 37). The distribution of AG along the
determined sequence is shown in Fig. 8B. The shaded regions
represent sequences where AG values for 100 bp are less than
100 kcal/mol.

DISCUSSION

Recently three replicon mapping methods, the N/N 2D gel
method (3), the N/A 2D gel method (24), and PCR-mediated
nascent-strand analysis (43), have been used to locate and
characterize chromosomal replication origins in eukaryotes.
The PCR-mediated method is superior in that it is sensitive
enough to analyze replicons on single-copy chromosomal
regions of even mammalian cells. However, the information
provided by this method is essentially averaged direction of
replication forks. The N/A 2D gel method also gives informa-
tion on the direction of replication forks. In contrast, the N/N
2D gel method provides direct evidence for the presence of a
replication origin in a given fragment, but it cannot trace the
direction of replication forks. Therefore, data provided by the
N/N 2D gel method and the other two methods are comple-
mentary.
So far, only two chromosomal replicons, the DHFR locus of

CHO cells and the histone gene repeats in D. melanogaster,
have been analyzed by all three methods. However, analyses of
the DHFR locus with different methods gave apparently
contradictory results on the distribution of replication origins.
The notion of broad distribution of replication origins was
proposed from 2D gel analysis (14, 46), but PCR-mediated
nascent-strand analysis showed that the replication origin
could be located in a much narrower region (45). Whereas
several models that may solve the DHFR paradox have been
considered (11), it remains possible that the discrepancy is due
to some problems intrinsic to one or more of the techniques or
to differences in experimental conditions. The PCR-mediated
analysis was done with an asynchronous culture of a CHO cell
line with a single copy of the DHFR domain (45), but most of
the 2D gel data for the DHFR replicon were obtained from an
extremely amplified DHFR genome and by using cells synchro-
nized with drugs (14, 15, 46). On the other hand, our previous
study using asynchronous Drosophila tissue culture cells (42)
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FIG. 7. Hybridization intensity ratios of PCR-amplified nascent DNA. The intensity of each hybridization band shown in Fig. 6 was measured
by an image analyzer. Data for fractions 9 to 14 (experimental conditions of Fig. 6B) were based on the experiments using 1/10 the amount of
nascent DNA to satisfy the semiquantitative relationship between the template DNA and hybridization intensity of the amplified products. For
each fraction, intensity ratios of the segment F to intensities of the other segments were calculated. To correct for differences in amplification and
hybridization efficiency, the intensity ratio in each fraction was normalized to that observed in fraction 14, in which most of the nascent DNA
strands were expected to include all segments judged from their estimated size (80 kb). The values estimated from the experiments shown in the
Fig. 6 were averaged and plotted versus fraction numbers. The direction of sedimentation was from left to right. (A) F/a (0) and F/C (0) ratios;
(B) F/D (0) and F/E (0) ratios; (C) F/A (0) and F/B (0) ratios; (D) F/G (0) and F/H (0) ratios. x, mean chain length of DNA fragments in
each fraction; -- -, estimated chain length of DNA fragments by extrapolation of the data from fractions 3 to 10.

showed that both the 2D gel methods and the PCR-mediated
method gave essentially the same result, i.e., that replication
initiates at multiple sites distributed throughout the 5-kb
histone gene repeating unit.

In this work, we have extended comparison of different

replicon mapping methods to a single-copy chromosomal locus

in asynchronous tissue culture cells of D. melanogaster. So far,
application of the 2D gel methods to replicon analysis of
higher eukaryotes has been limited to amplified or repetitive
sequences. One of the technical difficulties in the 2D gel
methods is how minimize the damages in replication interme-
diates during preparation of huge chromosomal DNA. Our

A. DUEs, SARs and ARSs

B. Helical Stability

100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Position(kb)

FIG. 8. Sequence elements in the initiation region. The nucleotide sequence of the 20.8-kb region including the initiation region was
determined and searched for sequence elements possibly related to the function of replication origins (2). (A) Sequences homologous to the core
consensus sequences of S. cerevisiae ARSs (10-of-11 or 11-of-11 match to W1TrATRTlTW) (4) are shown by open triangles. Sequences
homologous to the A box (AATAAAYAAA) and the T box (1TTwTWITWIF1) found in Drosophila scaffold attachment regions (SARs) (17) are
shown by closed and hatched triangles, respectively. DUEs (36), shown by boxes, were defined by calculation of local helical stability represented
in panel B. (B) Local helical stability (AG) of the initiation region and flanking region. The free energy required to strand separate a 100-bp window
of DNA sequence was calculated as described by Natale et al. (36) with a 10-bp step and plotted versus the central position of the window. Regions
with AG values below the limits of the AG values in the DUEs found immediately 3' to the core consensus sequences of S. cerevisiae ARSs (36,
37) are shaded.
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previous results (41, 42) indicated that the agarose microbead
method developed by Jackson and Cook (8, 29) was very
effective for preparing intact chromatin DNA with little dam-
age in replication intermediates. The previous result (42)
showed that about 1 ,ug of total DNA prepared by the agarose
microbead method was sufficient to detect signals of replica-
tion origins in the histone gene sequences, which are repeated
about 100 times. This finding suggested that replicon analysis
on a single-copy chromosomal locus of Drosophila tissue
culture cells might be possible by using about 100 pLg of total
DNA. Actually, as shown in the present work, we could
perform 2D gel analysis of a single-copy chromosomal region
by using 100 to 200 p.g of total DNA after enrichment of
replication intermediates. Thus, we could compare the 2D gel
data with the nascent DNA analysis data in the same condi-
tions.
The initiation region of DNA replication designated oriDot

was first localized downstream of the DNA polymerase ox gene
by determining the direction of replication in various restric-
tion fragments. The N/N 2D gel data shown in Fig. 4 indicated
that the composite arcs with strong simple Y arcs plus faint but
complete bubble arcs were detected for all restriction frag-
ments covering a region of about 16 kb. These results strongly
suggest that multiple replication origins are distributed within
oriDcx. The N/N 2D gel data also suggested that the primary
initiation sites of oriDot are distributed within the 10-kb region
shown in Fig. 2E. The N/A 2D gel analysis shown in Fig. 5 was
consistent with these results. PCR-mediated analysis of nas-
cent strands shown in Fig. 6 and 7 indicated that size distribu-
tions of nascent strands are not significantly different among
five segments covering the 10-kb region of the primary initia-
tion region defined by the 2D gel methods. Thus, the data
obtained by 2D gel analysis and PCR-mediated nascent-strand
analysis are essentially consistent with each other and indicate
the presence of multiple replication origins in oriDot.
The present data and our previous data (42) indicate that

the 2D gel methods and the PCR-mediated method are
compatible and suggest that the DHFR paradox is not due to
intrinsic defects in any of the methods. Our results support the
notion of broad distribution of replication origins, but resolu-
tion of the DHFR paradox cannot be achieved until 2D gel
data on a single-copy version of the DHFR domain are
obtained by using asynchronous cells and more comprehensive
analysis of nascent strands is performed over the entire region
of the initiation zone defined by 2D gel analysis.
The results shown here and previous data on the histone

gene repeats (42) indicate that DNA replication initiates from
multiple sites in a rather broad region of 5 to 10 kb. The data
can be explained by the notion that numerous potential
initiation sites with relatively low sequence specificity are
distributed throughout the initiation region. However, it is
difficult to rule out the alternative possibility that these initia-
tion regions are composed of several specific origin sequences.
More precise mapping of initiation sites (for example, deter-
mination of strand specificity of the Okazaki fragments [5] or
mapping of the 5' ends of the Okazaki fragments) is needed to
definitively distinguish among these possibilities.
Broad or random distribution of replication origins on the

chromosome seems to be a general characteristic of rapidly
dividing embryonic cells like Drosophila and Xenopus eggs (26,
41). Actually, in early embryos, active replication origins could
be detected even in the coding region of the DNA polymerase
ot gene, where no replication origins were detectable in tissue
culture cells (unpublished data). Thus, replication origins are
confined to certain regions in tissue culture cells, unlike in
embryonic cells, yet they seem to retain a dispersive nature. A

series of investigations by Calos and coworkers (7, 21, 30-32)
on human sequences that confer a vector plasmid to replicate
autonomously in human cells seem shed some light on the
nature of replication origins in higher eukaryotes. Efficiency of
replication is dependent on the length of human sequences,
and any human sequence longer than 20 kb has ARS activity.
However, the facts that bacterial sequences of similar size are
inefficient in replication activity in human cells indicates the
necessity of human sequences for efficient replication in hu-
man cells. Analysis of replication intermediates by the N/N 2D
gel method revealed that replication initiates at multiple sites
on a plasmid containing a human sequence. A recent report
showed that multiple repeats of a 3.2-kb human sequence, but
not a bacterial sequence, increased the efficiency of replication
dependent on the numbers of the human sequence (32). Thus,
repetition of sequences abundant in the human but rare in the
bacterial chromosome may be an important factor for efficient
origin activity in human cells. Similar situations may also
pertain to other higher eukaryotes.
One of such sequence elements may be DUEs, which are

sequences in which double-stranded DNA is more easily
unwound than the other regions. Such sequence elements were
shown to be important for efficient replication of yeast ARSs in
addition to the core consensus sequences (36, 37) and fre-
quently found in initiation regions of higher eukaryotes (2).
The importance of the DUEs in initiation of replication of
yeast ARSs was also suggested by a model system using the in
vitro replication system of simian virus 40 (28). Calculation of
local helical stability as described by Natale et al. (36) indicated
that many potential DUEs are also distributed in oriDot (Fig.
8). Sequences homologous to the core consensus sequence of
S. cerevisiae ARSs and those homologous to the sequences
commonly found in nuclear scaffold attachment regions are
frequently found in oriDcx as in other eukaryotic initiation
regions (2). Elucidation of the roles of these sequence ele-
ments in DNA replication must await further research.
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