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In the early stage of Drosophila embryogenesis, DNA replication initiates at unspecified sites in the chro-
mosome. In contrast, DNA replication initiates in specified regions in cultured cells. We investigated when and
where the initiation regions are specified during embryogenesis and compared them with those observed in
cultured cells by two-dimensional gel methods. In the DNA polymerase a gene (DNApola) locus, where an
initiation region, oriDa, had been identified in cultured Kc cells, repression of origin activity in the coding
region was detected after formation of cellular blastoderms, and the range of the initiation region had become
confined by 5 h after fertilization. During this work we identified other initiation regions between oriDa and
the Drosophila E2F gene (dE2F) downstream of DNApola. At least four initiation regions showing replication
bubbles were identified in the 65-kb DNApola-dE2F locus in 5-h embryos, but only two were observed in Kc
cells. These results suggest that the specification levels of origin usage in 5-h embryos are in the intermediate
state compared to those in more differentiated cells. Further, we found a spatial correlation between the active
promoter regions for dE2F and the active initiation zones of replication. In 5-h embryos, two known transcripts
differing in their first exons were expressed, and two regions close to the respective promoter regions for both
transcripts functioned as replication origins. In Kc cells, only one transcript was expressed and functional
replication origins were observed only in the region including the promoter region for this transcript.

Many observations indicate that DNA replication is not ini-
tiated at random sites but rather within specified chromosomal
regions in metazoan somatic cells or cultured cells, although
the DNA structures essential for initiation of DNA replication
in higher eukaryotes remain to be clarified (see reference 8 for
a review). In contrast, initiation sites are not specified to the
same degree in early embryos of Drosophila melanogaster (36)
and Xenopus laevis (23).

We previously identified an initiation zone of replication,
oriDa, located downstream of the gene encoding the 180-kDa
subunit of DNA polymerase a (DNApola) in cultured Kc cells
from D. melanogaster (38). We were unable to find other ini-
tiation regions within the 40-kb region from oriDa to DNApola
and its upstream region (35, 38). While cultured Kc cells du-
plicate in approximately 24 h and their S phase lasts for about
8 h, nuclei in early embryos of Drosophila duplicate their DNA
in 10 min. Embryogenesis of Drosophila is started by fertiliza-
tion that occurs at the time of oviposition. The first 2 h of
embryogenesis consists of 13 cycles of rapid and almost syn-
chronous nuclear divisions that have only M and S phases (32)
(see Fig. 1). In this syncytium stage, the whole genome must be
replicated within 5 to 6 min (17), but the rate of replication
fork movement does not change from that in cultured cells (4).
One solution to this problem is that rapidly dividing nuclei

shorten their replicons by using many more replication origins
than do slowly replicating cells. Replicon size in the syncytium
stage of embryos was estimated to be about 8 kb, while that in
Kc cells was about 40 kb (4). Our previous data, obtained by
two-dimensional (2D) gel electrophoresis, coincided with this
notion (36). No specific initiation sites were detected within
the 5-kb repeating unit of the histone genes, and the average
spacing between replication origins in the histone gene repeats
was estimated to be about 8 kb in embryos collected between
1 and 2 h after oviposition. Replication bubbles were observed
in most fragments derived from a 40-kb single-copy chromo-
somal region. Thus, DNA replication in the early stages of
embryogenesis seems to initiate at numerous sites with little
local specificity.

After syncytium formation by 13 cycles of nuclear division,
cytokinesis takes place to form a cellular blastoderm. The first
G2 phase appears from the 14th cell cycle. Zygotic transcrip-
tion is first detectable during cycle 11 or 12 but reaches max-
imal activation during late cycle 14 (11). Thereafter, the cell
cycle time and duration of the S phase within each cell cycle
lengthen and become diverse. After the 16th mitosis, most cells
stop proliferation and are arrested in G1 phase, which is about
7 h after fertilization at 25°C (17, 32).

These observations prompted us to examine when specifica-
tion of the initiation regions starts and is established during
Drosophila embryogenesis and whether or not the initiation
regions selected in embryos are the same as those observed in
cultured Kc cells. The chromosomal region initially studied in
this work was the DNApola locus, where we had identified a
replication initiation region (oriDa) in Kc cells (38). During
this work, we found that the Drosophila homologue of the E2F
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gene (dE2F) was located downstream of DNApola. Initiation
sites in the dE2F locus were also compared between embryos
and cultured cells.

MATERIALS AND METHODS

Drosophila eggs and cultured cells. Wild-type D. melanogaster Oregon R eggs
were collected and stored essentially as described previously (36). Eggs were
collected for 1 h at 25°C and staged for several hours at 25°C. For convenience,
eggs staged for x h after 1-h collection were called x-h embryos. According to Foe
and Alberts (17), 1-h embryos are syncytia in the stages from mitotic cycles 8 to
13 and 2-h embryos are mainly cellular blastoderms in cycle 14. The 14th mitosis
takes place from 3 to 4 h after fertilization, the 15th from 4 to 5 h after fertili-
zation, and the 16th from 4.5 to 6.5 h after fertilization (Fig. 1).

D. melanogaster Kc cells were grown at 25°C in a Spinner flask settled in a

100% air incubator with M3 medium (Sigma) adjusted to pH 6.8 with Tris (base)
and supplemented with 2% heat-inactivated fetal calf serum. Exponentially
growing cells at a density of approximately 2 3 106 cells/ml were harvested by
centrifugation at 400 3 g for 10 min at 4°C, frozen immediately in liquid nitro-
gen, and stored at 275°C until use.

DNA clones. Lambda clones (l124 and l141) containing the region next to the
oriDa region were screened from a genomic library of D. melanogaster Oregon R
provided by Y. Nishida. The previously isolated l102 (38) was used as a probe to
isolate l124, and then l124 was used for the isolation of l141. Subfragments
were recloned into pBluescript II SK2 plasmids. The locations of these clones
are shown in Fig. 2B.

DNA sequencing. DNA fragments to be sequenced were cloned into pBlue-
script II SK2, and their nested deletions were generated with a double-strand
Nested Deletion Kit (Pharmacia) for both directions. Plasmid DNA was pre-
pared with a QIAprep Spin Plasmid Miniprep Kit (Qiagen). Double-stranded
DNA was directly submitted to a dideoxy reaction with primer M3 or RV (Ta-
kara Shuzo) and an ABI PRISM Dye Terminator Cycle Sequencing Kit (Perkin-
Elmer). DNA sequencing was conducted with an ABI PRISM 377 DNA
sequencer (Perkin-Elmer), and the sequence data were assembled with the
program AutoAssembler (Perkin-Elmer).

The sequence determined here was compiled from the following sequences: a
new 7-kb sequence corresponding to the upstream region of DNApola, a 5.7-kb
genomic sequence of DNApola (nucleotides 1 to 5737 from accession no. D90310),
a new 4.1-kb sequence including a gap between D90310 and D28563, a 21-kb se-
quence which includes oriDa (accession no. D28563), and a new 27-kb sequence
which includes dE2F.

2D gel electrophoresis. DNA from 1-h embryos was prepared by protocol A,
as described previously (37). Total DNA was subjected to 2D gel analysis without
enrichment of replication intermediates. DNA from older embryos was prepared
as follows. Embryos were suspended in a buffer containing 50 mM Tris-HCl (pH
7.6), 25 mM KCl, 5 mM magnesium acetate, 1 mM EDTA, and 0.35 M sucrose
and homogenized by a Dounce-type homogenizer (pestle B) at 4°C to release the
cells. The homogenates were filtered through two layers of Miracloth (Calbio-
chem), and the cells were collected by centrifugation at 700 3 g for 15 min at 4°C.
These cells were washed once with buffer A, consisting of 50 mM KCl, 0.5 mM
EDTA, 0.05 mM spermine, 0.125 mM spermidine, 0.5% b-thiodiglycol, and 5
mM Tris-HCl (pH 7.5), and then suspended in 50 volumes of buffer A to a cell
density of about 5 3 107 cells/ml. Kc cells cultured and stored as described above
were suspended in buffer A at 5 3 107 cells/ml. Cells prepared from embryos and
Kc cells were encapsulated in micro-agarose beads, and DNA was prepared by
protocol B, as described in a previous paper (37). DNA of Kc cells and older

FIG. 1. Early embryogenesis of D. melanogaster. The stages of embryos an-
alyzed in this work are shown. (A) Time after fertilization. Eggs were staged for
x h after 1-h collection at 25°C (see text). (B) Mitotic cycles at 25°C. Mitotic
phases are shown by filled rectangles, and interphases are represented by open
rectangles. (C) Developmental stages as defined by Foe and Alberts (17).

FIG. 2. Maps of the chromosomal region analyzed in this study. (A) Physical and genetic maps. Direction of transcription of DNApola (20, 28) and dE2F (9, 31,
34) is from left to right. Transcripts a and b of dE2F correspond to cDNAs reported by Ohtani and Nevins (31) and by Dynlacht et al. (9), respectively. Exons are shown
by boxes, and introns are shown by narrow bent lines. The initiation region oriDa is represented by an oval. B; BamHI, E; EcoRI, H; HindIII, S; SalI. (B) Genomic
clones. Lambda clones l110, lDGDPA11, lDGDPA02, and l102 were described before (20, 38), and l124 and l141 were newly isolated. The location of a P1 clone,
DS02081 (15), is shown for reference to the genomic position. The approximate position of the right end of DS02081 was determined by Southern hybridization. The
STS probe Dm1574 found in DS02081 was located about 10 kb to the left from the left end of this map. (C) Fragments and probes used for N/N 2D analysis. (D) Probes
used for hybridization of N/A 2D gels. (E) Sequences registered in the database. The sequence registered as AB011813 was compiled from newly determined sequences
and from the previously reported genomic sequences for the DNApola region (nucleotides 1 to 5737 from D90310) (20) and the oriDa region (D28563) (38).
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embryos was enriched for replication intermediates by chromatography on ben-
zoylated naphthoylated DEAE cellulose (Sigma) columns before 2D gel analysis.

Neutral/neutral (N/N) 2D gel electrophoretic analysis of replication interme-
diates (5) was performed as described previously (38) by using 5 mg of total DNA
from 1-h embryos or replication intermediates enriched from 50 or 200 mg of
DNA from later-stage embryos or Kc cells, respectively. Neutral/alkaline (N/A)
2D gel electrophoretic analysis of replication intermediates (21) was performed
as described previously (38) by using replication intermediates enriched from 50
mg of DNA from embryos or Kc cells.

Southern hybridization was carried out as described previously (38) except that
probes were radiolabeled with [a-32P]dCTP to a specific activity of 1 3 109 to 2 3
109 dpm/mg of DNA by using a Random Primer DNA labeling kit, version 2
(Takara Shuzo), and purified through a ProbeQuant G-50 Micro Column (Phar-
macia). Probes used in N/N 2D gel analysis were restriction fragments to be
detected (Fig. 2C) or their subfragments. The probes used in N/A 2D gel anal-
ysis are shown in Fig. 2D, and the left, central, and right probes for the re-
spective restriction fragments were as follows: BB5.5, K (BamHI-HindIII, 2.1
kb), J (HindIII-HindIII, 1.6 kb), and A (HindIII-BamHI, 1.2 kb); HH6.1, A,
B (BamHI-BamHI, 1.3 kb), and C (BamHI-HindIII, 1.2 kb); HH6.3, D (HindIII-
EcoRI, 2.3 kb), E (PstI-PstI, 1.7 kb), and F (PstI-HindIII, 1.85 kb); SB6.5, SBx2.1
(SalI-BstXI, 2.1 kb), BxE1.4 (BstXI-EcoRI, 1.4 kb), and I (EcoRI-EcoRI, 2.1 kb);
EE5.7, EB0.8 (EcoRI-BamHI, 0.8 kb), O (BamHI-BamHI, 2.3 kb), and P2
(SalI-EcoRI, 1.8 kb); SS6.7, P2, P3 (EcoRI-EcoRI, 1.45 kb), and P4 (PstI-SalI,
2.2 kb); EE7.0, P1 (EcoRI-SalI, 3.4 kb), Q2 (SalI-BanIII, 2.3 kb), and Q1
(BanIII-EcoRI, 2.1 kb); HH6.0, Q2, Q1, and R (EcoRI-BamHI, 1.8 kb); EE4.5,
R, W1 (BamHI-BamHI, 1.4 kb), and W2 (BamHI-EcoRI, 1.25 kb); EE5.0,
ES0.47 (EcoRI-SalI, 0.47 kb), SpBx2.5 (SpeI-BstXI, 2.5 kb), and X6 (BstXI-
EcoRI, 0.4 kb); EE3.2, X7 (EcoRI-EagI, 1.6 kb), X8 (EagI-HindIII, 0.9 kb),
and X9 (HindIII-EcoRI, 0.7 kb); HH3.3, X9, Y0 (EcoRI-SalI, 1.9 kb), and
SS0.6 (SalI-SalI, 0.6 kb); SE3.1, a1 (SalI-XbaI, 1.0 kb), a2 (XbaI-BanIII, 1.0
kb), and a3 (BanIII-EcoRI, 1.0 kb); ES3.9, b1 (EcoRI-BstXI, 1.2 kb), b2
(BstXI-SacII, 1.5 kb), and b3 (SacII-SalI, 1.2 kb).

Images were taken by exposing membranes to phosphorimaging plates (Fuji
Photo Film) for 5 to 50 h and analyzed with a BAS2000 Bio Image Analyzer (Fuji
Photo Film).

Northern blotting. Total RNA was isolated from embryos or Kc cells with
Trizol reagent (GIBCO) according to the manufacturer’s protocol. Twenty mi-
crograms of total RNA was run in a 0.8% agarose gel containing formaldehyde.
After electrophoresis, RNA was blotted onto Duralon UV membranes (Strata-
gene) and mRNAs were detected by hybridization with probes labeled with
[a-32P]dCTP by using a Random Primer DNA labeling kit, version 2 (Takara
Shuzo). Probes specific for the first exon of each dE2F transcript were 264- and
260-bp fragments prepared by PCR amplification of Drosophila total genomic
DNA with the following primer pairs, respectively; 59-TTGTTCAAAATTGTT
CTGCAAC-39 and 59-GAAGCCTTGATGAACAATTTTC-39 for Ohtani’s tran-
script (31) (dE2F-a) and 59-GACTGCCTCTGCAAGTAAAAGA-39 and 59-TT
GACTCAGTCTGTGTGTGTGC-39 for Dynlacht’s transcript (9) (dE2F-b). The
probe specific for DNApola was a mixture of probes C and D, as used for N/A
2D gel analysis.

Image processing. Images were processed with Photoshop (Adobe) and Can-
vas (Deneba) and printed with Pictrography 3000 (Fuji Photo Film).

Nucleotide sequence accession number. The sequence data determined in this
study have been deposited in the DDBJ, EMBL, and GenBank databases under
accession no. AB011813.

RESULTS

Unspecified distribution of replication origins in syncytial
embryos. One of our previous studies showed that DNA rep-
lication initiates at numerous sites with little site specificity in
the histone gene repeats and in a single-copy chromosomal
region on chromosome II in 1-h embryos (36). In order to
confirm that the origins are distributed broadly also in the
DNApola locus, N/N 2D gel analysis of the 40-kb region sur-
rounding DNApola was performed (Fig. 3). The N/N 2D gel
method permits distinction between fragments containing in-
ternal origins (bubbles) and fragments passively replicated by
forks moving through one end to the other (simple Y) by their
different electrophoretic mobilities in the second-dimension
electrophoresis (5). If replication forks enter a given fragment
from both ends and meet within this fragment, the replication
intermediates are detected as double Ys. In contrast to the
results from Kc cells, for which no bubble arcs were detected in
fragments other than EE5.7, bubble arcs were detected in all
fragments in 1-h embryos. Double Y arcs were also observed in
all fragments in the 1-h embryos, consistent with the presence
of numerous initiation sites. Thus, we conclude that DNA

replication initiates at numerous unspecified sites also in the
DNApola locus in the syncytium stage of embryos collected
from 1 to 2 h after fertilization.

Specification of origin usage during embryogenesis. Next we
studied when the initiation region and the noninitiation region
of DNA replication were specified during embryogenesis. We
approached this problem by attempting to determine at what
stage of embryogenesis the direction of the replication forks
changes in the fragments near oriDa, based on the data ana-
lyzed by the N/A 2D gel method. The rationale for this ap-
proach is illustrated in Fig. 4A and B. If multiple replication
origins located both inside and outside of a given fragment
contribute to replicate the fragment as in early embryos de-
scribed above, replication forks traveling this fragment are a
mixture of those entering the fragment from its left and right
and those emanating from the inside origins. In this case, the
lengths of the shortest nascent strands detected by the probes
located in the right, center, or left portions of the fragment do
not change unidirectionally (Fig. 4A). After origin specifica-
tion, the directions of the replication fork movement become
biased in the fragment located outside of the specified initia-
tion region, and the lengths of the shortest nascent strands
detected by short probes will become different depending on
the distance between the probes and replication origins (Fig.
4B).

Figure 4C shows the results for two typical fragments in
which the direction of replication fork progression changes
during embryogenesis. Fragment HH6.1 contains the coding
region for DNApola and represents the noninitiation region in
Kc cells. Fragment SB6.5 contains the left half of the initiation
region, oriDa (38).

In 2-h embryos, replication forks moving in both directions
were detected both in HH6.1 and SB6.5 and in all other frag-
ments tested. These results suggest that origin usage has not
yet become specified in 2-h embryos, which mainly consist of
blastoderms in cycle 14. In 3-h embryos, however, the replica-
tion forks in HH6.1 had become unidirectional. This means
that replication origins active in the earlier embryos become
repressed in 3-h embryos. In SB6.5, replication forks moving in
both directions were still observed even in 4-h embryos but

FIG. 3. Distribution of replication origins tested by N/N 2D gel analysis in
1-h embryos and Kc cells. Five micrograms of total DNA from 1-h embryos was
digested with the appropriate restriction enzymes and subjected to N/N 2D gel
analysis. Data for Kc cells are depicted from a previous report (38). First-
dimension electrophoresis is from right to left, and second-dimension electro-
phoresis is from top to bottom. The locations of the fragments are shown in the
above map. Bubble arcs are indicated by closed arrowheads, and double Y arcs
are indicated by open arrowheads. Abbreviations for restriction enzymes are as
for Fig. 2.
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became predominantly unidirectional in 5-h embryos. The pre-
dominant direction of replication fork progression in SB6.5 in
5-h embryos was from right to left, consistent with the expec-
tation that the region was mainly replicated by origins in oriDa
or to its right.

These results suggest that replication origins in the coding
region of DNApola become repressed after cellularization of
the blastoderm, which occurs from 2 to 3 h after fertilization,
and that the range of the initiation region oriDa becomes
confined by 5 h after fertilization.

N/A 2D gel analysis of initiation regions in 5-h embryos. To
determine if the initiation regions established in 5-h embryos
are the same as those observed in cultured cells, replication
patterns in 5-h embryos were further analyzed by N/A and N/N
2D gel methods. The N/A 2D gel patterns are shown in Fig. 5.

The first finding which suggested a difference in the replica-
tion patterns between embryos and cultured cells was the rep-
lication forks moving in both directions that were detected in
HH6.3 located between HH6.1 and SB6.5. As reported in an
earlier study, replication forks emanating from replication or-
igins in oriDa proceed unidirectionally through DNApola in
cultured Kc cells, and replication in HH6.3 is unidirectional
(38). Because the direction of replication fork movement in 5-h
embryos is predominantly from right to left in both HH6.1 and
SB6.5 (Fig. 4C), the bidirectional replication fork movement in

HH6.3 can be explained by assuming the presence of initiation
sites within and/or around the HH6.3 region.

The major difference in the replication patterns between 5-h
embryos and Kc cells was found in the downstream region to
the right of oriDa. As described above, replication forks move
predominantly from right to left in SB6.5 in 5-h embryos,
supporting the observation that this fragment is mainly repli-
cated by the replication origins located in its right-end portion
and/or the external origins located on its right. In fact, repli-
cation forks moving in both directions were detected in EE5.7,
which is located in the center of oriDa (Fig. 5). This result is
consistent with the notion that EE5.7 is included in the broad
initiation region corresponding to oriDa in 5-h embryos, as in
Kc cells (38). However, the replication patterns in the region
on the right of EE5.7 were different from those observed in
cultured cells. In Kc cells, replication forks move bidirection-
ally from oriDa, and then replication fork movement in the
fragments located on the right of EE5.7 is predominantly from
left to right, opposite to the direction in SB6.5 (38). However,
in 5-h embryos, the replication forks proceeded toward EE5.7
in fragments EE7.0, SS6.7, and HH5.0, which were located on
the right of EE5.7 (Fig. 5). Taken together, these results sug-
gest that replication origins in the oriDa region are actually
active in 5-h embryos but that there are other initiation sites

FIG. 4. Change in direction of replication forks examined during embryogenesis. (A) Expected N/A 2D gel patterns when replication initiates at random sites. When
multiple replication origins spaced closely contribute to replicating a given fragment, replication forks move in both directions in the fragment, and thus the length of
the shortest nascent strands detected by probes located in the right, central, or left portion of the fragment does not change unidirectionally. (B) Expected N/A 2D
gel patterns when replication initiates at a specified origin. When the initiation region is confined to a certain region, replication forks moving in a fragment located
outside of the initiation region are unidirectional or predominantly unidirectional, and the length of the shortest nascent strands detected by short probes changes
depending on their position in the fragment: the closer to the origin, the shorter the strand. (C) N/A 2D gel patterns for fragments HH6.1 and SB6.5 in embryos. DNA
prepared from variously staged embryos was subjected to the N/A 2D gel analysis. First-dimension electrophoresis is from right to left, and second-dimension
electrophoresis is from top to bottom. Blots were sequentially hybridized with the left, central, and right probes of the 6.1-kb HindIII fragment (HH6.1) or the 6.5-kb
SalI-BamHI fragment (SB6.5), and their hybridization patterns are aligned in that order in each panel. The inferred direction of replication fork movement is shown
above each panel. The bar with arrows at both ends indicates that replication forks move in both directions in the fragment, and bars with an arrow at one end mean
that replication forks move predominantly, if not exclusively, in a single direction toward the end with the arrow. Abbreviations for restriction enzymes are as for Fig. 2.
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in the genomic region downstream of, although not far from,
oriDa.

To search for the putative initiation sites located on the right
of oriDa, the 27-kb genomic region adjacent to the oriDa locus
was cloned and its nucleotide sequence was determined. The
newly isolated region included the gene encoding the Drosoph-
ila homologue of transcription factor E2F (dE2F). Two kinds
of cDNAs differing only in the 59 nontranslated regions have
been reported (9, 31). Comparison of the genomic sequence of
the dE2F locus with those of the cDNAs revealed two genomic
sequences corresponding to the diverged sequences of two
dE2F cDNAs. Thus, there are at least two kinds of transcripts
of dE2F that differ in the nontranslated first exon but share the
other exons, as shown in the map in Fig. 5.

The N/A 2D gel patterns of fragments in the dE2F locus
observed in 5-h embryos are also shown in Fig. 5. Replication
forks moving in both directions were observed in most frag-
ments except HH3.3. In HH3.3, the direction of replication
fork movement was primarily from left to right. Thus, the rep-
lication patterns in the dE2F locus seem to be rather complex,
and the results suggest that the putative initiation sites adja-
cent to oriDa are located in the region between EE7.0 and
HH3.3. This region includes the promoter regions for both
transcripts of dE2F. The finding that the direction of replica-
tion fork movement is bidirectional in ES3.9 suggests that still
other replication origins are present in the 39 portion or 39
downstream region of dE2F.

N/N 2D gel analysis of initiation regions in 5-h embryos and
Kc cells. The above N/A 2D gel analysis suggested the exis-
tence of initiation sites in the following regions in 5-h embryos:
the 39 downstream region of DNApola, the oriDa region, the 59
upstream region of dE2F, and the 39 downstream region of
dE2F. To confirm the regions that definitely contain replica-
tion origins in 5-h embryos, N/N 2D gel analysis was performed
and the results were compared with those observed in Kc cells
(Fig. 6).

As shown in Fig. 6, fragments EE5.7, HH6.0, EE5.0, and
ES3.9 showed bubble arcs in 5-h embryos. Thus, the existence

of replication origins in the oriDa region (EE5.7), the 59 up-
stream regions of dE2F (HH6.0 and EE5.0), and the 39 down-
stream region of dE2F(ES3.9) was confirmed. Replication bub-
bles, however, were not detected in HH6.3. Bubble arcs also
were not detected in other fragments overlapping HH6.3 (data
not shown). If replication origins are present in the HH6.3
region, as suggested from the N/A 2D pattern of HH6.3, the
frequency of their firing may be too low or the replication
bubbles formed may be too short lived to be detected as bubble
arcs.

Among the fragments that showed bubble arcs in 5-h em-
bryos, only EE5.7 and EE5.0 exhibited bubble arcs in Kc cells
as well (Fig. 6). These results suggest that origin usage in 5-h
embryos is in the intermediate state between earlier embryos
and Kc cells. Interestingly, while the two fragments (HH6.0
and EE5.0) corresponding to the respective 59 upstream re-
gions for two transcripts of dE2F showed bubble arcs in 5-h
embryos, bubble arcs were detected only in EE5.0 in Kc cells.

Double Y arcs were observed in most fragments from the
dE2F locus in 5-h embryos. These results might account for the
observation in the N/A 2D gel analysis (Fig. 5) of replication
forks moving in both directions in most fragments. Bidirec-
tional replication fork movement and the formation of double
Y replication intermediates in the initiation regions might be
due to a broad distribution of replication origins, as in oriDa
(38). We were unable to discriminate between the following
two possible explanations for the complex situations in the
regions where replication bubbles were not detected. Replica-
tion origins belonging to different initiation regions may fire in
different cells, resulting in a mixture of the direction of repli-
cation fork movement and termination at diverse sites. Alter-
natively, complex replication patterns may also be caused by
the presence of minor initiation sites throughout the regions
where bubble arcs were not detected by N/N 2D gel analysis.

Differential expression of the dE2F gene. Recently it has
been shown that among two kinds of transcripts of dE2F, the
transcript corresponding to the cDNA reported by Dynlacht et
al. (9) was expressed throughout embryogenesis and in other

FIG. 5. Directions of replication forks in 5-h embryos determined by N/A 2D gel analysis. DNA prepared from 5-h embryos was subjected to N/A 2D gel analysis
for various restriction fragments from the DNApola-dE2F locus. Physical and genetic maps of the region tested are shown at the top. Arrows attached to the bars
showing the range and location of the restriction fragments tested indicate the directions of replication fork movement within each fragment inferred from the N/A
2D gel patterns. The meanings of the arrows are the same as for Fig. 4C. The data for HH6.1 and SB6.5 are from those for 5-h embryos in Fig. 4C. The pattern for
HH5.0 (the 5-kb HindIII fragment overlapping EE7.0 and SS6.7) is not shown, but the direction of replication fork movement was the same as that for EE7.0 and SS6.7.
First-dimension electrophoresis is from right to left, and second-dimension electrophoresis is from top to bottom. Blots were sequentially hybridized with the left,
central, and right parts of the fragments tested. Abbreviations for restriction enzymes are as for Fig. 2.
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stages of development, while the transcript reported by Ohtani
and Nevins (31) was expressed in a specific stage of embryos,
highest in 4- to 8-h embryos (33). As for the initiation region of
DNA replication, the upstream regions of both transcripts
were active in 5-h embryos (HH6.0 and EE5.0) while only one
(EE5.0) was active in Kc cells (Fig. 6). These observations led
us to examine whether the two transcripts are expressed dif-
ferently between 5-h embryos and Kc cells. By Northern blot-
ting analysis with specific probes for each of the first exons,
both transcripts (dE2F-a and -b) were detected in 5-h embryos
but only one (dE2F-b), ubiquitously expressed throughout de-
velopment, was detected in Kc cells (Fig. 7). Thus, there seems
to be a spatial correlation between active initiation regions of
DNA replication and active promoter regions for transcription
of dE2F.

DISCUSSION

DNA replication initiated at unspecified chromosomal sites
in preblastoderm embryos, but the initiation regions in the
oriDa locus were specified by 5 h after fertilization during
Drosophila embryogenesis. Replication origins in the coding
region of DNApola were already repressed in 3-h embryos
after completion of cellularization of the blastoderms, but con-
finement of the range of oriDa was clear in 5-h embryos. A
comparison of the replication patterns in the DNApola-dE2F
locus between 5-h embryos and Kc cells (Fig. 8) suggested that
specification of origin usage in 5-h embryos was still in the
intermediate state between the younger embryos and the more
differentiated cells. We also noticed a spatial correlation be-

tween the active initiation regions of DNA replication and the
active promoter regions for transcription in the upstream re-
gion of dE2F.

As observed in Drosophila embryos, replication initiation
occurs at unspecified sites in ribosomal DNA of Xenopus early
embryos (23) but becomes confined to the intergenic spacers at
the late blastula and early gastrula stage (22). What restricts
the initiation region during embryogenesis? One apparent fac-
tor that changes during Drosophila embryogenesis is the con-
centration of nuclei in syncytial cytoplasm (10). In a Xenopus
cell-free replication system, it was reported that the nucleo-
cytoplasmic ratio affects both S-phase length and replicon size
(40). The concentration of nuclei at which the S phase length-
ens in vitro is similar to the concentration of nuclei in Xenopus
embryos at the midblastula transition, and the changes in rep-
licon size are very similar in vitro and in vivo. This indicates
that a quantitative change in some factor(s) causes a prefer-
ence in origin usage. Origin recognition complex (ORC) pro-
teins and minichromosome maintenance (MCM) proteins are
believed to play important roles in DNA replication and are
the likeliest candidates for such limiting factors. In the Xeno-
pus cell-free system, however, they are abundant and thus are
not thought to be a limiting factor of origin usage (40). In
Drosophila embryos, ORC and MCM proteins are maternally
supplied, and the maternal supply is sufficient for embryonic
mitoses because homozygous mutants of some of their genes
survive until late larval or pupal stage (14, 24, 39). In wild-type
embryos, the amounts of the transcript of the dpa gene encod-
ing a homologue of the MCM4 protein were maximum in 6- to
9-h embryos and reduced remarkably in 9- to 12-h embryos

FIG. 6. Initiation regions detected by N/N 2D gel analysis. DNA prepared from 5-h embryos and Kc cells was subjected to N/N 2D gel analysis for various
restriction fragments from the DNApola-dE2F locus. (A) Physical and genetic maps of the region tested. The range and location of the restriction fragments tested
are shown by bars. Abbreviations for restriction enzymes are as for Fig. 2. (B) N/N 2D gel patterns observed in 5-h embryos. (C) N/N 2D gel patterns observed in
Kc cells. The data for HH6.3, EE5.7 and EE7.0 are from one of our previous reports (38). (B and C) First-dimension electrophoresis is from right to left, and
second-dimension electrophoresis is from top to bottom. The probes were the restriction fragments themselves or their subfragments. Closed arrowheads represent
bubble arcs, and open arrowheads represent double Y arcs.
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(14). Thus, the MCM proteins (and also ORC proteins) may
not be the limiting factor for specification of origin usage in
Drosophila embryos either. It is possible, however, that factors
to modify and regulate the activities of ORC and MCM pro-
teins or factors to recruit them to the replication origins are
limiting factors that specify replication origins.

In addition to the quantitative factors, there are factors
whose qualitative change during embryogenesis influences or-

igin usage. Chromatin structures change in various aspects
during embryogenesis. For example, chromatin of the blasto-
derm stage of embryos (0 to 2 h) differs significantly from that
of older embryos (6 to 8 h), and histone H1 is absent in the
blastoderm chromatin (12). Lack of histone H1 contributes to
the decrease in nucleosome spacing in chromatin reconstituted
in vitro from cell extract prepared from preblastoderms of
Drosophila embryos (3). Recently it was reported that the ad-
dition of histone H1 reduces the frequency of replication ini-
tiation in Xenopus egg extract, most likely by limiting the as-
sembly of prereplication complexes on sperm chromatin, even
when sufficient amounts of proteins necessary for formation of
prereplication complexes, such as ORC and MCM, are present
in extract (26).

A Drosophila homologue of the HMG 1 protein, HMG-D, is
associated with condensed chromatin structures in the nuclear
cleavage cycles of Drosophila embryos (29). It is thought that
HMG-D, either by itself or in conjunction with other chromo-
somal proteins, induces a condensed state of chromatin that is
distinct from and less compact than chromatin with histone
H1. Histone H1 is absent in the chromatin in early embryos
and is first detected in cycle 7, and its level dramatically in-
creases after stage 7 (cycle 14) due to activation of zygotic
transcription. Because HMG-D is present at a constant level at
all stages of development, HMG-D/H1 ratios decrease as em-
bryogenesis progresses and there is a temporal correlation
between the switch in HMG-D/H1 ratios and the changes that
occur during the midblastula transition. The data shown in Fig.
4 suggest that replication origins in the coding regions of
DNApola (fragment HH6.1) are active in 2-h embryos (mainly
cycle 14) but become inactive in 3-h embryos. Thus, the stage
at which the repression of origin activities is first detected
corresponds to the stage just after a dramatic increase in the
histone H1 level.

The nucleosome structure without histone H1 in earlier em-
bryos itself may be sufficiently loose to permit access of the
initiation factors to random sequences without a high specific-
ity of origin selection. Further, the importance of the higher
structure of chromatin in DNA replication has been demon-
strated in a system with CHO nuclei reconstituted in Xenopus
extract (25). The chromatin structure without histone H1
would cause a difference in the higher-order structure of chro-

FIG. 7. Detection of dE2F transcripts by Northern blotting. Total RNA pre-
pared from 5-h embryos and Kc cells was subjected to Northern analysis of
transcripts of dE2F. Blots of total RNA were sequentially hybridized to probes
specific for the first exon of each transcript. The probe dE2F-a was specific to
cDNA reported by Ohtani and Nevins (31), and the probe dE2F-b was specific
to cDNA reported by Dynlacht et al. (9). As a reference, mRNA coding
DNApola (pola) was detected with the mixture of probes C and D, as shown in
Fig. 2.

FIG. 8. Comparison of initiation regions and transcripts in the DNApola-dE2F locus between 5-h embryos and Kc cells. The initiation regions of DNA replication
where replication bubbles were detected by N/N 2D gel analysis (Fig. 6) are shown as solid ovals. The potential initiation sites suggested by the N/A 2D pattern (Fig.
5) are shown as a dashed oval. The range of oriDa in Kc cells is shown according to previously reported data (38), while those of the other initiation regions are arbitrary.
Transcripts for DNApola and dE2F detected by Northern blotting analysis (Fig. 7) are shown by exon-intron structures.
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matin, including chromosome condensation in mitosis, which
may permit the selection of origins which are different from
those of chromatin associated with histone H1. Thus, the linker
histone may play an important role in specifying origin usage in
early embryogenesis both in Drosophila and Xenopus.

Another factor which may affect the origin activity is the
activation of transcription. In Drosophila embryos, the activa-
tion of zygotic transcription is first detectable during cycle 11
or 12 and reaches maximal activation during late cycle 14 (11).
Replication is initiated outside of the transcription units after
activation of zygotic transcription in the DNApola and dE2F
loci. Changes occurring at midblastula transition, like the change
in chromatin structure discussed above, will affect both activa-
tion of transcription and origin usage, but transcription itself
and/or factors controlling transcription may influence origin
activity.

Though initiation and noninitiation regions become sepa-
rated 5 h after fertilization, the initiation regions observed in
5-h embryos still appear to be less specified than those ob-
served in Kc cells. The potential initiation regions in the
DNApola-dE2F locus observed in 5-h embryos and Kc cells are
schematically presented in Fig. 8. In Kc cells, an initiation
region (oriDb) was newly identified about 20 kb away (a cen-
ter-to-center distance between fragments EE5.7 and EE5.0)
from the previously identified oriDa. In addition to these ini-
tiation regions, two initiation sites, one between oriDa and
oriDb and another around the 39 portion of dE2F, were ob-
served in 5-h embryos. The N/A 2D gel data suggested the
presence of some initiation sites also around the 39 portion of
DNApola. Thus, the replication origins in 5-h embryos consist
of those in Kc cells plus some other regions, and the average
center-to-center distance of the initiation regions in 5-h em-
bryos is about 10 kb. The complex N/A and N/N gel patterns
observed in 5-h embryos (Fig. 5 and 6) must result from such
short spacing of the initiation regions and/or incomplete re-
pression of origin activity in the regions where replication
bubbles were not detected. These results suggest that the ini-
tiation regions in 5-h embryos are in the intermediate state of
origin specification between preblastoderm embryos and
cells in the later stages of development. During embryogen-
esis in Drosophila, most cells stop proliferation after the
16th cell cycle; later, in the larval stage, cells resume prolifer-
ation. Though the cell line Kc was originally established from
embryonic cells (2), cells established as a cell line are thought
to have chromatin structures corresponding to those of more
differentiated cells. The possibility that usage of different ini-
tiation regions depending on cell type, e.g., mitotic domains
(16), resulted in an apparent shortening of spacing between
initiation regions cannot be excluded.

The results suggest that initiation of DNA replication and
activation of transcription are correlated in the 59 upstream
region of dE2F in both embryos and Kc cells. It was recently
demonstrated (33) that the two transcripts of dE2F have sep-
arate promoter regions and that their expression is differen-
tially regulated. One transcript was ubiquitously detected at all
stages of development and in cultured cells, while the other
was detected only in embryos, maximally in 4- to 8-h embryos.
In accordance with these expression patterns of dE2F, origin
activities were observed in the 59 upstream region of the ubiq-
uitously expressed transcript in both 5-h embryos and Kc cells,
but those in the 59 upstream region of the transcript expressed
only in embryos were detected only in 5-h embryos. The influ-
ence of transcription and/or transcription factors on replica-
tion in viral systems (reviewed in reference 7), bacterial sys-
tems (1), ARS1 of Saccharomyces cerevisiae (27), and an in
vitro transcription-replication model system (30) has been ex-

tensively discussed. Confocal microscopic observation indi-
cated that replication sites and transcription sites colocalize in
nuclei (18). A well-known example of the effect of transcrip-
tion on DNA replication in higher eukaryotes is that activation
of transcription of tissue-specific genes frequently accompanies
activation of nearby replication origins. For example, replica-
tion of the murine immunoglobulin H (IgH) locus is related to
the transcriptional activity of the locus; replication origins that
are inactive in non-B cells are active in B cells and pre-B cells
in which the IgH genes are expressed (6). Similarly, the activity
of the replication origin at the promoter region of the b-globin
gene seems to be correlated with the transcriptional activity of
the b-globin gene (13, 19). The dE2F gene, however, is ex-
pressed in any proliferating cell because the E2F protein is an
important transcriptional regulator necessary for expression of
many proliferation-related genes. It would be the first example
suggesting a correlation between active promoter regions and
active replication origins in a gene transcribed from promoters
which are different depending on the cell type, although the
relationship between the replication origins and promoters
must be clarified at higher resolution.

In contrast to the replication origins observed upstream of
dE2F, origin activity of oriDa does not seem to be correlated
with transcriptional activity. Our preliminary Northern analysis
(data not shown) suggested the presence of mRNAs detectable
by probes in the adjacent regions of oriDa but not by a probe
encompassing its 10-kb initiation region. These mRNAs were
detected in early embryos until 2 h, but neither in later em-
bryos nor in Kc cells. These mRNAs may correspond to ex-
pressed sequence tag (EST) sequences recently registered in
the databases (GenBank accession no. LD33721, etc.). Be-
cause these EST sequences have a part of the second exon of
the known two transcripts of dE2F, they may be the third
transcript of dE2F. Their 59 portion, corresponding to the first
exon of the known transcripts, is composed of two exons, and
oriDa is located within the 15-kb intron between these exons.
Even if the mRNAs described above were the transcript cor-
responding to these EST clones, this transcript was expressed
neither in Kc cells nor in later embryos, where oriDa was ac-
tive. Therefore, the origin activity of oriDa seems to be inde-
pendent of activation of this transcript.
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