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In the yeast Saccharomyces cerevisiae, sequence-specific DNA binding by the origin recognition complex
(ORC) is responsible for selecting origins of DNA replication. In metazoans, origin selection is poorly
understood and it is unknown whether specific DNA binding by metazoan ORC controls replication. To
address this problem, we used in vivo and in vitro approaches to demonstrate that Drosophila ORC (DmORC)
binds to replication elements that direct repeated initiation of replication to amplify the Drosophila chorion
gene loci in the follicle cells of egg chambers. Using immunolocalization, we observe that ACE3, a 440-bp
chorion element that contains information sufficient to drive amplification, directs DmORC localization in
follicle cells. Similarly, in vivo cross-linking and chromatin immunoprecipitation assays demonstrate
association of DmORC with both ACE3 and two other amplification control elements, AER-d and ACE1. To
demonstrate that the in vivo localization of DmORC is related to its DNA-binding properties, we find that
purified DmORC binds to ACE3 and AER-d in vitro, and like its S. cerevisiae counterpart, this binding is
dependent on ATP. Our findings suggest that sequence-specific DNA binding by ORC regulates initiation of
metazoan DNA replication. Furthermore, adaptation of this experimental approach will allow for the
identification of additional metazoan ORC DNA-binding sites and potentially origins of replication.
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The origin recognition complex (ORC) is a critical factor
required for initiation of eukaryotic DNA replication.
Originally identified as a six-protein complex that spe-
cifically bound Saccharomyces cerevisiae origins of
DNA replication (Bell and Stillman 1992), ORC plays an
essential role in replication by binding to the origin
DNA and recruiting additional replication factors (Apari-
cio et al. 1997; Donovan et al. 1997; Liang and Stillman
1997; Tanaka et al. 1997; for review, see Leatherwood
1998). Sequence analogs of ORC subunits have been
identified in metazoans including Drosophila, Xenopus,
and humans (Gossen et al. 1995; Carpenter et al. 1996;
Pak et al. 1997; Quintana et al. 1997, 1998; Carpenter
and Dunphy 1998; Tugal et al. 1998; Chesnokov et al.
1999; Pinto et al. 1999). In vivo studies in Drosophila and
in vitro studies using Xenopus egg or Drosophila embryo
extracts have shown that ORC is required for DNA rep-
lication in metazoans (Carpenter et al. 1996; Rowles et
al. 1996; Landis et al. 1997; Chesnokov et al. 1999). Fur-
thermore, in vitro studies in Xenopus egg extracts indi-
cate that, as in yeast, ORC acts by recruiting essential
replication factors to the DNA (Coleman et al. 1996;
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Romanowski et al. 1996). S. cerevisiae ORC requires
ATP for sequence-specific DNA binding in vitro. The
amino acid sequences required for S. cerevisiae ORC to
bind and hydrolyze ATP (Klemm et al. 1997) are con-
served in the metazoan ORC analogs (Gavin et al. 1995;
Rowles et al. 1996; Pak et al. 1997), suggesting that ATP
will also regulate ORC-DNA interactions in metazoans.

Studies of DNA replication in S. cerevisiae are facili-
tated greatly by the availability of well-defined replica-
tion origins. These origins are typically less than 0.2 kb
in size and have a modular composition. Each contains
an 11-bp AT-rich sequence, known as the ARS consen-
sus sequence, that is recognized by ORC. Two additional
elements, termed Bl and B2, are functionally inter-
changeable between origins, although they lack clear
consensus sequences (Marahrens and Stillman 1992; Rao
et al. 1994; Theis and Newlon 1994; Huang and Kowal-
ski 1996). The Bl element is bound by ORC (Bell and
Stillman 1992; Rao and Stillman 1995; Rowley et al.
1995), although this element may have other important
functions because there are mutations in the Bl se-
quence that affect replication but do not affect ORC
DNA binding (Rao and Stillman 1995). The function of
the B2 element is not known, but it has been suggested
to be involved in DNA unwinding (Lin and Kowalski
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1997). The yeast Schizosaccharomyces pombe has more
complex origins that are about 0.5 to 1 kb in size. Within
these origins, multiple 50-bp elements contribute to
origin function, but unlike S. cerevisiae there are no
small conserved elements that are essential for origin
function (Clyne and Kelly 1995; Dubey et al. 1996; Kim
and Huberman 1998).

In contrast to the small, well-defined S. cerevisiae ori-
gins, metazoan organisms have complex replication ori-
gins with no clearly defined elements. Using a variety of
genetic and molecular techniques thus far [2.0 DNA loci
have been found to contain metazoan replication origins
(for review, see DePamphilis 1996, 1999). The initiation
sites within these origins have been mapped to varying
resolutions (0.5-11 kb), and the cis-acting sequences that
allow these elements to act as origins of replication re-
main poorly defined. For example, deletion analysis of an
8-kb region of the human B-globin locus indicates that,
like in S. pombe, multiple elements within this locus
contribute to origin activity (Aladjem et al. 1998). Con-
sistent with their complex structure thse origins are fre-
quently found to initiate replication from one of a num-
ber of different sites within their boundaries. Because so
little is known about metazoan origins, it has not yet
been possible to identify the elements bound by meta-
zoan ORC.

Metazoan origins are subject to developmental regula-
tion (Callan 1972). In early Drosophila and Xenopus em-
bryo development, DNA replication initiates approxi-
mately every 8-12 kb within the genome (Blumenthal
et al. 1974; Hyrien and Mechali 1993; for review, see
Spradling and Orr-Weaver 1987) arguing that there is
limited sequence specificity for origin selection at this
time in development. This close origin spacing allows
for very short S phases and rapid proliferation of zygotic
nuclei. Later in development, the length of S phase in-
creases and corresponds to the onset of zygotic transcrip-
tion, changes in chromatin structure, and an increase in
the nuclear-to-cytoplasmic ratio (Newport and Kirschner
1982; Walter and Newport 1997; for review, see Carmi-
nati and Orr-Weaver 1996). In Drosophila, length of S
phase has been correlated with an increase in the inter-
origin spacing. Transitions of increased specificity in ori-
gin selection during development have been observed at
the rDNA repeats in Xenopus and within the Drosophila
DNApola—-dE2F genomic region (Hyrien et al. 1995;
Sasaki et al. 1999).

DNA replication in the follicle cells of Drosophila egg
chambers is highly regulated and provides a powerful
system to study the regulation of metazoan DNA repli-
cation (for review, see Royzman and Orr-Weaver 1998).
In stage 10 egg chambers (late in oogenesis), genomic
DNA replication in the somatic follicle cells ceases with
the exception of four DNA loci that continue to initiate
replication (Calvi et al. 1998). Two of these loci encom-
pass the chorion genes, and amplification of the chorion
genes is necessary for eggshell formation and female fer-
tility. DNA elements controlling amplification of the
third chromosome chorion locus have been character-
ized (for review, see Orr-Weaver 1991). One element,
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termed ACES3, is a 440-bp DNA sequence that is neces-
sary for amplification within the context of a 7.7-kb
third chromosome chorion fragment (Orr-Weaver et al.
1989). A second control element, termed AER-d (ori), is
located (1.5 kb away from ACE3, and two-dimensional
gel analysis of replication intermediates during chorion
amplification indicate that the majority of initiation
events occurs within or near AER-d (Delidakis and Kafa-
tos 1989; Heck and Spradling 1990). Two lines of evi-
dence indicate that Drosophila ORC (DmORC) is in-
volved in chorion amplification. First, flies with muta-
tions in the second largest subunit of DmORC exhibit
reduced amplification (Landis et al. 1997). Second, at
stage 10A of egg chamber development just before the
onset of amplification, DmORC is localized as two large
discrete foci within the follicle cell nuclei that corre-
spond to the two chorion gene clusters (Asano and Whar-
ton 1999; Royzman et al. 1999). Mutations that affect
this specific DmORC localization show reduced levels of
chorion amplification (Royzman et al. 1999).

Although it is clear that ORC is required for metazoan
replication, the role of ORC in selecting metazoan ori-
gins is not understood, in part because identified meta-
zoan origins are limited in number and imprecisely char-
acterized. Previously, we observed that introduction of a
7.7-kb fragment of chorion DNA through P-element me-
diated transformation resulted in a third major focus of
DmORC localization (Royzman et al. 1999). This result
strongly suggested that this 7.7-kb region contained a
DmORC localization signal. In particular, the ACE3 and
AER-d elements represented likely candidates for
DmORC DNA-binding sites. Here we use both in vivo
and in vitro approaches to demonstrate that ACE3 and
AER-d are DNA-binding sites for DmORC. These find-
ings suggest that DmORC DNA-binding specificity is
likely to control origin selection and that identifying
DmORC-binding sites in vivo will be a powerful tool to
identify other Drosophila origins.

Results

ACE3 is sufficient to localize DmORC

To examine the role of ACE3 in DmORC localization,
we compared the ability of two P-element constructs
(Fig. LA) containing or lacking ACE3 to localize DmORC
using an anti-DmORC serum. This serum recognizes a
single protein that comigrates with purified DmORC2
on Western blots of crude extracts (Fig. 1E). These con-
structs were A,3O,5, which contains a 7.7-kb region sur-
rounding ACE3 and previously was observed to amplify
in follicle cells, and A,,O,5, which is identical to A,3O,q
except for a 319-bp deletion within ACE3 and never am-
plifies (Orr-Weaver et al. 1989). As expected, we observed
that flies transformed with the A,4O,, construct consis-
tently resulted in a third strong focus of DmORC local-
ization in follicle cells (Fig. 1B). In contrast, integration
of the A,,0,4 construct generally resulted in no addi-
tional focus of DmORC localization in [(P0% of the nu-
clei (Fig. 1C). The remaining 10% (10 of 102 counted)
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Figure 1. A construct containing nine repeats of ACE3 local-
izes DmORC. (A) Diagram of P-element constructs (Orr-Weaver
et al. 1989; Carminati et al. 1992). Construct A,3O, has 7.7 kb
of chorion DNA. Construct As,O,g is the same as A,30,4 except
that 319 bp of ACE3 is deleted. Construct M9 has nine repeats
of the 440-bp ACES3 fragment. (B-D) DmORC protein was visu-
alized by immunofluorescence microscopy in the follicle cells
of stage 10A egg chambers of fly lines transformed with P-ele-
ment constructs containing third chromosome chorion DNA.
DNA was visualized by staining with DAPI. The merged red
(DmORC) and blue (DNA) channels are shown. (B) Localization
of DmORC in flies transformed with the A,4O,¢ construct.
Three foci were observed per nucleus. (C) Localization of
DmORC in flies transformed with construct A;,0,5. Two foci
were observed per nucleus. (D) Localization of DmORC in flies
transformed with the M9 construct. Three foci of were observed
per nucleus. (E) Western blot performed using anti-DmORC2
serum. Samples on the blot are 80 ng of recombinant DmORC2
protein (lane 1), extract from 0- to 12-hr embryos (lane 2), and
nuclear extract from Schneider line 2 cells (lane 3).

displayed only a weak third focus of DmORC localiza-
tion (data not shown). Because P-element amplification
constructs are known to be influenced by the chromatin
surrounding the insertion site (de Cicco and Spradling
1984), we verified that the general inability of the A;,O,4
construct to localize DmORC was reproducible in 10
independent transformant lines of A;,0O,g (data not
shown). From these data, we conclude that ACE3 is im-
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portant, and in most nuclei necessary, for localizing
DmORC in the follicle cells. To determine whether
ACE3 was sufficient to localize DmORC, we examined
the fly line M9-2 (Carminati et al. 1992). This line is
transformed with a P-element containing nine repeats of
ACES3 (Fig. 1A). We consistently observed a third major
focus of DmORC localization in the M9-2 line (59 of 65
counted; Fig. 1D). Thus, ACE3 is sufficient to localize
DmORC in follicle cells.

High-resolution microscopy revealed an additional in-
triguing aspect of the DmORC immunolocalization (Fig.
2). In the small, early, stage 10B egg chambers, the foci of
DmORC localization display a doughnut-like (toroidal)
appearance. Because these doughnut-foci are seen after
the chorion loci have undergone several rounds of am-
plification (Calvi et al. 1998; Royzman et al. 1999), we
speculate that they reflect the onion skin DNA struc-
tures generated by the amplification process and that
DmORC may only be associated with the external por-
tion of the onion skin (Osheim and Miller 1983). Con-
sistent with this hypothesis, these doughnut-like struc-
tures were not readily observed in the DmORC foci of
stage 10A egg chambers (data not shown), which have
undergone minimal amplification (Calvi et al. 1998).

In vivo cross-linking of DmORC to chorion
DNA elements

To demonstrate that DmORC is associated with chorion

Figure 2. High-resolution microscopy of DmORC foci in fol-
licle cells. Immunofluorescence microscopy was used to visu-
alize DmORC (red), DNA (stained with DAPI, in blue), and
lamin (green) in a small, early stage 10B egg chamber (this stag-
ing is defined in Royzman et al. 1999). The doughnut-like struc-
tures are consistently observed in early 10B egg chambers, and
are not readily visible in stage 10A egg chambers (data not
shown).
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DNA in the follicle cells of stage 10 egg chambers, we
used a chromatin immunoprecipitation assay (ChIP)
(Strahl-Bolsinger et al. 1997). In these experiments, stage
10 egg chambers were dissected from ovaries and fixed
with formaldehyde to cross-link proteins to DNA. The
fixed samples were sonicated to disrupt the egg cham-
bers and to shear the DNA. To purify DNA cross-linked
to DmORGC, the resulting material was immunoprecipi-
tated using anti-DmORC2 serum. After reversing the
protein-DNA cross-links, PCR reactions were performed
on the immunoprecipitates to determine whether cho-
rion sequences were present at enriched levels compared
to control DNAs.

We first analyzed egg chambers isolated from wild-
type flies to determine whether DmORC associates with
ACES. Primer sets specific for ACE3 and actin, a control
DNA, yielded similar amounts of product in PCR reac-
tions containing input (preimmunoprecipitation) DNA
(Fig. 3A, lanes 1,2), indicating that the egg chambers
tested in this experiment had undergone only limited
chorion amplification, consistent with previous reports
(Calvi et al. 1998; Royzman et al. 1999). In contrast, PCR
reactions performed with DNA that coprecipitated with
DmORC vyield significantly more ACE3 product com-
pared to actin (Fig. 3A, lane 3), demonstrating the anti-
DmORC immunoprecipitate was enriched with ACE3

Input  Immuno-
dilutions precipitations

o+ a-DmORC2
k & Pre-immune
A -
e e < ACE3
Al < actin
B .
- — << ACE1
- < actin
C
b € AERd
< actin
1 2 3 4

Figure 3. Association of DmORC with chorion loci elements
in vivo. Chromatin-containing extracts were prepared from
formaldehyde-treated stage 10 egg chambers and were immuno-
precipitated with either anti-DmORC2 serum (lane 3) or preim-
mune serum (lane 4). DNA was amplified using PCR primers
specific to ACE3 (A), ACE1 (B), or AER-d (C), and primers spe-
cific to actin (A-C). Quantitation of the PCR products indicates
the following enrichments of ACE elements compared to actin
DNA in the precipitation: 28-fold enrichment for ACE3 com-
pared to actin; 10-fold enrichment of ACE1 compared to actin;
and 14-fold enrichment of AER-d compared to actin. These
primers were also used to amplify dilutions of DNA isolated
from the extracts before immunoprecipitation (Input DNA,
lanes 1,2). The amount of input DNA used in these reactions
was the equivalent of 0.5% (lane 1) and 0.125% (lane 2) of the
total DNA present before immunoprecipitation.
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DNA. Control reactions containing DNA obtained with
preimmune serum yielded neither ACE3 nor actin prod-
ucts (Fig. 3A, lane 4). Similar data are obtained when
primers for Hsp70 or DmORCI are used as a negative
controls (data not shown). Therefore, we conclude that
DmORC associates with ACES3 in vivo and that this as-
sociation occurs before significant amplification.

We performed additional experiments to test the asso-
ciation of DmORC with other chorion loci DNA ele-
ments. Using primers specific to the amplification con-
trol region on the X-chromosome, ACE1 (Spradling et al.
1987), or to AER-d, we observed that both of these ele-
ments are enriched in the anti-DmORC2 immunopre-
cipitate compared to actin (Fig. 3B,C). Because ACE3 and
AER-d are only separated by a distance of (1.5 kb and the
average size of the cross-linked DNA fragments in this
experiment is 1.6 kb, this experiment does not defini-
tively show that DmORC recongized both sequences.
Additional experiments with more extensive sonication
(average DNA size of 450 bp) resulted in similar enrich-
ment of both AER-d and ACE-3 relative to actin,
strongly suggesting that DmORC recognizes both se-
quences (data not shown).

To show that DmORC binds to ACE3 independent of
other chorion DNA sequences, the ChIP assay was per-
formed on stage 10 egg chambers isolated from the M9-2
transformant line. For this experiment, we designed
primer sets specific to the M9 repeat as well as primer
sets recognizing sequences distal from (13.2 and 9.7 kb)
and proximal to (3.4 and 1.7 kb) the M9 repeat (respec-
tively, primer sets A, C, ry, and B; see diagram, Fig. 4).
PCR analyses indicate the anti-DmORC immunopre-
cipitate is enriched with the M9 DNA compared to the
sequences recognized by the distal primer sets (Fig. 4; cf.
lane 5 to lanes 1 and 4, and cf. lane 20 to lanes 16 and 19).
The proximal primer sets yield a similar amount of prod-
uct to the M9-specific primer set in reactions containing
anti-DmORC immunoprecipitate DNA (Fig. 4, lanes
10,15). Given that the DNA in the immunoprecipitation
was sonicated to an average size of 450 bp, the signal
from the ry and B primer sets indicates that DmORC is
associated with DNA that proximally flanks the M9 re-
peat. To demonstrate that these proximal sequences are
not associated with DmORC in the absence of ACE3, we
performed a PCR analysis of DNA immunoprecipitated
from wild-type flies (lacking the M9 construct) using
primer set B (Fig. 4C, lanes 21-23). The results of this
analysis indicate that sequence recognized by primer set
B is not enriched after anti-DmORC precipitation in
wild-type flies. Thus, DmORC only localizes to this re-
gion of DNA when it is adjacent to the M9 repeat. These
findings demonstrate that ACE3 is sufficient to localize
DmORC to ACE3 as well as adjacent linked sequences
(see Discussion).

ATP-dependent binding of DmORC to ACE3 in vitro

To determine whether DmORC binds to ACE3 in the
absence of other cellular proteins, gel mobility-shift as-
says were performed using DmORC protein purified
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Figure 4. Association of DmORC with the M9 P-element construct in vivo. Chromatin immunoprecipitation analysis of stage 10 egg
chambers isolated from the M9-2 transformant line. (A) Diagram of the P-element insertion site of the transformant line M9-2. The
diagram shows the location of the PCR primers used for this experiment, primers sets A, B, C, ry, and M9. (B) PCR analysis was
performed on DNA isolated from immunoprecipitations with preimmune serum (lanes 4,9,14,19) or anti-DmORC2 serum (lanes
5,10,15,20). PCR analysis was also performed on input DNA equivalent to 2% (lanes 1,6,11,16), 0.5% (lanes 2,7,12,17), and 0.125%
(lanes 3,8,13,18) of the total DNA present before immunoprecipitation. (C) PCR analysis was performed on DNA isolated from the
wild-type flies after immunoprecipitations with preimune serum (lane 22) or anti-DmORC2 serum (lane 23). The wild-type flies lack
the M9 construct. In the M9-2 transformant line, the M9 construct is present at one copy per genome equivalent whereas the A, B,
and C. primer sets recognize loci that are present in two copies per genome equivalent. The rosy sequence recognized by the ry primer
set is present at three copies per genome equivalent in the M9-transformant line. Consequently, PCR reactions performed with input
DNA from the M9-2 transformant line always yield less product for the M9 DNA compared to the other sequences.

from embryos (Fig. 5A; Gossen et al. 1995) and radiola-
beled ACE3 DNA. Binding reactions containing
DmORC vyield a discrete shifted species in the presence
but not absence of ATPyS (Fig. 5B, lanes 2—-4). ATPvS was
used in these experiments to ensure that any potential
ATPase activities present in our DmORC fraction did
not affect the results of our binding assays; however,
similar results are obtained when we use ATP instead of
ATP~S (data not shown). This ATP-dependent binding
activity coelutes with DmORC protein in a glycerol gra-
dient (data not shown). Addition of affinity-purified anti-
DmORC2 antibody reduces the amount of this shifted
species and results in a corresponding increase in mate-
rial migrating near the top of the gel or retained in the
wells (Fig. 5B, lane 5). In contrast, an anti-RNA polymer-
ase II antibody has no effect the mobility of the ATP-
dependent DNA-binding activity (Fig. 5B, lane 6), nor
does the anti-DmORC2 antibody affect the mobility of a
S. cerevisiae ORC-DNA complex (data not shown). In
the gel mobility-shift assay we do observe smeared slow
mobility species in the presence of DmORC that are in-
dependent of ATP. This binding activity does not coelute
with DmORC protein on a glycerol gradient (data not
shown) and addition of anti-DmORC2 antibody does not
affect the mobility of these species. We conclude

DmORC binds ACES3 and, like S. cerevisiae ORC, re-
quires ATP to interact with target DNA.

To address the sequence specificity of the ATP-depen-
dent DmORC DNA-binding activity, we compared bind-
ing of DmORC to ACE3, AER-d, and DNA sequences
that flank these fragments in the Drosophila genome
(Fig. 6). We detect ATP-dependent binding to ACE3, as
expected, and to AER-d. Little if any ATP-dependent
binding to the flanking fragments was detected; how-
ever, some ATP-independent binding is observed. Thus,
the ATP-dependent binding of DmORC to ACE3 and
AER-d is sequence specific. To determine which se-
quences within ACE3 were recognized by DmORC, we
divided ACE3 into three fragments. Individually these
ACE3 fragments were not bound by DmORC (data not
shown), which could indicate that DmORC does not in-
teract with small (100 bp or less) DNA fragments. To
circumvent this potential problem, these fragments were
subcloned into the ACE3 flanking fragment (RF, Fig. 7)
previously shown not to bind DmORC (Fig. 6, lane 7) to
determine whether introduction of these ACE3 se-
quences was sufficient to allow DmORC recognition.
Addition of the middle third of ACE3, which contains an
80-bp AT-rich noncoding sequence highly conserved be-
tween four Drosophila species, resulted in strong
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Figure 5. ATP-dependent binding of DmORC to ACES3 in
vitro. (A) DmORC was purified from embryo extracts. The peak
fraction (2 nl) from the final purification step was separated on
a 10% polyacrylamide gel and subsequently silver stained (lane
1). The mobility of each DmORC subunit is located to the left
of lane 1. (B) Electrophoretic mobility-shift assays were per-
formed with radiolabeled ACE3 DNA. Binding reactions con-
tained, as indicated, DmORC protein (lanes 3-6), ATPyS (lane
4-6), 50 ng affinity purified anti-DmORC?2 antibody (lane 5), 50
ng anti-Drosophila RNA polymearse II (Polll) antibody (lane 6).
The ATP-dependent species is indicated by the arrow.

DmORC-binding activity (Fig. 7, lane 10; cf. lane 2) that
is equivalent to that observed with ACE3 (data not
shown). Inclusion of either remaining ACE3 fragments
(Fig. 7, lanes 6,14) modestly stimulated binding to the RF
fragment. Therefore, the sequences in the center of
ACE3 are most critical for DmORC DNA binding; how-
ever, adjacent sequences also stimulate DmORC-bind-

ATPYS — =+ +——++
DmORC — ++ —— + +—

——t++-—++

I

Figure 6. DmORC binds specifically to ACE3 and AER-d in
vitro. DmORC electrophoretic mobility-shift assays were per-
formed with labeled DNA fragments. The DNA fragments, as
diagramed at the bottom of the figure, were ACE3 DNA (lanes
1-4), DNA that flanks ACE3 (lanes 5-8), AER-d DNA (lanes
13-16), or DNA that flanks AER-d (lanes 9-12). Binding reac-
tions contained DmORC (lanes 2,3,6,7,10,11,14,15) and ATPvS
(lanes 3,4,7,8,11,12,15,16). The ATP-dependent species are in-
dicated by the arrow.
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Figure 7. DmORC interacts most strongly with the middle-
third of ACE-3. (A) Diagram of ACE3 and flanking DNA (RF
fragment). Different parts of the ACE3 (fragments a,b, and c)
were subcloned into the Stul site (indicated by a verticle arrow)
located in the center of the RF fragment. These subclones were
used to make the DNA probes (B), for an electrophoretic mo-
bility-shift assay (C). Binding reactions contained probe RF
(lanes 1-4) probe RF + a (lanes 5-8), probe RF + b (lanes 9-12),
or probe RF +c (lanes 13-16). Binding reactions also con-
tained DmORC (lanes 2,3,6,7,10,11,14,15) or ATPyS (lanes
1,2,5,6,9,10,13,14).

ing, suggesting the presence of several potential DmORC
binding sites within ACE3. Consistent with this idea,
previous amplification studies found that no single in-
ternal deletion within ACE3 completely eliminated am-
plification (Orr-Weaver et al. 1989).

Discussion

We have used in vivo and in vitro methods to demon-
strate that ACE3 can serve as a DNA-binding site for
Drosophila ORC. Immunofluoresence and in vivo cross-
linking experiments indicate that ACE3 element is suf-
ficient to localize DmORC in vivo. In vitro DNA-bind-
ing studies demonstrate that purified DmORC protein
specifically binds to ACE3 in an ATP-dependent man-
ner. We also provide data that suggest DmORC binds to
another third chromosome chorion DNA element, AER-
d, and associates with the X-chromosome chorion ele-
ment ACE1. Identification of these DNA elements as



DmORC-binding sites is an important step toward un-
derstanding of how DmORC DNA binding regulates
DNA replication and indicates that metazoan ORC can
exhibit sequence-specific DNA binding. The results and
methods described here also suggest new methods to
identify additional ORC-binding sites and therefore, po-
tential metazoan origins of replication.

Several lines of evidence suggest that DmORC will
use similar mechanisms to S. cerevisiae ORC (ScORC)
to direct initiation of DNA replication. An important
role of SCORC in DNA replication is sequence-specific
binding to yeast origins of replication, and we observed
specific binding of DmORC to amplification control el-
ements. Sequence-specific DNA binding by ScORC is
dependent on ATP (Bell and Stillman 1992). In addition,
ScORC binds and hydrolyzes ATP, and this hydrolysis
activity is inhibited by the presence of origin DNA, sug-
gesting that ATP hydrolysis controls ScCORC activity
(Klemm et al. 1997). Consistent with a similar mecha-
nism in Drosophila, we observe ATP-dependent binding
of DmORC to ACE3 and AER-d. In addition, the amino
acid residues in ScCORC that are important for ATP bind-
ing are conserved in DmORC (Pak et al. 1997). In S.
cerevisiae, an essential role for ORC in DNA replication
is the recruitment of additional replication control pro-
teins to yeast origins of replication, including Cdc6p, the
MCM proteins, and Cdc45p (Aparicio et al. 1997; Tanaka
et al. 1997). Because sequence analogs for most of these
replication control proteins have been identified in Dro-
sophila (Feger et al. 1995; Su et al. 1996, 1997; Ohno et
al. 1998; Feger 1999; Shaikh et al. 1999), it is likely that
DmORC will direct replication by recruiting these pro-
teins to Drosophila origins of DNA replication.

Although the sequence-specific DNA binding by
DmORC is ATP dependent, we also observed DNA bind-
ing by DmORC that is nonspecific and ATP independent
(R. Austin, unpubl.). Specifically, DmORC DNA mobil-
ity-shift assays performed in the absence of competitor
DNA result in the DNA probe being retained in the
wells of the gel, suggesting that multiple DmORC mol-
ecules are binding to sequences throughout the entire
probe, and this binding is independent of ATP. Because
the ATP-dependent activity only binds a small amount
of probe in the mobility-shift assay, we suggest that only
a subset of our purified DmORC protein possesses ATP-
dependent DNA-binding activity. The DmORC protein
used in these experiments was isolated from 0- to 12-hr
embryos, and given that DmORC is present at higher
levels in early embryos versus late embryos (Gossen et
al. 1995), the majority of the protein should be derived
from early embryos. Consistent with reported observa-
tions (Chesnokov et al. 1999), we speculate that the non-
specific ATP-independent DNA activity represents
DmORC protein from younger embryos in which inter-
origin spacing is relatively small (Spradling and Orr-
Weaver 1987). We propose that the ATP-dependent se-
quence-specific DNA-binding activity is due to the sub-
set of DmORC protein derived from older embryos
where origin usage is more restricted. This raises the
possibility that the developmental change in inter-origin
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spacing could correlate with a shift from ATP-indepen-
dent to ATP-dependent DmORC function. Future stud-
ies of DmORC purified from more restricted embryo
populations will allow a direct test of this hypothesis.

We have shown that DmORC specifically binds ACE3,
but studies of DmORC localization in follicle cells sug-
gests mechanisms must also exist to prevent DmORC
from binding to nonamplifying loci. These mechanisms
could include cofactors that possess chromatin remodel-
ing activity or that physically interact with DmORC to
restrict binding to the amplified regions. Interestingly,
recent data indicate that Drosophila E2F controls bind-
ing of DmORC to the chorion loci. E2F mutants pre-
dicted to have reduced DNA-binding activity fail to form
discrete foci of DmORC localization (Royzman et al.
1999). One interpretation of these data is that E2F affects
expression of the putative cofactors mentioned above.
Alternatively, E2F may regulate DmORC complex func-
tion by controlling expression of one or more of the
DmORC subunits. Indeed, E2F-binding sites present in
the DmORC]1 promoter are important for promoter ac-
tivity, and overexpression of DmORCI in the follicle
cells leads to induction of inappropriate genomic repli-
cation (Asano and Wharton 1999). The DNA-binding do-
main of E2F itself may be sufficient to restrict DmORC-
DNA binding because a dE2F mutation predicted to lack
transcriptional activity but with an intact DNA-binding
domain exhibits normal DmORC localization in follicle
cells (Royzman et al. 1999). Although these models are
based on our analysis of DmORC localization in follicle
cells, similar mechanisms could be used to regulate
DmORC-DNA binding and origin usage in develop-
ment.

Our data support previously suggested hypotheses that
metazoan origins have multiple ORC DNA-binding
sites. These hypotheses were based on two types of ob-
servations. First, replication has been observed to initi-
ate at multiple sites within metazoan origins (for review,
see DePamphilis 1999), including the Drosophila third
chromosome chorion locus (Delidakis and Kafatos 1989;
Heck and Spradling 1990). Second, metazoan origins of
replication appear to have multiple elements that con-
tribute their function. This modular organization has
been observed at the chorion locus, where multiple se-
quences contribute to the overall levels of amplification
(for review, see Orr-Weaver 1991), and at the human
B-globin locus, where multiple elements are required for
origin function (Aladjem et al. 1998). These observations
were believed to be the consequences of ORC binding
multiple sites within an origin.

Our in vivo studies are consistent with multiple
DmORC molecules associating with ACE3-linked DNA.
Insertion of the ACE3 element at a new locus in the
genome results in DmORC association with sequences
at least 3.4 kb but less than 9 kb from ACES3. Our data are
consistent with a model in which ACE3 nucleates
DmORC-DNA binding, and in turn this would lead to
DmORC interacting with adjacent binding sites in the
chorion locus. Although DmORC appears to associate
with sequences outside of ACES3 in the chromatin im-
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munoprecipitation experiments (Fig. 4B), these associa-
tions are still absolutely dependent on the presence of
the M9 construct (Fig. 4C). It is possible that these asso-
ciations are the result of the formation of a higher order
complex at the origin that contains multiple DmORC
molecules. This situation would be analogous to the
ability of four DNA-binding sites to direct the assembly
of 20-40 molecules of the dnaA initiator protein at the
Eschrichia coli chromosomal origin of replication (oriC;
for review, see Skarstad and Boye 1994). Similarly, S.
pombe ORC contains a domain that binds to AT-rich
DNA sequences, and it has been suggested that S. pombe
ORC may interact with the multiple AT-rich elements
that contribute to S. pombe origin function (Chuang and
Kelly 1999). Currently we do not know the mechanism
that leads to what appears to be multiple DmORC mol-
ecules associating with ACE3-linked DNA. It is possible
that this association is related to the two populations of
DmORC that we observe in our in vitro DNA-binding
studies (see above), with some DmORC molecules mak-
ing specific contact with ACE3 and others making non-
specific contacts with adjacent sequences. Alternatively,
this type of extensive association may be the result of a
specialized function of the ACE3 element that assists in
the amplification process. Characterization of DmORC
association with other nonamplifying origins of replica-
tion and further studies of the DNA-binding specificity
of the different popluations of DmORC will be required
to distinguish between these possibilities.

The in vivo methods described here for studying
DmORC-DNA interactions in Drosophila follicle cells
can be adapted to identify additional DmORC DNA-
binding sites and potential replication origins in other
tissues. Identification of these sequences will be impor-
tant for understanding how ORC regulates metazoan
replication and how origin usage is developmentally
regulated. Using these sequences in combination with in
vitro replication systems (Crevel and Cotterill 1991;
Walter et al. 1998; Chesnokov et al. 1999) and the future
purification of ORC from different tissues will allow for
the design of more precise experiments to understand
how metazoan DNA replication is regulated.

Materials and methods

Antibodies

The anti-Drosophila ORC2 serum has been described previ-
ously (Pinto et al. 1999; Royzman et al. 1999). For affinity pu-
rification of the anti-DmORC2 antibody, purified DmORC2
protein (Royzman et al. 1999) was coupled to cyanogen bro-
mide-activated Sepharose (Pharmacia) and the antibody was pu-
rified from sera using standard methods (Harlow and Lane
1988). For the Western blot, samples were applied to a 10%
SDS-PAGE and subsequently transferred to nitrocellulose
(Schleicher and Schuell BA85). After blocking with 5% nonfat
dry milk, the blot was probed with using a 1:2500 dilution of the
anti-DmORC serum, and bound primary antibody was detected
using an HRP-conjugated anti-rabbit antibody (Amersham) and
a chemiluminescent substrate (Pierce SuperSignal).
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Immunofluorescence of egg chambers

Egg chambers were stained as described previously (Royzman et
al. 1999) except that the anti-DmORC2 serum was diluted in
lysis buffer (Strahl-Bolsinger et al. 1997). The washes after in-
cubating with the primary antibody were also performed with
lysis buffer. The egg chambers shown in Figure 1 were mounted
in clearing solution (2:1 benzyl benzoate:benzyl alcohol; Theu-
rkauf and Hawley 1992) containing 50 mg/ml n-propyl gallate,
and the egg chambers shown in Figure 2 were mounted in
VectaShield (Vector Laboratories). Nuclear lamin Dm,, staining
was performed using Ab101, an antibody provided by K. McCall
and H. Steller (Smith et al. 1987). The antibody was diluted 1:1.5
and detected using a FITC-conjugated anti-mouse secondary an-
tibody (Jackson Immuno Research Laboratories). Images were
collected with a 100x oil objective using a CCD camera and
were processed with the CELLscan 2.1 system (Scanalytics) for
the images in Figure 1 or were processed with the DeltaVision
system for the image in Figure 2.

Drosophila transformant lines

Anti-DmORC staining was performed on the previously char-
acterized transformant lines: M9-2 is described in Carminati et
al. (1992); A,3O0,4-2 (shown in Fig. 1), A,;g0,4-7, As4O;g-1
(shown in Fig. 1), A540:52, A5O0:5-4, A54044-6, A54015-7,
A.0,68, Asy0159, AsyOy6-11, AsyO,6-12, and Ag,0,4-13 are
described in Orr-Weaver et al. (1989).

Chromatin immunoprecipitation assay

Stage 10 egg chambers were dissected from ovaries of fattened
flies in nonsupplemented Grace’s medium (GIBCO-BRL) and
were stored on ice for up to 2 hr. The nonsupplemented Grace’s
medium was replaced with room temperature supplemented
Grace’s medium (GIBCO-BRL). Formaldehyde (Mallinckrodt)
was added to a final concentration of 2% and cross-linking was
allowed to proceed for 15 min at room temperature on a rotator.
The cross-linking reaction was stopped by addition of glycine at
a final concentration of 0.125 mm and incubating 5 min. The
cross-linked egg chambers were washed twice with 1 ml of TBS
[20 mm Tris (pH 7.6), 140 mm NaCl], then twice with 1 ml of
lysis buffer (Strahl-Bolsinger et al. 1997). The egg chambers were
suspended in 500 pl of lysis buffer, frozen in liquid nitrogen, and
stored at —-70°C. When sufficient egg chambers had been col-
lected and processed (300 egg chambers per immunoprecipita-
tion reaction), the fixed egg chambers were thawed and dis-
rupted by sonication. Sonication consisted of three treatments
of 12 sec each using a Branson 250 sonicator at power setting 1.5
and 100% duty cycle. To obtain an average sonication size of
450 bp, an additional three rounds of sonication were per-
formed. Between pulses the egg chambers were incubated on ice
for 2 min or more. All postsonication procedures were per-
formed as described previously (Strahl-Bolsinger et al. 1997)
with the following exceptions: the immunoprecipitation reac-
tions were performed with either 2 ul of preimmune serum or 2
pl of anti-DmORC2 serum; the immunoprecipitated DNA was
dissolved in a final volume of 20 pl; RNase treatment was omit-
ted; and PCR reactions were subjected to 32 rounds of cycling.
The PCR products were analyzed and quantitated using a Mo-
lecular Dynamics Fluorlmager and ImagQuant software.

The ACE3, ACE1, actin, ry (rosy) primer sets were described
previously (Royzman et al. 1999). These primers yield PCR
products that, respectively, are 323, 252, 165, and 207 bp in size.
The sequences of the other primers used here are: AAAGC-
TAAAACTAAATTAATTTGTGGGG and GGTTCCAGCCG-



GTTTTTCTGATAAAACC for AER-d which produce a 276-bp,
product; GGCGTAAATGTTCTCGAATTCCCG and GACGC-
CAACACGAACGCGTCGGTC for DmORC1, which produce
a 277-bp product; CCGATTTCGGCGCGACTGCTACCCG
and ATGCGGTCGGAATCTTACGTATGGG for the MO9-
specific primer set, which produce a 160-bp product; CTG-
CTGACCTCTTTGGTCAACTTCAC and GGCACCCAGTG-
TGCCTGTTGACCC for primer set A and produce a 139-bp
product; GGCAATATGCCGTGGGTTGGGTAGG and GCT-
GACCTGACAATATCATTAAGGG for primer set C, which
produce a 204-bp product; and GTGTTTCTTTGTGTGTGC-
GAAAGCGCTC and AGAACCGAATTTTTGCTAGATCTT-
CCTC for primer set B, which produce a 219-bp product. To
design the A, B, and C primer sets, portions of genomic clones
surrounding the M9-2 P-element insertion site (Carminati et al.
1992) were sequenced.

Plasmids

The constructs used in Figure 7 were made by inserting the
Asp-718/Mfel, Mfel/Apol, or Apol/BamHI blunted fragments
from ACE3 into the Stul site of plasmid A;,0, (Orr-Weaver et
al. 1989) (the Stul site is located at -120 relative to the s18
transcription start site).

Purification of Drosophila ORC

Drosophila ORC was purified from 0- to 12-hr embryo extracts
as outlined previously (Gossen et al. 1995) using anti-DmORC2
antiserum to follow DmORC activity. Details on extract prepa-
ration, heparin-agarose chromatography, Sephacryl S-300 chro-
matography, and Mono Q chromatography are described else-
where (Austin and Biggin 1996). For the Mono S chromatogra-
phy, the Mono Q fractions with the peak DmORC2 activity
from two chromatography runs were pooled together and loaded
onto a Mono S HR5/5 (Pharmacia) column and eluted with a
10-column volume 0.1 M KC1 to a 0.6 M KCI salt gradient. The
peak Mono S fractions were pooled, diluted with buffer HEMG
[25 mm HEPES (K*) (pH 7.6), 12.5 mm MgCl,, 0.1 mm EDTA,
10% glycerol, 1 mm dithiothreitol, 0.01 % NP-40] to a final salt
concentration of 0.1 m KCIl, bound to a 50-ul SP-Sepharose
(Pharmacia) column, and eluted with 0.6 m KCI/HEMG. The
SP-Sepharose eluate (50 pl) was fractionated on a 15%-35%
glycerol gradient (Bell and Stillman 1992) containing 0.1 m KCl
and buffer HEMG.

Gel mobility-shift assay

Binding reactions (5.5 pul) contained 0.5 mm ATP~S, 90 ng/ml
poly[d(G-C)|[d[G-C)], 9 ng/ml Mspl-digested phage lambda
DNA, 0.14 mg/ml BSA, 1.5 fmole of end-labeled probe, and
4.35 pl total volume of DmORC protein (typically 1-2 nl), with
or without the addition of 0.1 m KCI/HEMG buffer. Binding
reactions were set up on ice, incubated for 10 min at room
temperature, loaded onto a native polyacrylamide gel (Rao and
Stillman 1995), and electrophoresed for 150 min at 300 V. The
resulting polyacrylamide gel was dried and exposed to X-ray
film or a Phosphorlmager screen (Molecular Dynamics). Probes
used for these assays were a 319-bp Asp-718/BamHI fragment
for ACE3; a 374-bp BamHI/AfIII fragment for the ACE3 flank-
ing probe; a 364-bp BgIIl/Spel fragment for AER-d, and a 312-bp
fragment for the AER-d flanking probe. Relative to the tran-
scription start site for the s18 chorion gene, these probes are
located at -629 to -310, -310 to +65, +878 to +1242, and +566 to
+878, respectively. To achieve equivalent labeling activity be-
tween the ACE3 and flanking fragment probes, the plasmid
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A;,0, was cut and labeled on the unique BamHI site by fill-in
reaction, and the probes were released by secondary digestion
with the appropriate restriction enzyme. Similarly, AER-d and
its flanking fragment were labeled using the unique BgIII site
and releasing with the appropriate enzyme. The probes for Fig-
ure 7 were all labeled on the BamHI site and released with AfIIL.
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