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The six-subunit origin recognition complex (ORC) is a DNA replication initiator protein in eukaryotes
that defines the localization of the origins of replication. We report here that the smallest Drosophila ORC
subunit, Orc6, is a DNA binding protein that is necessary for the DNA binding and DNA replication
functions of ORC. Orc6 binds DNA fragments containing Drosophila origins of DNA replication and
prefers poly(dA) sequences. We have defined the core replication domain of the Orc6 protein which does
not include the C-terminal domain. Further analysis of the core replication domain identified amino acids
that are important for DNA binding by Orc6. Alterations of these amino acids render reconstituted
Drosophila ORC inactive in DNA binding and DNA replication. We show that mutant Orc6 proteins do not
associate with chromosomes in vivo and have dominant negative effects in Drosophila tissue culture cells.
Our studies provide a molecular analysis for the functional requirement of Orc6 in replicative functions
of ORC in Drosophila and suggest that Orc6 may contribute to the sequence preferences of ORC in
targeting to the origins.

Eukaryotic cells duplicate their genomes with remarkable
precision during the course of growth and division. This pro-
cess depends on stringent regulatory molecular mechanisms
that couple DNA replication and cell cycle progression. To
efficiently duplicate large genomes, eukaryotes have evolved a
mechanism for the initiation of DNA replication that involves
multiple origins of replication (ori) along the chromosomal
DNA. The utilization of such sites in multicellular organisms
changes during development, and this process affects both
gene expression and chromosome folding. The program of
such spatial and temporal activation is not understood. Al-
though not necessarily random, the origin site selection during
early Drosophila and Xenopus development appears to be less
dependent on specific DNA sequences (5, 25). In agreement
with this idea, a number of studies suggest that specific repli-
cator sequences might be dispensable (22, 38, 52, 53). Later in
development origin usage becomes more specific (26, 49) and
depends on many mechanisms for selection of the initiation
events. Overall, with an exception of the budding yeast Sac-
charomyces cerevisiae, DNA sequences that define eukaryotic
and especially metazoan replication origins are poorly charac-
terized, mainly because of a lack of definitive biochemical or
genetic assays (13, 17, 18).

The hexameric origin recognition complex (ORC) is an im-
portant component for eukaryotic DNA replication. It was
originally discovered in the budding yeast S. cerevisiae, and
subsequent studies both in yeast and higher eukaryotes laid the
foundation for understanding the functions of this important
key initiation factor. ORC binds to origin sites in an ATP-

dependent manner and serves as a scaffold for the assembly of
other initiation factors (3). ORC also directly participates in
the loading of initiation factors (6, 45). Sequence rules for
ORC DNA binding appear to vary widely. In budding yeast
ORC recognizes specific ori elements; however, in higher eu-
karyotes origin site selection appears to be less dependent on
the specific DNA sequence. Even though ORC is bound at
specific chromosomal regions containing origins of replication
in both differentiated insect and human somatic cells, little is
known about how ORC finds these sequences (1, 2, 27). ORC
localization and origin selection involve many elaborate path-
ways with many regulators intervening upstream and down-
stream of ORC chromatin association (13, 14, 15, 17, 18).

In addition to initiating DNA replication, ORC is involved
in other functions (see references 3 and 9a for reviews). Some
of these activities link cell cycle progression to DNA replica-
tion, whereas other functions seem distinct from replication.
ORC assists in the establishment and maintenance of tran-
scriptionally repressed domains in yeast and metazoans (see
reference 51 for a review). The latheo gene product, Drosophila
Orc3, is implicated in ion transport at neuromuscular junctions
(43). Other core ORC subunits may regulate dendrite devel-
opment in postmitotic neurons (23). The Orc6 subunit partic-
ipates in cytokinesis in both Drosophila and human cells,
probably through the interaction with septin proteins (9, 44).

The Orc6 protein is the least conserved of all ORC sub-
units, and amino acid alignments between budding yeast and
metazoan proteins do not show statistically significant ho-
mologies. However, Schizosaccharomyces pombe and meta-
zoan Orc6 proteins (7, 16, 29, 40) are homologous, similar in
size, and considerably smaller than the S. cerevisiae Orc6. In
S. cerevisiae, Orc6 is essential for viability but is not required
for DNA binding in vitro (32, 34). In Xenopus and humans,
Orc6 protein does not seem to be tightly associated with
other core ORC subunits (16, 19, 56), but when human Orc6
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is expressed in the baculovirus system with the other ORC
genes, it does join a six-subunit ORC complex (55, 56). In
contrast, Drosophila Orc6 is an integral part of the complex
and is required for DNA binding by ORC. Moreover, the
ORC consisting of subunits 1 to 5 [ORC(1–5)] and lacking
the Orc6 subunit did not complement ORC-depleted ex-
tracts for DNA replication (8).

In our previous work we established two distinct functional
domains in Drosophila Orc6. The C-terminal domain of the
protein participates in cytokinesis through the interaction with
the septin protein Pnut (9). In this study we show that the
replication function of Drosophila Orc6 is associated with the
N-terminal domain of the protein. Orc6 has a DNA binding
ability, prefers poly(dA) sequences, and may contribute to the
targeting of ORC to the origins of replication. Analysis of the
N-terminal core replication domain allowed identification of
amino acids that are essential for the DNA binding ability of
Orc6. Alterations of these amino acids severely compromised
the functions of reconstituted Drosophila ORC protein in
DNA binding and in DNA replication in vitro. In vivo, mutant
Orc6 proteins do not associate with chromosomes and have
dominant negative effects when expressed in Drosophila tissue
culture cells. Cells with overexpressed mutant proteins have a
reduced replication activity, as judged by bromodeoxyuridine
(BrdU) incorporation. Our studies further illustrate the bio-
chemical mechanisms underlying the initiation site selection by
ORC in metazoan species and provide evidence for the impor-
tant role of Orc6 in DNA recognition and replication in
Drosophila.

MATERIALS AND METHODS

Purification of recombinant Orc6 and Drosophila ORC. His-tagged wild-type
Orc6 (Orc6-wt) and mutants (Orc6 with a K76A mutation [Orc6-K76A],
Orc6-S72A, and Orc6 incorporating a stop codon instead of amino acid
residue 200 [Orc6-200]) were purified by using the QIAexpress Escherichia
coli expression system. In brief, proteins were produced by expression from
pET15b plasmid in E. coli strain BL21. Protein induction and purification
using Ni-nitrilotriacetic acid-agarose beads were done according to QIAGEN
recommendations. Peak fractions containing Orc6 proteins were further pu-
rified using Tricorn Superdex 75 (internal diameter, 10 mm; height, 300 mm)
and HiTrap SP 5/5 (internal diameter, 5 mm; height, 50mm) columns. Re-
combinant baculoviruses were generated by using a Bac-to-Bac expression
system (GIBCO/BRL). Viruses carrying Orc1 with a six-His N-terminal tag,
Orc2, Orc3, Orc4, and Orc5 genes were mixed with either wt or mutant Orc6
baculovirus constructs. High Five cells were infected for 72 h, collected, and
resuspended in buffer A (10 mM HEPES [pH 7.5], 15 mM KCl, 2 mM MgCl2,
2 mM �-mercaptoethanol, 1 tablet of protease inhibitor cocktail [Roche] per
50 ml of buffer A) and incubated on ice for 30 min. Nuclei were precipitated
by centrifugation at 3,200 � g for 10 min. Nuclear extracts were prepared by
incubation with buffer B (buffer A containing 450 mM NaCl) for 30 min on
ice and centrifugation at 15,000 � g for 15 min. Supernatant was mixed with
Ni-agarose (QIAGEN), incubated for 4 to 5 h at 4°C, and washed (buffer B
with 20 mM imidazole), and proteins were eluted with buffer B, containing
250 mM imidazole, using a gravity flow column. Peak fractions were further
purified as described previously (8).

Site-directed mutagenesis. Orc6-wt was originally cloned into the pQE-30
QIAexpress vector. The single-amino-acid mutants Orc6-K76A and Orc6-S72A
were generated by replacing amino acids K76 and S72 with alanines following
Stratagene’s site-directed mutagenesis protocol (http://www.stratagene.com
/manuals/200516.pdf). The C-terminal mutant Orc6-200 was designed by using a
PCR technique. All mutants were verified by sequencing to confirm that only the
desired changes had been made.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed es-
sentially as described previously (8, 47). Each reaction mixture contained �50 to
200 ng of purified Orc6 protein, 100 to 1,000 ng of competitor (see figure legends
for details), and �1 ng of end-labeled specific DNA probes. ACE3 (320 bp),

ori-� (810 bp), ori-�-R (310-bp fragment located to the right from ori-�), and the
DNA fragment corresponding to the Orc6 cDNA (782 bp) were used as specific
probes in EMSAs. Reaction mixtures were set up on ice and incubated at room
temperature for 30 min. A total of 10 �l was loaded on a 4% native polyacryl-
amide gel. The size of synthetic competitor DNAs (Amersham Biosciences) used
in competition EMSA experiments was from 500 to 3,000 bp.

EMSAs with purified recombinant Drosophila ORC protein were performed
as described previously (8). See Results and figure legends for details.

In vitro replication in Drosophila egg extracts. The preparation of egg extracts
was based on a procedure described previously (12). In brief, embryos (0 to 2 h)
were washed with extraction buffer, cold treated, and homogenized. The homog-
enate was centrifuged for 20 min at 13,000 rpm in a TLA100.3 Beckmann rotor.
The middle layer was collected and recentrifuged. The supernatant was made 5%
with respect to glycerol and 1 mM to ATP. The extract was frozen in 20-�l beads
in liquid nitrogen.

Extract beads were thawed and supplemented with an ATP regeneration
system (60 mM phosphocreatine and 150 �g/ml creatine phosphokinase) and
immunodepleted with anti-Orc2 and anti-Orc6 antibodies. Xenopus sperm DNA
was incubated for 1 h in extracts at a concentration of 2 to 5 ng/�l in the presence
of [�32 P]dCTP. The replication rescue experiment was performed by the addi-
tion of increasing amounts of baculovirus-reconstituted ORC. DNA was ethanol
precipitated, resuspended in Tris-EDTA buffer and subjected to electrophoresis
in a 0.8% agarose gel. The gel was dried and autoradiographed.

BrdU incorporation and GFP-Orc6 expression in L2 cells. Orc6-wt and mu-
tant proteins were fused with green fluorescent protein (GFP) at the N terminus,
subcloned into pMT/V5-B vector, and transfected into Drosophila L2 cells ac-
cording to the manufacturer’s (Invitrogen) recommendations. The metallothio-
nein promoter was induced by 0.5 mM CuSO4, and cells were incubated with
BrdU overnight at a final concentration of 10 �M. Cells were fixed with 2%
formaldehyde, treated with DNase, incubated with anti-BrdU antibodies (Becton
Dickinson), and subjected to immunofluorescent microscopy as described pre-
viously (9).

BrdU incorporation in salivary gland polytene chromosomes and immuno-
staining. Salivary glands of third-instar larvae were incubated in phosphate-
buffered saline (PBS) with 10 �M BrdU for 40 min, transferred to fixing solution
(2% formaldehyde in PBS, 0.1% Triton X-100, 45% acetic acid), squashed in
45% acetic acid, and frozen in liquid nitrogen. Subsequently, an immunostaining
procedure was performed, generally according to a previously described poly-
tene chromosome immunostaining protocol (53a) using anti-BrdU (Becton
Dickinson) and anti-Orc6 affinity-purified rabbit antibodies.

GFP-Orc6 expression in salivary glands. Fused, wt GFP-Orc6 and GFP-Orc6
mutants were cloned into the pUAST vector and injected into w1118 fly embryos.
Homozygous flies stocks were set up. To induce GFP-Orc expression, UAS-
GFP-Orc flies were crossed to flies bearing GAL4 driven by Sgs-3 promoter
(Bloomington stock w1118; P{w�mC � Sgs3-GAL4.PD}TP1). Sgs-3 promoter
induces GAL4 in the salivary glands of third-instar larvae. Salivary glands of
these larvae were dissected in PBS, stained with 4�,6�-diamidino-2-phenylindole
(DAPI), and mounted in PBS containing 60% glycerol–4% N-propyl-gallate.
Slides were sealed, and live images were taken within 2 h using a fluorescent
microscope.

RESULTS

Drosophila Orc6 binds DNA on its own and prefers poly(dA)
sequences. We have shown before (8) that Drosophila ORC
lacking the smallest Orc6 subunit was unable to bind DNA,
suggesting that Orc6 is important for DNA recognition. To
examine whether the Drosophila Orc6 subunit on its own was
able to bind DNA, a series of gel shift experiments was carried
out. ori-� and ACE3 DNA fragments with origins of DNA
replication derived from the Drosophila chorion gene amplifi-
cation locus were used as probes for EMSAs. Drosophila Orc6
expressed in E. coli as a His-tagged fusion protein was purified
through several chromatographic steps (see Materials and
Methods for details). A recombinant Orc6 formed a distinct
complex with both ori-� and ACE3 fragments derived from the
chorion locus (Fig. 1, lanes 1 to 12). Binding was very tight,
with up to 90% of the labeled probe bound by the protein in
the case of the ori-� fragment (Fig. 1A, lanes 2 to 5). The
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addition of more protein caused a stronger shift of the DNA-
protein complex. The mobility of this DNA-protein complex
changed when increasing amounts of the competitor DNA
[poly(dI-dC)] were added to the reaction. This change in the
mobility of the discrete Orc6-DNA complexes suggests the
presence of multiple binding sites for Orc6 within the ACE3
and ori-� fragments. The complex migrated faster, probably
due to a titration of excessive Orc6 protein away from the
labeled DNA probe that resulted in reduced template occu-
pancy. An Orc6-DNA complex formed even in the presence of
a 1,000-fold excess of poly(dI-dC) competitor DNA. The same
result was observed when baculovirus-expressed Orc6 was used
in the reactions (data not shown). In contrast, non-origin frag-
ments exhibited significantly reduced ability to bind with Orc6
under the same conditions. No discrete Orc6-DNA complexes
were detected when the ori-�-R fragment, located between
ori-� and the s15 chorion gene, was used in the EMSA (Fig.

1A, lanes 13 to 16). Only a minor shift was observed when Orc6
cDNA was used as a probe (Fig. 1A, lanes 17 to 19).

To identify the minimal domain of the protein that binds
DNA, a deletion analysis was carried out. We have shown
before (9) that the C-terminal region of Orc6 is important for
the cytokinesis function of the protein. The deletion of that
domain resulted in cytokinesis defects. However, DNA repli-
cation in cells overexpressing the Orc6 mutant Orc6-200, which
lacks the C-terminal 57 amino acids, did not change (9). This
suggests that the N-terminal domain is sufficient to support the
replicative function of ORC. To explore this hypothesis fur-
ther, the Orc6-200 mutant was analyzed by a gel shift assay.
The C-terminal domain, required for cytokinesis function of
Orc6, was dispensable for DNA binding (Fig. 1). Orc6-200
behaved similar to the wt protein in EMSA experiments (Fig.
1, lanes 7 and 8). The electrophoretic mobility of the complex
decreased when affinity-purified polyclonal rabbit antibodies

FIG. 1. DNA-binding ability of Drosophila Orc6 protein. Binding to radiolabeled origin and non-origin DNA fragments was monitored in
EMSAs. (A) Binding of Orc6 protein to ori-� (lanes 1 to 8), ACE3 (lanes 9 to 12), ori-�-R (lanes 13 to 16), and Orc6 cDNA (lanes 17 to 19) DNA
fragments. Orc6-wt (lanes 2 to 5, 9 to 11, 13 to 15, and 18 to 19) or the Orc6-200 deletion mutant (lanes 7 and 8) protein (50 ng each) was incubated
with origin (ACE3 and ori-�) and non-origin (ori-�-R and Orc6 cDNA) DNA fragments in the presence of increasing amounts of competitor
poly(dI-dC) DNA. The amount of competitor was 100 ng, 200 ng, 500 ng, and 1,000 ng (lanes 2, 3, 4, and 5, respectively) for the ori-� probe; 100
ng, 200 ng, and 500 ng (lanes 9, 10, and 11, respectively) for ACE3 probe; 100 ng, 200 ng, and 500 ng (lanes 13, 14, and 15, respectively) for ori-�-R
probe; and 100 ng and 200 ng (lanes 18 and 19, respectively) for Orc6 cDNA probe. A total of 200 ng of competitor DNA was used in lanes 7 and
8. Addition of affinity-purified polyclonal antibodies against Orc6 supershifted the Orc6-200-DNA complex (lane 8). Controls: lanes 1, 6, 12, 16,
and 17 (no protein). (B) Binding preferences of Orc6-wt protein. Orc6-wt (100 ng) was incubated with the ori-� fragment in the presence of
increasing amounts of various competitor DNAs (100 ng, 500 ng, and 1,000 ng). IC, poly(dI-dC) (lanes 2 to 4); I/C, poly(dI) · poly(dC) (lanes 5
to 7); AT, poly(dA-dT) (lanes 8 to 10); A/T, poly(dA) · poly(dT) (lanes 11 to 13); GC, poly(dG-dC) (lanes 14 to 16); G/C, poly(dG) · poly(dC)
(lanes 17 to 19). Lane 1, no protein.
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raised against Orc6 were added to the reaction mixture (Fig. 1,
lane 8). Thus, the Drosophila Orc6 binds with DNA in vitro
with a preference for ACE3 and ori-� fragments derived from
the chorion gene amplification locus. Different fragments de-
rived from the same locus had diminished affinity for Orc6, and
small amounts of competitor DNA prevented the formation of
DNA-protein complex (data not shown). We also tried to iden-
tify the high-affinity Orc6 binding site within the ori-� or ACE3
fragments by DNase I footprinting. However, we were unable
to detect a discrete binding site using either E. coli- or bacu-
lovirus-expressed Orc6. Instead, we found that the addition of
increasing amounts of Orc6 protein caused the entire DNA
fragment to be protected (data not shown), as was observed in
Drosophila ORC footprints (47).

ACE3 and ori-� fragments are AT rich, with the AT content
at 60 to 70%. Therefore, to further define the Orc6-DNA
interaction, Orc6 sequence preference was tested for several
synthetic DNA substrates (Fig. 1B). Poly(dA) · poly(dT) was
the most efficient competitor as a DNA-protein complex
formed only when relatively small amounts (100 ng) of syn-
thetic competitor were used (Fig. 1B, lanes 11 to 13). Higher
amounts of poly(dA) · poly(dT) in the reaction completely
abolished the formation of Orc6-DNA complex. Interestingly,
poly(dA-dT) · poly(dA-dT), with the same AT content, was a
much poorer competitor. Orc6-DNA complex was detected
even in the presence of 1,000 ng of this competitor (Fig. 1B,
lanes 8 to 10). Poly(dI) · poly(dC) synthetic DNA, which has a
similar minor groove structure as poly(dA) · poly(dT) DNA,
was also able to successfully compete for Orc6 in EMSAs (Fig.
1B, lanes 5 to 7). These results suggested a preference of
Drosophila Orc6 for poly(dA) sequences and/or structural fea-
tures associated with these sequences.

Next, all fragments derived from the chorion gene locus
were analyzed for the presence of poly(dA) tracts of three and
greater. The chorion gene locus was divided into 11 fragments
of 300 to 350 bp as described before (47). The amount of
poly(dA) tracts within the ACE3 or ori-� fragments was three
to six times higher than in any other fragment derived from the
chorion gene region or in the Orc6 cDNA (data not shown).
This suggests that the repeats of A and T residues are signif-
icant for Orc6-DNA recognition.

Amino acids essential for DNA binding ability of Orc6.
Previous evidence indicated that the amino terminus of Dro-
sophila and human Orc6 proteins (amino acids 1 to 203) might
fold like human transcription factor TFIIB (9). A molecular
modeling technique was used to dock the Orc6 to a DNA
scaffold. Using the Swiss PDB program (21) (www.expasy.org
/spdbv/) we replaced TFIIB with Orc6 to create a model of
Orc6 protein bound to the DNA. Molecular graphics for struc-
tural representation of this model generated with the PyMol
program (www.pymol.org) are shown in Fig. 2A and B. This
model predicted a number of Orc6 amino acid residues in close
proximity to DNA, which might contribute to DNA binding
and recognition. Several blocks of these amino acid residues
appear to be highly conserved in all metazoan species. Of
particular interest was a consensus sequence between amino
acids 69 and 79 (Fig. 2C) that in the Orc6 model forms a
potential helix-turn-helix motif (Fig. 2A and B, highlighted in
red). The corresponding motif of TFIIB interacts with DNA
specifically with the assistance of the K189 residue (54). Two

amino acids in this structural motif were selected for mutagen-
esis: lysine 76 (K76), which might contact the DNA, and serine
72 (S72), which might stabilize the helix-turn-helix motive (il-
lustrated in Fig. 2B). Each amino acid was mutated into ala-
nine by site-directed mutagenesis. Proteins, expressed in E. coli
as His-tagged fusions, were purified. A silver-stained gel of the
Orc6 proteins used in these studies is shown in Fig. 3A. Mu-
tants Orc6-S72A and Orc6-K76A were analyzed for DNA
binding in EMSAs. As shown in Fig. 3B (lanes 6 to 13), both
alanine mutations abolished the Orc6 binding to the ori-�
fragment, suggesting that DNA interactions were affected. This
inability to bind with DNA was not due to the structural dis-
tortion of the mutant proteins. Mutants expressed and purified
normally, indistinguishable from the Orc6-wt protein. When

FIG. 2. Molecular modeling of the Orc6 structure and strategy for
selecting point mutations. (A) Molecular model of the Orc6 protein in
a complex with DNA. The structure is based on a predicted structural
homology between Orc6 and TFIIB. The Swiss PDB program (21)
(www.expasy.org/spdbv/) and PyMol program (Delano Scientific)
(www.pymol.org) were used to dock Orc6 to the DNA scaffold. A
putative helix-turn-helix motif of Orc6 that might be important for
interaction with DNA is highlighted. (B) Amino acids serine 72 and
lysine 76 are shown within a putative helix-turn-helix motif in the
Orc6-DNA model. (C) Amino acid alignment of mouse, human, and
Drosophila Orc6 proteins shows a conservative block between amino
acids 69 and 79 (numbering is according to the Drosophila Orc6 se-
quence). Serine 72 and lysine 76 residues (indicated by stars) have
been mutated to alanines.
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expressed together with other ORC subunits, point mutants
readily entered the six-subunit ORC (see below).

To visualize the Orc6 binding in vivo, GFP-fused wt and
mutant Orc6 genes were subcloned into the P(UAST) vector,
designed for P-element transformation. The UAS promoter in
the construct allows for GAL4-induced expression using the
GAL-4/UAS binary system. Fly stocks were set up for each
fusion construct. GFP-Orc6 expression was induced in salivary
glands of third-instar larvae to test chromosome binding of
Orc6 mutants. Nuclei of Drosophila salivary glands contain
polytene chromosomes that can be easily visualized with mi-
croscopy. Flies bearing GFP-fused Orc6 (wt or mutant) were
crossed to flies carrying P{Sgs3-GAL4.PD}TP1. The Sgs-3 pro-
moter drives GAL4-induced GFP fusion expression in salivary
glands at a high level (data not shown). This makes picking up
live animals for imaging an easy procedure. Salivary glands
expressing GFP-fused Orc6 were dissected in PBS and stained
with DAPI, and images were taken within 2 h. Figure 4 shows
the localization of GFP-fused wt and mutant Orc6 expressed
under the control of Sgs-3 promoter in the nucleus of Drosoph-
ila salivary glands. GFP-fused Orc6-wt protein and the Orc6-
200 deletion mutant were tightly associated with polytene chro-

mosomes (Fig. 4A and B). In contrast, the single-amino-acid
mutants Orc6-S72A and Orc6-K76A failed to associate with
chromosomes (Fig. 4C and D), in agreement with the in vitro
DNA binding experiments illustrated in Fig. 3B.

We conclude that the Drosophila Orc6 has DNA binding
ability. This activity of the protein may be mediated by a
potential helix-turn-helix motif between amino acids 70 and 79.
Alterations of conserved amino acids within this motif disrupt
the DNA binding activity of the protein both in vitro and in
vivo.

Association of Drosophila Orc6 with chromosomes in vivo.
While experiments in vitro show that Orc6 prefers poly(dA) ·
poly(dT) tracts, in vivo binding preferences of the protein
might be affected by nuclear DNA organization. To analyze the
Orc6 localization along the chromosomes, salivary gland poly-
tene chromosomes were used because of their giant size and
well-determined structure which allows visualization of protein
distribution on the chromosome. Polytene chromosomes of
Drosophila melanogaster have a chromomeric structure. Gen-
erally, there are two major types of chromomers: bands and

FIG. 3. (A) Silver-stained gel of purified wt and mutant Orc6 pro-
teins. In each lane, 300 ng of protein was loaded. (B) DNA binding
ability of wt and mutant Orc6 proteins. Proteins were incubated with
ori-� fragment in the presence of increasing amounts of poly(dI-dC)
competitor DNA (100 ng, 200 ng, 500 ng, and 1000 ng). A total of 100
ng of protein was used per reaction.

FIG. 4. GFP fused Orc6-wt (A), Orc6-200 (B), Orc6-S72A (C),
and Orc6-K76A (D) mutants expressed in salivary glands. We in-
duced the expression of various GFP-Orc6 proteins in salivary gland
of third-instar larvae to test chromosome binding of Orc6 mutants.
Flies bearing GFP-fused Orc6 genes were crossed to P{Sgs3-
GAL.PD}TP1 flies, and progeny of third-instar larvae were ana-
lyzed for GFP expression under a UV dissecting microscope. The
Sgs-3 promoter drives GAL4 expression in salivary glands of third-
instar larvae at high levels, which makes picking up live larvae for
imaging easy. Salivary glands expressing GFP-fused Orc6 were an-
alyzed as described in Materials and Methods.
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interbands. Bands contain more DNA and have a high package
ratio and strong DAPI staining. In contrast, interbands contain
less DNA and have a low package ratio, higher AT content,
and weak DAPI staining. To detect Orc6 preferences on chro-
mosomes, immunostained polytene chromosomes from the
Drosophila wt stock Canton S were stained with anti-Orc6
antibodies. Orc6 was found at the sites of BrdU incorporation,
as expected from its role in replication initiation (Fig. 5A, B,
and C). At the next step, Orc6 was overexpressed in salivary
glands using the GAL-4/UAS binary system. As Orc6 did not

demonstrate high specificity in DNA binding in in vitro exper-
iments, we expected Orc6 to be distributed evenly along chro-
mosomes, proportional to the DNA content in chromomers. In
other words, the Orc6 immunostaining pattern was expected to
follow the DAPI staining. Surprisingly, Orc6 did not follow the
DNA distribution along chromosomes but preferred less con-
densed, AT-rich interband regions (Fig. 5D, E, and F). For
example, bands from regions 21C, 21D, 21E, 22A, 23A, 25A,
and 31A of the 2L chromosome demonstrate strong DAPI
staining (Fig. 5D) but lack Orc6 (Fig. 5E). In contrast, strong

FIG. 5. Sites of active BrdU incorporation (marker for DNA replication) colocalize with the Orc6 protein in salivary gland polytene chromo-
somes. Immunostaining data are presented. Salivary glands were dissected in PBS, stained with antibody raised against Drosophila Orc6 protein
(A) and anti-BrdU antibody (B) and counterstained with DAPI. A merged image is shown in panel C. White arrowheads indicate the examples
of the colocalization. GFP-Orc6, overexpressed in Drosophila salivary glands using the GAL-4/UAS binary system, binds with chromosomes and
prefers interband regions. DAPI staining is shown (D) as well as immunostaining with antibody raised against GFP protein (E). A merged image
is shown in panel F. Bars and arrows indicate examples of heavily stained (DAPI) bands in regions 21C, 21D, 21E, 22A, 23A, 25A, and 31A
(A) which do not contain Orc6 (E). The merged image confirms that the strong Orc6 signal comes from interband regions (F).
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Orc6 staining is detected in regions with weak DAPI staining
or interbands (Fig. 5F) which are associated with less con-
densed, early replicating chromatin (39).

Orc6 is essential for DNA binding and DNA replication
abilities of Drosophila ORC. Drosophila ORC lacking the Orc6
protein did not bind to DNA (8). To test the DNA binding
activity of Drosophila ORC containing mutant Orc6 subunits
deficient in DNA binding, six-subunit ORCs were reconsti-
tuted using the baculovirus expression system as described
previously (7). ORC-wt and ORC containing the mutant Orc6
subunits (ORC containing Orc6-200 [ORC(6-200)], ORC con-
taining Orc6-S72A [ORC(6-S72A)], and ORC containing
Orc6-K76A [ORC(6-K76A)]) were purified from baculovirus-
infected High Five cells. The Orc1 subunit carried a His tag to
facilitate purification using Ni-Sepharose. All ORCs assembled
normally and behaved similarly during purification. Mutant
Orc6 subunits readily assembled into the complexes with other

ORC subunits, suggesting that structural integrity of Orc6 was
not affected by these point mutations. A silver-stained gel
showing purified wt and mutant reconstituted Drosophila
ORCs is presented in Fig. 6A. These purified proteins were
used in EMSAs with radioactively labeled ori-� probe.
ORC-wt formed a complex with the ori-� fragment (Fig. 6B,
lanes 2 to 5), as did ORC carrying the Orc6-200 deletion
mutant (Fig. 6B, lanes 2 to 8). Thus, the deletion of 57
amino acids from the C terminus of Orc6 in this particular
mutant had no noticeable effect on ATP-dependent DNA-
protein complex formation. However, the DNA binding
ability of ORCs carrying two Orc6 point mutations [ORC(6-
S72A) and ORC(6-K76A)] was severely diminished in
EMSAs (Fig. 6B, lanes 9 to 16). ATP-dependent ORC-DNA
complexes were undetectable under the same conditions
used for ORC-wt. Limited ATP-dependent ORC-DNA
complex formation was observed when significantly larger

FIG. 6. Drosophila Orc6 protein is important for ORC-dependent DNA binding and DNA replication in vitro. (A) Silver-stained gel of
recombinant purified wt and mutant Drosophila ORC proteins. In each lane 100 ng of protein was loaded. (B) DNA binding of ORC6-wt and ORC
containing mutant Orc6 proteins. ORC amounts added (50 ng, 100 ng, and 150 ng) are shown above the lanes. (C) DNA binding of the ORC with
the Orc6-K76A mutant [ORC(6-K76A)] and the Orc6-S72A mutant [ORC(6-S72A)]) was tested at higher concentrations (150 ng, 300 ng, and 450
ng) of the protein. (D) DNA replication in Drosophila extracts. Xenopus sperm DNA was incubated for 1 h in Drosophila extract (with membranes)
at a concentration of 2 to 5 ng/�l in the presence of [32P]dCTP. Where indicated, extracts were depleted of ORC by using antibodies raised against
Orc2 and Orc6. An add-back experiment was performed by the addition of 50, 100, or 150 ng of recombinant ORC proteins to depleted extracts.
RE, nondepleted replication extract control (lane 1).
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amounts of ORC protein carrying Orc6 point mutants were
added to the reaction (Fig. 6C).

In vitro DNA replication assays were performed with mutant
and wt reconstituted ORC in early Drosophila embryonic ex-
tracts. In this assay radioactive precursor ([32P]dCTP) incor-
poration into high-molecular-weight DNA was measured by
autoradiography of gels after electrophoresis. For these exper-
iments Drosophila preblastula embryo extracts were immu-
nodepleted for ORC by using antibody against Orc2 and Orc6
subunits. This removes all ORC components from the replica-
tion extract (7). The effectiveness of immunodepletion was
verified by immunoblotting (data not shown). Demembranated
sperm chromatin was added to the depleted extracts, and the
replication activities of mutant and wt recombinant ORCs
were compared to the endogenous level of replication. As
anticipated, ORCs containing mutant Orc6-S72A and Orc6-
K76A were inactive in DNA replication. The mutant proteins
were 10- to 20-fold below the activity of wt recombinant ORC
in restoring replication to the extracts (Fig. 6D, lanes 6 to 11).
The reconstituted Drosophila ORC containing Orc6-200 was
effective in rescue of extract replication ability but showed
between 50 and 100% of wt complex replication activity in
multiple experiments (Fig. 6D, lanes 12 to 14). We conclude
that Orc6 protein is necessary for ORC DNA binding and
DNA replication functions.

Orc6 is an integral part of the ORC complex in Drosophila,
and it colocalizes with other core ORC subunits during fly
embryo development (8). In Drosophila polytene chromo-
somes isolated from third-instar larvae, Orc6 colocalizes with
the sites of active BrdU incorporation (Fig. 5A, B, and C). We
and others have shown that ablation of Orc6 resulted in de-
creased BrdU incorporation and cell death in both Drosophila
and human cells (9, 44). What effect would the Orc6 mutants
described in this study have if expressed in Drosophila cultured
cells? N-terminal GFP fusions of wt and mutant Orc6 proteins
were transiently expressed in Drosophila L2 cells as described
previously (9). Our goal was to compare the localization of
Orc6 proteins in cells and DNA replication activity using BrdU
incorporation. The results are quantified and summarized in
Table 1 and shown in Fig. 7. Overexpression of Orc6-wt pro-
tein did not produce noticeable effects on either cell morphol-
ogy or the ability of cells to replicate DNA in side-by-side
comparison to nontransfected cells. Multiple experiments were
performed in order to quantitate the level of BrdU incorpora-
tion as an indicator of DNA replication in cells transfected
with wt and mutant Orc6 constructs. BrdU was incorporated in

32 to 43% of the total number of cells expressing GFP-Orc6-wt
after 10 to 12 h of incubation. However, the overexpression of
point mutants Orc6-S72A and Orc6-K76A resulted in a two- to
fourfold decrease of BrdU incorporation in the cells expressing
the corresponding GFP fusion proteins. Only 13 to 17% of
GFP-positive cells were found to contain BrdU when the Orc6-
K76A mutant was overexpressed in L2 cells. This number
dropped even lower, to 9 to 12%, for the Orc6-S72A mutant
(Table 1 and Fig. 7). Prolonged exposure of L2 cells to the
Orc6 point mutants resulted in a further decrease of BrdU
incorporation (data not shown). We did not observe cytokine-
sis defects in cells expressing Orc6 point mutants; therefore, it
is unlikely that the observed dominant-negative effects were
due to the inhibition of Orc6’s cytokinetic role indirectly af-
fecting BrdU incorporation, even though this possibility cannot
be completely excluded. We would like to stress that all mu-
tants tested here were able to incorporate effectively into re-
combinant ORC and thus could compete with the endogenous
wt protein for complex formation when overexpressed in cul-
tured cells. These dominant negative results suggest that a core
replication domain of Orc6 was not affected by the deletion of
57 amino acids from the C terminus of the protein. Point
mutations within Orc6, however, caused a significant reduction
in the replication activity of transfected L2 cells as judged by
BrdU incorporation. We conclude that our results provide the
first evidence that DNA-binding activity of Orc6 is associated

FIG. 7. BrdU incorporation in L2 cells expressing GFP-Orc6-wt
and mutants GFP-Orc6-K76A, GFP-Orc6-S72A, and GFP-Orc6-200.
GFP-tagged Drosophila Orc6 gene constructs under the control of the
metallothionein promoter were transiently transfected into Drosophila
L2 cells. The metallothionein promoter was induced by 0.5 mM
CuSO4, and cells were incubated with BrdU overnight at a final con-
centration of 10 �M. Cells were fixed by using 2% paraformaldehyde,
stained with anti-BrdU antibody, and subsequently subjected to
immunofluorescent microscopy (magnification, �40; Carl Zeiss
Axioplan).

TABLE 1. BrdU incorporation in Drosophila L2 cells expressing
GFP-fused Orc6 wt and mutant proteinsa

Protein

No. of cells
incorporating: BrdU/GFP

(%)b

GFP BrdU

Orc6-wt 342 119 34.7
Orc6-200 296 112 38
Orc6-K76A 346 55 16
Orc6-S72A 301 33 11

a Data from one representative experiment are shown. See text and Fig. 7 for
more details.

b No. of BrdU-positive cells/no. of GFP-positive cells.
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with the N-terminal domain of the protein. This activity is
essential for the DNA binding and replication functions of the
entire Drosophila ORC.

DISCUSSION

Replication origins in most eukaryotic species and especially
in metazoans are poorly defined, making the identification of
replication initiation sites difficult (13, 18). Development of a
unified theory is even more complicated by the fact that initi-
ation events appear to be specific at some loci and random at
others. Whereas some experiments indicate that only particu-
lar DNA sequences possess replicator activity, other experi-
ments indicate that any DNA sequence of sufficient length can
support initiation. Our studies were undertaken to address the
biochemical mechanism underlying initiation site selection in
metazoans by ORC and define in more detail the DNA binding
mechanisms of ORC to the origins.

The role of Orc6 in Drosophila is particularly interesting, as
in budding yeast this subunit is dispensable for DNA binding
(32). Drosophila ORC is also different from Xenopus and hu-
man ORC in the avidity of Orc6 association (19, 55, 56),
suggesting that Orc6 may be involved in differential regulation
of ORC in these organisms. Therefore, given the crucial and
highly conserved role of ORC during replication initiation, it is
very interesting that the DNA binding ability of ORC appears
to be mediated by different subunits (or their combinations) in
different species. Our previous work (8, 9) showed that Dro-
sophila Orc6 is important for ORC-dependent DNA binding
and DNA replication. Orc6 includes two distinct functional
domains. The long N-terminal region is important for DNA
replication, whereas the smaller 57-amino-acid C-terminal do-
main interacts with the septin protein Peanut and is involved in
cytokinesis (9). These findings were confirmed by biochemical
and cell-based genetic assays. We found that ORC(1–5) pro-
tein lacking the Orc6 subunit cannot bind DNA efficiently and
does not support ORC-dependent DNA replication in Dro-
sophila extracts (8), suggesting that Orc6 is strongly involved in
both of these activities.

In this study we show that Orc6 by itself binds DNA with a
preference for poly(dA) sequences. Synthetic DNAs with
poly(dA) tracts competed successfully for binding of Orc6 to
genomic DNA fragments containing origins of replication in
Drosophila. Poly(dA) · poly(dT) was �10 to 100-fold better
than any other synthetic DNA tested. Sequence analysis of the
ACE3 and ori-� fragments of Drosophila origins shows that
these sequences are enriched with poly(dA) and poly(dT)
tracts compared to other fragments derived from the chorion
gene amplification locus. On the other hand, the average AT
content of these fragments does not differ significantly throughout
the locus. This explains preferential binding of Orc6 and recon-
stituted Drosophila ORC to ACE3 and ori-� fragments. Austin
and coworkers (1) have shown that ORC preferentially binds to
the ACE3 fragment both in vitro and in vivo but did not quanti-
tatively address the issue of ORC-DNA binding specificity. ORC
associates with AT-rich Sciara coprophila origin II/9A but not with
flanking fragments in vivo, and reconstituted Drosophila ORC
binds the same sequence in vitro (4). Remus and others used
EMSAs to test quantitatively the relative affinity of Drosophila
ORC to various fragments derived from the third chromosome

chorion gene cluster that included both ACE3 and ori-� regions
(47). The authors concluded that the ORC DNA binding to the
“nonspecific” sequences was up to sixfold lower than the “spe-
cific” (ACE3 and ori-�) fragments and that the topological state
of the DNA significantly influences the affinity of ORC to
DNA (47). Genome-wide analysis demonstrated that ORC in
Drosophila localizes to AT-rich chromosomal sites, many of
which coincide with early replication origins (36). Moreover,
ORC was excluded from sequences with low AT content in
these experiments, suggesting that increased AT content is
necessary for ORC association (36). In agreement with these
data, we found that Orc6 overexpressed in Drosophila salivary
glands localizes at interband regions in polytene chromosomes
(Fig. 5D, E, and F). Interband regions are extremely AT rich
with a high concentration of poly(dA) stretches (50). The same
regions replicated early during amplification of these giant
chromosomes (39).

Thus, DNA-binding properties of the Orc6 protein and re-
constituted Drosophila ORC might explain the connection be-
tween origins of DNA replication and poly(dA) blocks in vivo.
The observed preference of Orc6 for poly(dA) tracts and in-
terband regions of polytene chromosomes might be explained
in part by the chromatin structure associated with these se-
quences. Interestingly, poly(dA) tracts form a rigid structure
that is hard to deform and do not wrap easily around nucleo-
some cores (31), (41, 37). This feature of poly(dA) sequences
might provide the basis for the assembly of a less condensed
chromosome structure with a low package ratio, like inter-
bands, making it more open and accessible to proteins like
Orc6 and ORC.

The preferential binding of Drosophila Orc6 and ORC to
synthetic AT-rich DNA is also seen in the fission yeast S.
pombe ORC (10, 30, 33). DNA binding of the S. pombe ORC
to AT-rich DNA is mediated by a unique N-terminal domain in
the Orc4 subunit, which contains nine AT-hook motifs known
to make minor groove contacts (11). S. pombe ORC binds
more selectively than Drosophila ORC and human ORC to
AT-rich DNA (10, 11, 33, 47, 55), and AT tracts have been
shown to be important for the function of some origins in S.
pombe (28, 42), whereas no such requirement has been dem-
onstrated for metazoan origins. It is particularly interesting
that S. pombe origins can be substituted by clustered poly(dA)
stretches without noticeably affecting origin functions (42).

The helical structure of A-tract DNA is often referred to as
the B* form. Characteristic features of the B*-form helix in-
clude an unusually narrow minor groove and a high base pro-
peller twist (24, 41). The most peculiar and intensely studied
feature of A-tract sequences is their propensity to cause helical
axis bending when incorporated into otherwise non-A-tract
DNA, which may promote DNA-protein interactions. A simi-
lar structure of a minor groove is found in poly(dI) · poly(dC)
polymers, which might explain the ability of poly(dI) · poly(dC)
to compete successfully for Orc6 in our EMSA experiments
(Fig. 1B, lanes 5 to 7). However, Orc6 does not contain ca-
nonical AT-hook consensus sequences, so any minor groove
interactions must be mediated by other structural motifs. To
identify these motifs we used molecular modeling together
with sequence comparison of metazoan Orc6 homologues.
Aside from the hypothetical nature of this modeling, we would
like to emphasize several points. First, the break in a predicted
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TFIIB homology domain occurs at amino acid 203 of the
Drosophila Orc6 protein sequence, in good agreement with our
biochemical and cell-based genetic assays. The C-terminal do-
main, which has been shown to be important for cytokinesis,
does not fit into this fold. Second, the sequence comparison
between Orc6 metazoan homologues revealed conserved
amino acids that form a putative helix-turn-helix motif in our
model. A corresponding structural motif is important for DNA
recognition by TFIIB. Third, point mutations of two amino
acids within this structural motif abolished DNA binding ac-
tivities of Orc6 and, even more importantly, severely compro-
mised DNA binding and DNA replication activities of recon-
stituted Drosophila ORC containing mutant Orc6 subunits.
Moreover, mutant Orc6 proteins had an inhibitory effect on
DNA replication in vivo, consistent with the requirement of
Orc6 for ORC-dependent DNA binding and replication.

Of all metazoan ORCs, only Drosophila, Xenopus, and hu-
man proteins have been purified and biochemically character-
ized in detail (1, 7, 8, 19, 20, 46, 47, 48, 55, 56). Drosophila and
human ORCs display similar DNA binding activities. Both
Drosophila and human ORCs can bind DNA in the absence of
ATP, although DNA binding is stimulated two- to fivefold by
ATP. Although the Drosophila ORC, like the human ORC,
can bind nonspecifically to many different DNA sequences in
vitro, both proteins exhibit a preference for AT-rich sites.
Drosophila ORC localizes preferentially to AT-rich ACE3 and
ori-� sequences in vivo and binds the same fragments in vitro
(1, 8, 47). Recombinant reconstituted human ORC shows a
preference for poly(dA) sequences in vitro (55). It would be
interesting to investigate if the human Orc6 protein, similar to
the Drosophila homologue, displays an affinity for poly(dA)
sequences.

All experimental data available to this date indicate that
Orc6 is essential for ORC-dependent DNA binding and DNA
replication in Drosophila. In Xenopus and human systems, pub-
lished data suggest that Orc6 may not be important for these
activities. This apparent inconsistency may reflect the differ-
ence in affinity of Orc6 for core ORC(1–5) complex in distant
metazoan species. Drosophila ORC purifies as a tight six-sub-
unit complex, even though a free pool of the Orc6 subunit is
detected during purification from Drosophila egg extracts (7, 8,
20). In contrast, Xenopus and human Orc6 subunits are con-
sistently underrepresented compared with the other subunits
in preparations of Xenopus and human ORC, either recombi-
nant or purified from extracts (19,46, 55, 56). It appears that in
Xenopus and humans, Orc6 is less tightly associated with the
core complex than other subunits and can be purified sepa-
rately. During in vitro replication reactions in Xenopus egg
extracts, recombinant human ORC was able to initiate DNA
replication from essentially any DNA sequence (55). Human
ORC(1–5) was able to restore DNA replication in Xenopus
extracts depleted for ORC using antibody against the Orc2
subunit (55). ORC(1–5) was shown to be sufficient for licensing
of replication origins in Xenopus (19). As Orc6 is less tightly
associated with ORC in human and Xenopus, it is possible that
this subunit was not completely removed from the extract when
antibodies, raised against other ORC subunits, were used for
immunodepletion. In Drosophila, ORC(1–5) was unable to
support DNA replication when extracts were immunodepleted
of both ORC(1–5) and Orc6 (8). The presence of a free pool

of Orc6 in the early Drosophila egg extract, if not depleted,
restored a functional six-subunit ORC that was active in both
chromatin binding and DNA replication. It would be interest-
ing to see whether immunodepletion of Orc6 from Xenopus
extract has an effect on replication and licensing activities of
human and/or Xenopus ORC(1–5). One recent result suggests
that this indeed might be a case. The addition of either the
Xenopus or human Orc6 subunit together with recombinant
human ORC(1–5) to Xenopus extracts immunodepleted of all
six subunits of ORC significantly increased the ability of hu-
man ORC to replicate DNA in Xenopus extracts (J. Blow and
M. Gossen, personal communication), providing evidence that
Orc6 might act as an assembly and/or activation factor for
ORC(1–5).

In conclusion, our data strongly indicate that Orc6 in Dro-
sophila is a DNA binding subunit of ORC, which is necessary
for ORC replicative function. Orc6 is an integral part of the
entire complex and functions in targeting ORC to the origins
of DNA replication. Orc6 binds DNA directly, but it does not
recognize a specific sequence. Rather it has an affinity for
structural and topological features associated with poly(dA)
stretches such as a minor groove structure. The importance of
the topological state of DNA for the entire Drosophila ORC
DNA binding activity has been shown recently (47). In vivo
Orc6 associates with AT-rich, early replicating, interband re-
gions. Genome-wide analysis of the entire ORC distribution in
Drosophila revealed its preferential localization to AT-rich
transcriptionally active chromosomal sites, many of which co-
incide with early replication origins (35, 36). According to our
model the binding of Drosophila ORC to the origin DNA is
mediated by the Orc6 subunit, which works as an anchor and
targets ORC to the origins of DNA replication. This initial
binding step is followed by ATP-dependent binding of the
entire ORC. Interestingly, human and Xenopus Orc6 proteins
are less tightly associated with core ORC subunits and may act,
according to this model, as an assembly factor for ORC at the
origins of DNA replication. In this case the Orc6 protein marks
the origins and helps target the core ORC(1–5) complex to the
DNA. As a result, six-subunit ORC is assembled at the origin
at the end of mitosis and activated to ensure correct and timely
origin licensing. This model may serve as a unifying mechanism
for the initial stages of ori recognition in all metazoan species.
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