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Previous studies have shown that the Schizo-
saccharomyces pombe Orc4 subunit is solely respon-
sible for in vitro binding of origin recognition complex
(ORC) to specific AT-rich sites within S.pombe repli-
cation origins. Using ARS3001, a S.pombe replication
origin consisting of four genetically required sites, we
show that, in situ as well as in vitro, Orc4 binds
strongly to the A3 site, weakly to the A6 site and not at
all to the remaining sequences. Ir situ, the footprint
over A3 is extended during G, phase, but only when
Cdc18 is present and Mcm proteins are bound to
chromatin. Moreover, this footprint extends into the
adjacent A2 site, where leading strand DNA synthesis
begins. Therefore, we conclude that ARS3001 consists
of a single primary ORC binding site that assembles a
pre-replication complex and initiates DNA synthesis,
plus an additional novel origin element (A9) that
neither binds ORC nor functions as a centromere, but
does bind an as yet unidentified protein throughout
the cell cycle. Schizosaccharomyces pombe may be an
appropriate paradigm for the complex origins found
in the metazoa.
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Introduction

Eukaryotic DNA replication is a highly conserved process
that begins with the assembly of a six subunit origin
recognition complex (ORC) at specific DNA sites (repli-
cation origins) distributed throughout the genome (Bogan
et al., 2000; Bell and Dutta, 2002). Nevertheless, ORC
properties can differ markedly between species. For
example, site-specific binding by the budding yeast
Saccharomyces cerevisiae ORC requires five of its six
subunits and ATP (Bell, 2002). In contrast, site-specific
binding to replication origins by the fission yeast
Schizosaccharomyces pombe ORC requires only its Orc4
subunit, and this binding does not require ATP (Kong
and DePamphilis, 2001; Lee et al., 2001). Schizo-
saccharomyces pombe ORC is unique among eukaryotes
in that the N-terminus of its Orc4 subunit contains nine
AT-hook motifs that bind AT-rich sequences (Chuang and
Kelly, 1999; Moon et al., 1999). Another example is
mammalian ORC. While the six subunits of both S.pombe
(Moon et al., 1999; Chuang et al., 2002) and S.cerevisiae
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(Bell, 2002) ORC form a stable complex in vitro, only the
mammalian Orc2, 3, 4 and 5 proteins form a stable core
complex in vitro, to which Orcl and Orc6 are only weakly
bound (Dhar et al., 2001; Vashee et al., 2001). During cell
proliferation, mammalian Orcl is selectively released
during the S to M phase transition, ubiquitylated, and then
rebound during the M to G; phase transition to form a
functional ORC (Natale er al., 2000; Kreitz et al., 2001; Li
and DePamphilis, 2002; Mendez et al., 2002). Finally, the
ORC subunits in Xenopus eggs, like those in yeast, exist as
a stable complex (Rowles et al., 1996; Tugal et al., 1998),
but unlike yeast, the entire Xenopus ORC is released from
somatic cell chromatin following assembly of pre-repli-
cation complexes (pre-RCs) and prior to initiation of DNA
synthesis (Sun et al., 2002).

Not surprisingly, replication origins from S.cerevisiae
and S.pombe that have been shown to contain genetically
required DNA regions and to bind ORC at specific sites
also appear to differ markedly. Schizosaccharomyces
pombe replication origins (0.5-1 kb) are five to 10 times
larger than those in S.cerevisiae. Moreover, they lack a
consensus sequence analogous to the S.cerevisiae A
element (essential for ORC-specific binding), and they
are not interchangeable with S.cerevisiae origins.
Nevertheless, each of the four S.pombe origins analyzed
so far contains two or more regions that are required for
full ARS activity (Clyne and Kelly, 1995; Dubey et al.,
1996; Kim and Huberman, 1998, 1999; Okuno et al.,
1999). These required regions consist of AT-rich asym-
metric sequences in which A residues are clustered on one
strand and T residues on the other. However, while some
segments of these regions are critical, others are redun-
dant; and while some required regions are interchangeable,
some are not. Furthermore, S.pombe Orc4, either alone or
in combination with other ORC subunits, can bind to
required regions (Kong and DePamphilis, 2001; Lee et al.,
2001; Takahashi and Masukata, 2001) as well as to non-
required AT-rich sequences (Lee et al., 2001; Chuang
et al., 2002). Thus, the functions of the various genetically
required regions in S.pombe replication origins are not
clear.

These results raise the possibility that ORCs from
different organisms interact with their cognate replication
origins in markedly different ways. To evaluate this
concept, we identified the sites for ORC binding, pre-
replication complex assembly and DNA synthesis at the
S.pombe replication origin, ARS3001. These results
revealed that S.pombe ORC binds to the same sites
in vivo as it does in vitro, but that only the strongest ORC
binding site is used to assemble a pre-RC and initiate
leading strand DNA synthesis. Schizosaccharomyces
pombe ORC was bound preferentially to only one (A3)
of the four required regions in ARS3001, and this region,
together with an adjacent required region (A2), was the
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Fig. 1. Orc4 bound to two sites, A3 and A6, in ARS3001. (A) ARS3001
is located in the non-transcribed spacer of the rDNA repeats and con-
tains two strongly required DNA regions (A3, A9) and two moderately
required DNA regions (A2, A6) (Kim and Huberman, 1998). (B) DNA
band shift assays were carried out with a 452 bp [*2P]DNA fragment
(5 ng) (panel A) radiolabeled at both 5-ends, incubated with the indi-
cated amount of Orc4, and then fractionated by gel electrophoresis.
This sequence exhibited full ARS3001 activity (Table I). Control DNA
consisted of 688 bp of average sequence taken from pBluescript KSII.
(C) Competitive DNA band shift analysis was carried out with 5 ng
of ARS3001 [5-3?P]DNA plus a 52-68 bp DNA fragment containing
either A2, A3, A6, A9 or control DNA, at the indicated molar
ratio. This DNA was then incubated with 8 ng Orc4. Competitor
DNA sequences were: (control DNA) 5-TAAATTTTTCAGGG-
TCGGTAGAGTCAGAGATGGGTGTGGGAAGGGGTAGTTGTAGG-
TAGG-3; (A2 DNA) 5-TTATGGGAAGGTGGAGAGAAAAAATG-
AAAAAAACAAGGTAATTTGTAGGATT-3"; (A3 DNA) 5-AAT-
TTGTAGGATTTTTACAAAATAAATAAATACATTTTATATAATT-
TAACCAAAAGTAATGT-3; (A6 DNA) 5-AACAAAAAAAGTG-
CAAACAAATAAAAGAAAAAATAAGAAAACAAAAAAACAACT-
ACAAAGGTA-3"; and (A9 DNA) 5-ATGAAAAAATAAAGAA-
AAATTTAATTTATAATTTAACAAAACAATATTTATTGAAAAG-
CCAATTTTAA-3.

primary, if not exclusive, site for assembly of a pre-RC and
initiation of DNA synthesis. Therefore, complex replica-
tion origins such as those in fission yeast are comprised of
simpler elements, some of which are functionally analo-
gous to those in S.cerevisiae replication origins, suggest-
ing that the basic mechanism by which replication origins
function is conserved throughout the eukaryotic kingdom.
However, one of the four required regions (A9) appears to
be a novel origin element that may be unique to the
complex origins found in fission yeast and metazoa.
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Table I. ARS3001 activity

Origin elements Size (bp)  Transformation frequency (%)
A2-A3-A6-A9 906 100
A2-A3-A6-A9 665 100
A2-A3-A6-A9 452 100
A2-A3-A6 320 1
A2-A3-A6-1.8 kb-A9 320 1
A2-A3-A6-1.8 kb-A9(<-) 320 1

Plasmids containing strong ARS elements generate transformants of
large, uniform size that do not rearrange (Kim and Huberman, 1999);
therefore, small colonies were not scored. A9(<-) orientation was
opposite to A9 wild type.

Table II. DNA primers used for analysis of ARS3001 DNA

Primer Sequence

Primer 1 5-GGGAGTAGAGGTAGTTGTATGGAGGAAG-3’
Primer 6 5-CAAAGTTGGTCAACCAAGCTCATTTTC-3’
Primer 2 5-TGAAAATGAGCTTGGTTGACCAACTTTG-3’
Primer 5 5-CTTTTGTTTTTCATGCTTTCCTCACATG-3’
Primer 3 5-CAACTACAAAAGGTATTGAAAATCGTGCG-3’
Primer 4 5’-CTCCATTCCCTACCTACAACTACCCC-3’
Results

Orc4 binds to two sites within ARS3001
Chromosome III in S.pombe contains ~100-150 copies of
the 10.9 kb rDNA gene cluster (17S, 5.8S and 25S rRNA).
Previous studies have shown that each non-transcribed
spacer region contains one copy of ARS3001 (Figure 1A),
a comparatively small S.pombe replication origin of
~570 bp that contains four genetically required DNA
regions (Kim and Huberman, 1998). Deletion of either the
A3 or A9 region reduces ARS activity >30-fold, while
deletion of either the A2 or A6 region reduces ARS activity
~5-fold. Previous studies have also shown that the
S.pombe Orc4 protein is solely responsible for binding
the S.pombe ORC to specific AT-rich sites within S.pombe
replication origins (Kong and DePamphilis, 2001; Lee
et al., 2001). Therefore, to determine both the number and
sequence specificity of S.pombe ORC binding sites in
ARS3001, DNA band shift assays were used to quantify
the interaction of purified Orc4 protein with a 452 bp
ARS3001 [*’P]DNA fragment that contains full ARS
activity (Table I).

DNA and protein were briefly incubated at room
temperature and then fractionated by neutral agarose gel
electrophoresis (Figure 1B). Two Orc4—[*?P]DNA com-
plexes were detected at low ratios of Orc4 to DNA. As the
ratio of protein to DNA reached saturation, only the larger
complex was observed. A non-ARS DNA fragment
consisting of average sequence composition did not bind
Orc4 at low protein:DNA ratios, although it did bind up to
three Orc4 proteins at high ratios of protein to DNA.
Comparison of ARS3001-Orc4 complexes with control
DNA-Orc4 complexes suggested that ARS3001 DNA
contains only two Orc4 binding sites.

Competitive DNA band shift assays both confirmed and
extended this conclusion. The 452 bp ARS3001 [3?P]DNA
fragment was mixed with increasing amounts of a
52-68 bp DNA fragment spanning one of the four required



regions before incubating it with Orc4 and then fractionat-
ing the mixture by gel electrophoresis (Figure 1C). As the
amount of either the A3 or A6 competitor was increased,
two protein—-DNA complexes became evident, and un-
bound [*?P]DNA appeared at the bottom of the gel.
Therefore, Orc4 bound to the A3 and A6 regions, but not to
either the A2 or A9 regions. Moreover, the affinity of Orc4
for A3 was about six times greater than for A6, because
similar amounts of unbound [3?P]DNA were present
at a molar ratio of A3:ARS3001 of 60 and a ratio of
A6:ARS3001 of 360 (Figure 1C, compare lanes 3 and 9).
Since competition between either the A2 or A9 fragment
and ARS3001 DNA for Orc4 binding was similar to
competition with control DNA, the A2 and A9 regions did
not bind Orc4 under these conditions. Nevertheless, Orc4
binding to DNA was clearly facilitated by longer DNA
lengths, because release of ~50% of the [*?P]DNA
required ~180-fold excess of the 63 bp A3 DNA fragment
over the 452 bp ARS3001 DNA fragment. Similar results
were observed by Lee ef al. (2001). Therefore, binding of
Orc4 to DNA appears to involve cooperativity between
different sequences, consistent with the large size of
replication origins in S.pombe.

Orc4 binds to specific ARS3001 DNA sequences

in vitro

The results from DNA band shift assays suggested the
presence of only two Orc4 binding sites in the 452 bp
ARS3001 fragment, a strong site in the A3 region and a
weaker one in the A6 region. To test this conclusion,
purified Orc4 protein was incubated with the same
ARS3001 [*’P]DNA and then subjected to DNase I
footprinting analysis throughout its entire length. Only
two Orc4 DNA binding sites were detected in vitro. The
clearest footprints were routinely observed in the A3
region where Orc4 protected ~80 bases on the Watson
strand (Figure 2, site A) and 22 bases on the Crick strand
(Figure 3, site A). A footprint also was observed in A6
where Orc4 protected ~36 bases on the Crick strand
(Figure 4A, site B), but protection of the Watson strand
was not detected (data not shown). No footprint was
detected on either strand of A2 (Figure 2) or A9
(Figure 4C). Therefore, Orc4 preferentially bound specific
DNA sites in the A3 and A6 regions of ARS3001.

Orc4 binds preferentially to the T-rich strand in
replication origins

In both ARS3001 (Figures 2—4) and ARS3002 (Kong and
DePamphilis, 2001), Orc4 bound to AT-rich asymmetric
sequences in which one strand was rich in A residues and
the other strand in T residues. To determine whether or not
Orc4 had a preference for one of the two complementary
strands, DNA band shift assays were carried out with
two complementary single-stranded oligonucleotides from
binding site A in ARS3002 (Kong and DePamphilis,
2001). Both oligonucleotides contained 46 residues that
were 93% AT, but one oligonucleotide contained 20
consecutive A residues while the other contained 20
consecutive T residues. The results revealed that Orc4
strongly preferred the T-rich strand over the A-rich strand
(Figure 5A). Moreover, purified ORC-5 complex alone
(consisting of Orcl, 2, 3, 5 and 6; Kong and DePamphilis,
2001) did not bind to these oligonucleotides or alter the
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Fig. 2. Orc4 produced a footprint on the Watson strand of the A3 re-
gion in vitro that matched a genomic footprint detected in situ. In vitro
footprinting was carried out with a 665 bp ARS3001 DNA fragment
incubated with either 0, 10, 40 or 80 ng of Orc4 (lanes indicated by
right triangle). The 5’-end of the Watson strand (top of gel) was labeled
with 32P. The sequence of the Watson strand (lanes G, A, T and C),
beginning at the same 5’-nucleotide, was run in parallel using an appro-
priate DNA primer. To display the footprint (site A) in the A3 region
more clearly, the same experiment was carried out with a 452 bp
ARS3001 DNA fragment. Both fragments exhibited full ARS activity.
Sequences of A3 and site A are given in Figure 8. In situ genomic foot-
printing was carried out on nuclei isolated from cells arrested in G,
phase. Nuclei (G2 lane) and genomic DNA (DNA) were isolated and
subjected to DNase I digestion in parallel. Samples in which the extent
of digestion was similar were subjected to primer extension using a pri-
mer annealed to the Crick strand. The same primer used to locate the
3’-ends of the Watson strand that was cut by DNase I was also used to
display the sequence. Therefore, the sequence shown is the Crick
strand, while the DNase I digestion pattern is from the Watson strand.
Arrows indicate critical nucleotides that appear in both in vitro and in
situ footprints. Sequences and footprinting data for A2 and A3 are
given in Figure 8.

specificity of Orc4 for the T-rich strand (Figure 5A),
consistent with previous studies which showed binding
of S.pombe ORC to DNA to be attributed exclusively to
Orc4.

To determine whether or not Orc4’s preference for
the T-rich strand of ARS3002 was due to the presence
of oligo(T),g, the same experiment was repeated using
0ligo(A)4e, 0ligo(T)46 and a non-ARS control sequence of
55 nucleotides with 53% AT. Again, Orc4 strongly
preferred the T-oligomers (Figure 5B). The strong pref-
erence of Orc4 for oligo(T) residues in one strand helps to
account for the sequence specificity exhibited by Orc4 and
indicates that Orc4 binds only in one orientation.

Orc4 binding sites in vitro are occupied in vivo

To determine whether or not the Orc4 DNA binding sites
identified in vitro were also utilized in vivo, DNase I
genomic footprinting was carried out in sifu using nuclei
isolated from S.pombe cells arrested at specific points in its
cell cycle. G phase cells were prepared either by addition
of P-factor or by inactivating CdclO protein. P-factor
arrests cell division in S.pombe by inhibiting Cdc2 (Stern
and Nurse, 1997), a cyclin-dependent protein kinase that is
required for initiating S phase by activating pre-RCs
(Bell and Dutta, 2002). Therefore, P-factor-arrested cells

5569



D.Kong and M.L.DePamplhilis

In Vitro
e r
Crick W

Lad Wi o

T

N -

|

Fig. 3. Orc4 produced a footprint on the Crick strand of the A3 region
in vitro that matched a genomic footprint detected in situ. The same
footprinting analyses described in Figure 2 were carried out on the
Crick strand of the A2-A3 region using a 320 bp ARS3001 DNA frag-
ment that lacks the A9 region. Only the pyrimidine sequencing lanes
are shown for simplicity. Sequences and footprinting data for A2 and
A3 are given in Figure 8.

contained chromatin-bound Orc4 (Figure 6A), Cdcl8
(Stern and Nurse, 1997), and Mcm2 and Mcmb6
(Figure 6A), the components of a pre-RC. In contrast,
cells lacking Cdc10 contained neither Cdc18 (Kelly et al.,
1993) nor chromatin-bound Mcm proteins (Figure 6A;
Ogawa et al., 1999), because CdclO is required for
expression of Cdcl8 (Kelly et al., 1993) and Cdcl8 is
required for loading Mcm proteins at ORC—chromatin
sites (Bell and Dutta, 2002). FACS analysis confirmed that
Cdc18- cells were arrested in G; phase and contained
chromatin-bound Orc4 but not Mcm proteins (Figure 6A).
Schizosaccharomyces pombe was arrested in S phase
by inactivating ribonucleotide reductase (Cdc22 gene;
Fernandez Sarabia et al., 1993), an enzyme required for
dNTP synthesis, and in G, phase by inactivating the Cdc25
protein kinase, which is required to activate Cdk1-Cyclin
B (Russell and Nurse, 1987). Cells were arrested in
metaphase by addition of benomyl, an inhibitor of
microtubule assembly (Svoboda et al., 1995).

Conditions for DNase I digestion were adjusted so that
both purified genomic DNA and chromatin were digested
to similar extents. Note that the same [5-32P]DNA primers
used to map DNase I cleavage sites in the Watson and
Crick strands were also used to reveal the sequence of
these regions. Therefore, the sequence shown is the strand
complementary to the sequence subjected to in situ
footprinting. Note also that the in sifu footprints are in
the opposite direction to the in vitro footprints, because
the in situ footprints were detected indirectly by primer
extension of a [5’-3?PJoligonucleotide into the region of
interest, while the in vitro footprints were detected directly
by radiolabeling the 5’-end of the footprinted strand.

Both the Watson (Figure 2) and Crick (Figure 3) strands
of site A were protected in situ, and the pattern of
protection was strikingly similar to the Orc4 footprint
observed in vitro. The arrows in each panel indicate unique
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Fig. 4. Orc4 produced a footprint on the Crick strand of the A6 region
in vitro that matched a genomic footprint detected in sifu. The same
footprinting analyses described in Figure 3 were carried out on the
Crick strand of regions A3 and A6 using ARS3001-320. Genomic foot-
printing of the A6 region was analyzed using ARS3001-2 (Table II). A
footprint (site B) was observed both in vitro (A) and in situ (B). No
footprint was detected in the A9 region in vitro (C), although two
DNase I-hypersensitive sites (*) were detected in situ (D). Region A9
was analyzed using the Crick strand of a 665 bp ARS3001 DNA frag-
ment. In situ genomic footprinting of the A9 region was analyzed using
ARS3001-3 (Table II). Sequences and footprinting data for A6 and A9
are given in Figure 8.

nucleotide positions that allow one to compare the in vitro
and in situ footprints. Moreover, the same footprint was
detected in S, G, and M phases of the cell cycle, consistent
with previous studies showing that S.pombe ORC is bound
to chromatin throughout the cell cycle (Lygerou and
Nurse, 1999; Kong and DePamphilis, 2001), and that
Cdcl8 and Mcm proteins are absent from chromatin
during S, G, and M phases (Bell and Dutta, 2002). The
same genomic footprint was also detected in cells arrested
in G; phase when either Cdc10 (Figures 3 and 6Ba) or
Orcl (Figure 6Bb) was inactivated, or when Cdcl8
(Figure 6Bb) was absent. These conditions prevented
assembly of pre-RCs. Furthermore, a footprint was also
detected in situ on the Crick strand of A6 (Figure 4B) that
corresponded to Orc4 binding site B in vitro (Figure 4A),
but not on the Watson strand where no footprint was
detected in vitro (data not shown). It is equally important
to note that in sequences such as A2 and A9, where no Orc4
footprint was detected in vitro, either no genomic footprint
was observed in situ (A2; Figures 2 and 3) or the genomic
footprint observed in situ was unrelated to binding of Orc4
protein (A9; discussed below).

These experiments revealed that the same Orc4 DNA
binding sites that were identified in vitro were occupied in
situ. Moreover, the DNase I footprints observed in situ
were remarkably similar to the ones observed in vitro,
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Fig. 5. Orc4 preferentially bound the T-rich strand at ORC DNA
binding sites. (A) DNA band shift assays containing 1 ng [5-
32PJoligonucleotide plus the indicated amounts of Orc4 and ORC-5
complex were incubated at room temperature for 10 min before
fractionating the material by gel electrophoresis. The A-rich strand of
Orc4 binding site A in ARS3002 DNA (Kong and DePamphilis, 2001)
was represented by 5-TAATACTATTTTTTATATTAATTAAAAA-
AAAAAAAAAAAAAAACCT-3. The T-rich strand was represented
by 5-AGGTTTTTTTTTTTTTTTTTTTTAATTAATATAAAAAATA-
GTATTA-3". (B) A non-ARS ssDNA sequence from the S.pombe Orc3
gene was used as a control DNA [5-CCGGCCTCGAGATGC-
ATCACCATCACCATCACTCAGCAATACTACAATATGATTC-3'].
Poly(dA) and poly(dT) sequences were each 46 residues long.

did not appear at sites that did not bind Orc4 in vitro and
were not dependent on Orcl, Cdcl8 or Mcm proteins.
Therefore, we conclude that these genomic footprints
resulted from Orc4, suggesting that Orc4 is responsible for
selection of S.pombe ORC-specific binding sites in vivo as
well as in vitro. In support of this conclusion, only the
footprint at the strongest Orc4 binding site (site A) was
expanded when pre-RCs were present.

A pre-RC is assembled at A3 and A2
In S.cerevisiae, the presence of a pre-RC at a specific
replication origin was recognized in situ by a Cdc6-
dependent extension of the ORC footprint by ~50 bp
during G; phase (Santocanale and Diffley, 1996).
Following initiation of DNA replication, the extended
footprint disappeared (Diffley ef al., 1994), because Cdc6
and Mcm proteins were no longer present at the origin
(Bell and Dutta, 2002). Therefore, to determine whether or
not one or both of the S.pombe ORC binding sites
identified above acted as a pre-RC assembly site, their G,
phase genomic footprints were compared in the presence
and absence of Cdc18 (the S.pombe equivalent of Cdc6)
and chromatin-bound Mcm proteins.

Cells arrested in G, phase either by defective Cdc10 or
Orcl, or the absence of Cdc18, contained chromatin bound
Orc4, but not Mcm proteins. These cells all exhibited the
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Fig. 6. The genomic footprint at A3 was extended to A2 in the presence
of pre-RCs. (A) Schizosaccharomyces pombe cells were arrested in G,
phase either by addition of P-factor, or by inactivating Cdc10 or Orcl,
or by depletion of Cdc18. Chromatin was isolated and its proteins were
fractionated by SDS-PAGE and then analyzed with antibodies against
Mcm2, Mcm6 and Orc4, as described previously (Kong and
DePamphilis, 2001). (B) In situ genomic footprinting was performed on
the Crick strand as in Figures 3 and 4. The footprint (A) in A3 was
extended (A*) to A2 in P-factor arrested cells (a), but it was not
extended in Cdc10-, Cdc18~ or Orcl-4 arrested cells (a and b). Similar
changes were not detected in the A6 (c) or A9 regions (d).

same genomic footprint at site A in A3. In contrast, cells
arrested in G; phase by P-factor contained chromatin-
bound Mcm proteins, and the genomic footprint at A3 in
these cells was extended ~45 bp into A2 (Figure 6Ba). No
changes were detected in the genomic footprint at A6 or A9
between P-factor and Cdcl0~ arrested cells (Figure 6Bc
and d). Therefore, regions A2 and A3 constitute a pre-RC
assembly site.

DNA synthesis begins in the A2 region

The site where DNA replication begins [origin of bi-
directional replication (OBR)] is defined by the transition
between continuous and discontinuous DNA synthesis
that must occur on each strand of the replication origin
(DePamphilis, 1999). Using a new experimental protocol
for mapping the 5’-ends of nascent DNA strands in
replicating intermediates, this transition has identified,
with nucleotide resolution, the start sites for leading strand
DNA synthesis at replication origins in SV40 (Gerbi
and Bielinsky, 1997), S.cerevisiae (Bielinsky and Gerbi,
1999), S.pombe (Gomez and Antequera, 1999) and human
cells (Abdurashidova et al., 2000). Therefore, the same
protocol was applied to ARS3001 in S.pombe in order to
determine the relationship between ORC binding sites and
the OBR.
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Fig. 7. Leading strand DNA synthesis began in A2. The nucleotide
locations of nascent strand start sites were mapped using replicating
intermediates (RI) enriched for RNA-primed nascent DNA. Primers 1
and 6 (Table II) were annealed to the Crick and Watson strands,
respectively, to identify the ends of nascent DNA strands in the A2-A3
region, primer set 2 and 5 were used for the A6 region, and primer set
3 and 4 examined the A9 region (data not shown). The same primers
were used to display the sequence of these regions. Arrowheads indi-
cate transition points from discontinuous to continuous DNA synthesis
on each strand of A2 region (sequence given in Figure 8).

RNA-primed DNA chains were purified from genomic
DNA, annealed with a sequence-specific [5-?P]DNA
primer, and then the primer was extended to the 5'-
terminal deoxyribonucleotide of the template strand by
DNA polymerase. Thus, the relative amount of each [5'-
32P]DNA chain was proportional to the number of such
chains, and not to their length. The same [5’-32P]DNA
primer was also used to generate a sequence ladder that
was fractionated in parallel with the [5’-32P]DNA products
from the primer extension reaction. Thus, the 5’-nucleotide
map position of the nascent DNA strand was identified by
direct comparison with its sequence.

Three sets of primers were used that covered a 700 bp
region containing ARS3001 (Figure 7A). Only one OBR
was detected, located in the A2 region (Figure 7), the same
region where a pre-RC was assembled. Arrowheads mark
the position where a transition from discontinuous to
continuous DNA synthesis was detected on both the
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Watson and Crick DNA templates (Figure 7B, A2/A3).
These two transition points were separated by 10 bp.
Additional initiation sites were detected upstream of these
two transition points, on each DNA template, representing
initiation events that resulted from synthesis, extension
and eventually ligation of Okazaki fragments to the 5’-
ends of long growing nascent DNA strands. These
experiments exhibited a light background of polymerase
pause sites, as seen on the leading strand template of A6
(Figure 7B, Crick strand, A6). These bands may result
from failure to eliminate all DNA fragments, as well as a
low level of initiation events at A6.

Analysis of A6 (Figure 7) and A9 (data not shown)
revealed intense RNA-primed initiation sites on the
nascent DNA strand complementary to the Watson
template, but not on the nascent DNA strand complemen-
tary to the Crick template. Thus, DNA synthesis at
replication forks in these regions was primarily discon-
tinuous on the ‘lagging’ strand template and continuous on
the ‘leading’ strand template, consistent with the conclu-
sion that most, if not all, leading strand DNA synthesis
began at the OBR identified in A2.

A9 is required specifically for origin function
Genomic footprinting revealed two DNase I hypersensi-
tive sites in the A9 region, indicating that one or more
protein(s) were bound to A9 throughout the cell cycle
(Figures 4D and 6D). A similar result has been observed
by J.Huberman (personal communication). However,
since Orc4 did not bind to A9 in vitro (Figures 1 and
4C), some protein(s) other than ORC apparently bind to A9
in situ.

To confirm that A9 is required for ARS activity, the
transformation efficiency of a 452 bp fragment containing
all four required regions (Figure 1A) was compared with
the transformation efficiency of 906 and 665 bp fragments
that contained the 452 bp fragment extended at both ends.
The transformation frequencies of these three fragments
were indistinguishable, whereas the transformation fre-
quency of a 320 bp fragment containing A2, A3 and A6, but
missing A9, was reduced ~100-fold (Table I), consistent
with previous studies (Kim and Huberman, 1998).

In the yeast Yarrowia lipolytica, ARS elements of ~1 kb
contain an AT-rich centromeric sequence at one end and
an origin of replication at the other end (Vernis et al.,
1997), and only centromeres can supply the partition
system required for ARS function (Vernis et al., 2001). In
S.pombe, proteins that bind to centromeres also bind to
AT-rich sequences in ARS elements (Lee et al., 1997,
Sanchez et al., 1998), but these centromere binding
proteins do not have AT-hook domains, and therefore
they may exhibit different sequence specificity than Orc4
protein.

Therefore, to determine whether A9 is required for
origin function or some other plasmid specific function
such as stability, nuclear association or segregation during
cell division, the distance between A6 and A9 was
increased by 1.8 kb with A9 in either its normal or reverse
orientation. If A9 is required specifically for origin
function, then this change should decrease ARS3001
activity. If, however, A9 is required for a plasmid
maintenance function, then this change should have no
effect on ARS activity. In fact, increasing the distance
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Fig. 8. Schizosaccharomyces pombe ARS3001 contains two strongly re-
quired regions (A3, A9) and two moderately required regions (A2, A6).
ORC binds (through the AT-hook domain of its Orc4 subunit) strongly
to A3 and moderately to A6 (capital letters), but not to either A2 or A9.
Arrowheads in Figures 2—4 are reproduced here. Leading strand DNA
synthesis begins at A2, marking this as the OBR. A9 is required for
origin function, not for plasmid segregation, and binds a protein(s) of
unknown function throughout the cell cycle.

between A9 and A6 reduced the transformation frequency
of ARS3001 to the same extent as deleting A9, regardless
of the orientation of A9 (Table I). Therefore, the four
required regions identified by Kim and Huberman (1998)
comprise a minimal replication origin with full ARS
activity, and are each required specifically for origin
function.

Discussion

Previous studies have shown that, in vitro, S.pombe Orc4
is solely responsible for selecting ORC binding sites in
S.pombe DNA replication origins, and that these sites
consist of AT-rich asymmetric sequences (see Introduc-
tion). Here we confirm and extend these conclusions by
showing that Orc4 binds to the same sites in vivo as it does
in vitro, regardless of the presence or absence of the
remaining Orc subunits. Furthermore, only one of the four
required regions in ARS3001 strongly binds Orc4, and it is
this region where a pre-RC is assembled and DNA
synthesis is initiated (Figure 8). Thus, despite the fact that
S.pombe DNA replication origins are larger and less well
defined than S.cerevisiae origins, their mechanisms of
action appear remarkably similar, with one exception.
ARS3001 contains a DNA region that is essential for
origin activity, but that is not associated either with ORC
binding or with centromeric function (Figure 8). This
region may represent a novel element unique to the
complex origins found in fission yeast and the metazoa.

Yeast replication origins fit a common paradigm
Both DNA band shift assays (Figure 1) and DNA
footprinting assays (Figures 2—4) revealed that purified

Schizosaccharomyces pombe replication origins

S.pombe Orc4 bound to only two sites in ARS3001, and
these sites corresponded to the genetically required
regions A3 and A6. However, the affinity of Orc4 for A3
was ~6-fold greater than for A6. Since deletion of A3
effectively eliminates ARS3001 activity, while deletion of
A6 reduces it only ~5-fold (Kim and Huberman, 1998), A3
is the primary site for ORC binding, analogous to elements
A and B in S.cerevisiae replication origins (Bell, 2002).
This conclusion is consistent with the fact that neither A6,
which binds Orc4 weakly, nor A9 which does not bind
Orc4, can substitute for A3, but A3, which binds Orc4
strongly, can replace A6 (Kim and Huberman, 1998).

Since both A3 and A6 are required for full ARS activity,
A6 either facilitates the activity of A3 or operates as an
independent, secondary initiation site. In the first model,
two or more ORCs in close proximity may facilitate
recruitment of a single Cdcl8 protein to a specific
chromosomal site. Cdc18 is an extremely labile protein
that is required for assembly of pre-RCs at ORC-
chromatin sites, and its overexpression can result in
reinitiation of DNA replication within a single S phase
(Yanow et al., 2001). Thus, it is not surprising that Cdc18
expression is limited to just a few minutes prior to S phase,
and then Cdc18 is rapidly destroyed once S phase begins
(Muzi Falconi et al., 1996). In fact, the B2 element in
S.cerevisiae ARS1 appears to function in just this manner.
Sequences that substitute fully for B2 function were weak
ORC binding sites in vitro, and mutations in B2 could be
rescued by overexpression of Cdc6 (Wilmes and Bell,
2002). In the second model, S.pombe replication origins
would be analogous to those S.cerevisiae origins that
contain multiple ORC binding sites, all of which must be
inactivated in order to abolish ARS activity (Hurst and
Rivier, 1999; Theis and Newlon, 2001). The A2-A3 region
may be the primary origin because it requires less energy
to unwind its DNA than does the A6 region (Kim and
Huberman, 1998).

The role of the A2 region in S.pombe ARS3001 is
directly comparable to the B-region in S.cerevisiae
replication origins: it is part of the site where a pre-RC
is assembled and it is the site where leading strand DNA
synthesis begins. The in situ footprint over A3 was
extended into the adjacent A2 region during G; phase,
but only when Cdc18 was present and Mcm proteins were
bound to chromatin. In S.cerevisiae, ORC alone protects
32 bp. During G; phase, this footprint is extended to
~80 bp, most of which occurs through the B1 and B2
elements (Santocanale and Diffley, 1996). This extension
is dependent on the presence of Cdc6, the S.cerevisiae
homolog of Cdc18. Mapping the sites where RNA-primed
DNA synthesis began throughout ARS3001 revealed only
one OBR (Figure 7), and this was located in A2, 25 bp
from A3. The same experimental protocol identified a
single OBR at S.cerevisiae ARS1 between elements Bl
and B2, 28 bp from element A (Bielinsky and Gerbi,
1999). Thus, in both S.pombe ARS3001 and S.cerevisiae
ARSI, the OBR lies adjacent to the ORC binding site in an
easily unwound DNA region through which the ORC
footprint is extended when Cdc6/Cdcl8 is present and
Mcm proteins are bound to chromatin.

The conclusion that A2 is the site where DNA replica-
tion begins is consistent with the fact that inverting the
orientation of A3 has the same effect as deleting A3: both
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mutations reduce ARS activity to near background levels
(Kim and Huberman, 1998). The N-terminal half of Orc4
consists of nine AT-hook motifs that bind to DNA, while
the C-terminal half, which is homologous to Orc4 proteins
in other eukaryotes, presumably interacts with one or more
of the remaining Orc subunits. Therefore, ORC will be
directed to one side of the Orc4 DNA binding site. The
fact that Orc4 strongly prefers T-rich oligonucleotides
(Figure 5) suggests that it will bind only in one orientation.
Therefore, one would expect that the orientation of the
Orc4 DNA binding site would be critical, because it will
target assembly of the pre-RC to an adjacent DNA
unwinding element, such as A2. Similar orientation effects
have also been observed at S.cerevisiae replication origins
(Bell, 2002).

Not only are S.pombe replication origins comprised of
simpler elements, some of which are functionally analo-
gous to those in S.cerevisiae replication origins, but
S.cerevisiae replication origins are more complex than
originally appreciated. First, the relative positions of the A
element and the four known B elements are highly variable
among S.cerevisiae origins. Secondly, the classical
S.cerevisiae 11 bp ARS consensus sequence (ACS) (the
A element) is actually a 17 bp AT-rich sequence that is
much more diverse than initially thought (Theis and
Newlon, 1997). This means that ORC can bind to a wider
variety of sequences than previously realized. In fact, as
many as one-third of the S.cerevisiae origins actually
contain two to three ORC binding sites clustered within
~40-800 bp (Hurst and Rivier, 1999; Theis and Newlon,
2001). Thus, replication origins in budding and fission
yeast are clearly more similar than initially believed.

The Orc4 subunit targets ORC to specific AT-rich
asymmetric sequences

The tight association of the S.pombe Orc4 subunit with
chromatin (Moon et al., 1999) throughout the cell cycle
(Kong and DePamphilis, 2001), the lack of any effect by
the other five ORC subunits on Orc4 binding to DNA
in vitro (Kong and DePamphilis, 2001; Figure 5) or in situ
(Figure 6Bb), and the striking similarity between Orc4
footprints at the A3 and A6 regions of ARS3001 DNA
in vitro and genomic footprints at the same sites in sifu
(Figures 2—4) support the conclusion that Orc4 is solely
responsible for binding of S.pombe ORC to specific DNA
sites in vivo as well as in vitro.

Inspection of the Orc4 protected regions of ARS3001
(Figures 2-4), ARS3002 (Kong and DePamphilis, 2001)
and ARS1 (Kong and DePamphilis, 2001; Lee et al., 2001)
reveals that Orc4 binds to consecutive runs of (T);_; or
(T)3_4A motifs such as those found in the Crick strand of
site A in A3 (Figure 8) that do not contain either alternating
AT residues or interspersed G or C residues. Sequences
containing either alternating AT or interspersed G and C
residues did not bind Orc4, even when they contained
(T)3—7 and (T);_4A motifs (e.g. A9; Figure 8) or bound
Orc4 weakly (e.g. A6; Figure 8). In support of this
conclusion, asymmetric AT-rich sequences and the
oligomer (AAAT/TTTA),o compete strongly with ARS
elements in binding S.pombe ORC, whereas sequences
either with an average GC content (non-ARS control DNA
in Figure 1; Kong and DePamphilis, 2001) or with
oligomers of alternating AT do not (Lee et al., 2001;
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Takahashi and Masukata, 2001; Chuang et al., 2002). In
fact, required regions in ARS2004 could be replaced by
either (A:T)49 or (AAAT/TTTA)q, but not by (AT/TA)yg
or (AAAC/TTTG),( (Okuno et al., 1999).

The affinity of Orc4 for AT-rich asymmetric sequences
can be accounted for by its preference for oligo(T)-rich
deoxyribonucleotides. In both examples where an Orc4
binding site contained a large region of oligo(T) on one
strand and oligo(A) on the other, it was the T-rich strand
that was more strongly protected in the DNase I footprint
assays [site B in ARS3001 (Figure 8); site A in ARS3002
(Kong and DePamphilis, 2001)]. Moreover, only the T-
rich strand of ARS3002 bound Orc4, and this binding
preference was reproduced with oligo(T) and oligo(A)
(Figure 5). These data indicate that Orc4 binds DNA in
only one orientation.

A9 appears to be a novel origin element

As discussed above, the A2-A3 region of ARS3001
represents an S.cerevisiae-like replication origin, and the
A6 region is either a secondary origin that is used less
frequently, or a weak ORC binding site that facilitates pre-
RC assembly at A2-A3. However, the A9 region appears to
be unique. It does not bind Orc4, but it does bind an as yet
unidentified protein throughout the cell cycle in vivo. The
function of this protein can be replaced by one or more of
the ORC subunits, because A3 can replace A9 (Kim and
Huberman, 1998), suggesting that A9 is required specif-
ically for origin function and not for plasmid stability,
binding to nuclear structure or segregation during cell
division. In fact, while A9 still stimulates ARS3001
activity when it is substituted for A6 (Kim and Huberman,
1998) and thereby moved closer to the primary origin at
A2-A3, A9 cannot be moved further away from the origin
without loss of ARS activity (Table I). Therefore, the A9
region represents a novel element of the more complex
replication origins found in S.pombe and perhaps the
metazoa, as well. Its function in replication may be
analogous to that of an enhancer in transcription.

Is S.pombe a model for the metazoa?

Initiation sites for DNA replication in mammals are
determined by both genetic and epigenetic factors, but
the size and composition of these sites has been diffi-
cult to define and consequently appear more complex
than replication origins in S.cerevisiae (discussed in
DePamphilis, 1999; Altman and Fanning, 2001; Aladjem
et al., 2002). Metazoan replication origins may resemble
‘compound replication origins’ in S.cerevisiae that contain
redundant ORC binding sites (Hurst and Rivier, 1999;
Theis and Newlon, 2001), and ‘clustered origins’ in
S.pombe (Dubey et al., 1994; Kim and Huberman, 1999)
that contain multiple, closely spaced origins with one
origin strongly preferred over the others. Mapping initi-
ation events in these yeast origins using two-dimensional
gel protocols, as in mammalian origins, failed to identify
individual origins, detecting instead a broad zone of
initiation events. Based on DNA sequence homology,
metazoan ORCs may recognize a motif similar to the one
recognized by the S.cerevisiae ORC (Bogan et al., 2000),
but metazoan ORCs alone may bind weakly to such
motifs, allowing them to change the number and locations
of initiation sites during animal development. Site



specificity may arise through association with other
chromosomal proteins, such as HMG-I, that contain AT-
hook motifs to direct ORC to specific sites. In fact, initiation
loci in mammals (Aladjem et al., 1998; Abdurashidova
et al., 2000; Altman and Fanning, 2001) and flies (Ina et al.,
2001) all contain AT-rich asymmetric sequences, analogous
to those in S.pombe replication origins.

Materials and methods

Reagents

ARS3001 DNA sequences (DDBJ/EMBL/GenBank accession No.
ALS512862) were isolated from the S.pombe genome by PCR and cloned
into pBluescript II SK—Ura4 (4.7 kb) at EcoRI and Spel sites. pARS3001-
906 contained a 906 bp fragment terminated by 5-GAT-
CGACA---GGGAAAAGATACG-3". pARS3001-665 contained a
665 bp fragment terminated by 5-AGAGGAAA--TCAGAGATG-3'.
PARS3001-452 contained a 452 bp fragment terminated by 5-AGG-
TGGAGAG---TTGAAAGCC-3". pARS3001-320 contained a 320 bp
fragment terminated by 5-AGGTGGAGAG--AATATGGGA-3". In
pARS3001-320/A9, A6 and (5’-TCGATAC--A9--GAGTAGG-3") were
separated by the wura4 gene (1.8 kb). P-factor was purchased
from Research Genetics, Inc., and purified by HPLC to >90%.
Schizosaccharomyces pombe Orc4 protein and ORC-5 complex were
prepared as described previously (Kong and DePamphilis, 2001).

DNA band shift assay

dsDNA band shift assays were performed as described previously (Kong
and DePamphilis, 2001). Reactions were incubated for 10 min at room
temperature, adjusted to 0.02% NP-40, and then fractionated by
electrophoresis at room temperature in 1.2% agarose gel (standard
Tris—borate EDTA buffer pH 8.0) at 5 V/ecm for 3 h. Conditions for
ssDNA band shift assays were the same as for dsDNA band shift assays
except that poly(dG-dC) was omitted, and products were resolved by
electrophoresis in 5% polyacrylamide gels (standard Tris—borate EDTA
buffer pH 8.0) at 10 V/cm.

Cell synchronization

Schizosaccharomyces pombe (1 1) JL197 ura4-D18 cdc10-129 (G, phase
arrest), Orcl-4 mutant (Grallert and Nurse, 1996) (G, phase arrest),
JL202 ura4-D18 cdc22-M45 (S phase arrest) and JL206 ura4-D18 cdc25-
22 (G, phase arrest) were grown in YE medium to ODsg 0.4 at 26°C and
then shifted to 36.5°C for 3.5 h. For M phase arrest, i~ ura4-D18 Orpl-
3HA was grown at 32°C to ODsg 0.4, adjusted to 25 ug benomyl/ml and
incubated for 3 h. For P-factor-induced G, phase arrest, either h-
cyrlA::Leu2 Sxa2A::ura4 Leul-32 ura4-d18 or h~ matl-M Del-
mat2,3::Leu2 cyrl::ura4* ura4-D18 was incubated in EMM medium at
32°C to ODsgg 0.2, adjusted to 1.5 pg/ml P-factor and incubated for 6 h.
Cdcl8-deficient strain wura4-DI18 leul-32 ade6-M216 Acdcl8::ura4*
PREP81X-cdcl18* (Kelly et al., 1993) was grown to ODsg5 0.3 in EMM
medium supplemented with adenine at 32°C, and then with 5 pg/ml
thiamine for 4 h.

In vitro footprinting assay

DNase I footprinting assays were performed in vitro as described
previously (Leblanc and Moss, 2001), with modifications (see
Supplementary data, available at The EMBO Journal Online).

In situ genomic footprinting assay

DNase I genomic footprinting was performed as described previously
(Huibregtse and Engelke, 1991), with modifications (see Supplementary
data).

Mapping DNA synthesis initiation sites

Initiation sites for RNA-primed DNA synthesis were mapped as
described for S.cerevisiae (Gerbi and Bielinsky, 1997), with adaptations
for S.pombe (see Supplementary data).

Supplemenary data
Supplementary data are available at The EMBO Journal Online.
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