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ABSTRACT The origin recognition complex (ORC) was
originally identified in the yeast Saccharomyces cerevisiae as a
protein that specifically binds to origins of DNA replication.
Although ORC appears to play an essential role in the
initiation of DNA replication in the cells of all eukaryotes, its
interactions with DNA have not been defined in species other
than budding yeast. We have characterized a Schizosaccharo-
myces pombe homologue of the ORC subunit, Orc4p. The
homologue (Orp4p) consists of two distinct functional do-
mains. The C-terminal domain shows strong sequence simi-
larity to human, frog, and yeast Orc4 proteins, including
conserved ATP-binding motifs. The N-terminal domain con-
tains nine copies of the AT-hook motif found in a number of
DNA-binding proteins, including the members of the HMG-
I(Y) family of chromatin proteins. AT-hook motifs are known
from biochemical and structural studies to mediate binding to
the minor groove of AT-tracts in DNA. Orp4p is essential for
viability of Sc. pombe and is expressed throughout the cell
cycle. The Orp4 protein (and its isolated N-terminal domain)
binds to the Sc. pombe replication origin, ars1. The DNA
binding properties of Orp4p provide a plausible explanation
for the characteristic features of Sc. pombe origins of replica-
tion, which differ significantly from those of Sa. cerevisiae.

The initiation of DNA replication in bacteria, bacteriophages,
and eukaryotic viruses occurs at well-defined origins of DNA
replication that are recognized by specific initiator proteins
(1). Recent work indicates that initiation of chromosomal
DNA replication in the budding yeast Saccharomyces cerevisiae
proceeds by a similar mechanism (2–4). Sa. cerevisiae origins
of DNA replication [autonomously replicating sequence
(ARS)] are short ('100 bp) segments consisting of two
essential regions: the A domain, which contains a conserved
11-bp ARS consensus sequence (ACS) that is essential for
origin function, and the B domain, which contains several
stimulatory sequence elements (5). The ACS is required for
binding of the origin recognition complex (ORC), the Sa.
cerevisiae initiator protein (6, 7). ORC consists of six subunits
(Orc1p–Orc6p), each of which is essential for viability of Sa.
cerevisiae (8–11). It is not yet clear which subunits of ORC
determine its specificity of binding, but the strongest candi-
dates are Orc1p, Orc2p, and Orc4p, because protein-DNA
cross-linking studies indicate that these subunits interact with
the major groove of the DNA and bind within 10 Å of the ACS
(12). Genetic and biochemical data strongly suggest that ORC
is required for efficient initiation of Sa. cerevisiae DNA
replication in vivo, in part by recruiting essential initiation
factors to replication origins before S phase (11, 13, 14). The
complex has also been implicated in other cellular processes,
such as the establishment of gene silencing and progression
through M phase (11, 15).

Homologues of ORC subunits have now been identified in
a variety of other eukaryotic species, including mammals (16).
In addition, protein complexes containing ORC-related sub-
units have been purified from extracts of Xenopus laevis eggs
and Drosophila melanogaster embryos (17, 18). In several cases
(Schizosaccharomyces pombe, Xenopus, and Drosophila), there
is genetic or biochemical data indicating that specific ORC
subunits are required for initiation of DNA replication (19–
21). Thus, ORC appears to be highly conserved in eukaryotes,
suggesting the existence of common mechanisms for initiating
eukaryotic DNA replication. However, studies aimed at iden-
tifying origins of replication in eukaryotes other than Sa.
cerevisiae have revealed unexpected complexity and raised
some questions about the generality of the budding yeast
paradigm (22). In metazoans, for example, there is evidence
that the sequence requirements for initiation of chromosomal
DNA replication may be more relaxed than those in Sa.
cerevisiae. Although a number of studies have localized effi-
cient origins of bidirectional replication to discrete chromo-
somal sites as in budding yeast, other studies indicate that
initiation occurs with some efficiency at many sites within
so-called ‘‘initiation zones.’’ In special cases, such as Xenopus
eggs, ORC-dependent initiation of DNA replication on virtu-
ally any DNA molecule can occur with high efficiency. Col-
lectively, these studies suggest that the interaction between
ORC and DNA in metazoan cells may differ in some ways from
that observed in Sa. cerevisiae.

The fission yeast Sc. pombe represents an excellent model
system for analysis of the regulation of DNA replication during
the cell cycle. It is evolutionarily distant from S. cerevisiae, and
some aspects of its chromosomal organization more closely
resemble those of metazoan cells (23). Sc. pombe chromosomal
sequences capable of supporting the autonomous replication
of plasmids (ARSs) have been identified, and a number of
them have been shown to function as origins of DNA repli-
cation at their normal chromosomal loci (24–29). Fission yeast
ARS elements are rich in AT base pairs and have a minimal
size of 500-1000 bp, which is considerably larger than budding
yeast origins. In previous studies, we carried out a detailed
genetic analysis of Sc. pombe ars1 (27). This study, together
with similar analyses of two additional fission yeast ARS
elements, ars3001 and ars3002, revealed several interesting
features of fission yeast replication origins not shared by those
of Sa. cerevisiae (29, 30). Each Sc. pombe ARS element
contains one or more sequence blocks of 20 to 50 bp that are
important for ARS function as determined by deletion anal-
ysis. These blocks exhibit some similarity to one another: they
are all extremely AT-rich, and they display a tendency toward
clustering of A or T residues. However, they do not share a
common consensus sequence comparable with the ACS of Sa.
cerevisiae replication origins. Sc. pombe ARS elements are also
characterized by a high degree of functional redundancy. In
many cases sequence blocks that are important for function
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appear to be composed of smaller AT-rich sequence elements
that can be deleted individually without significantly affecting
origin activity. Consistent with these clear differences in
sequence organization, Sc. pombe replication origins do not
function in Sa. cerevisiae and vice versa (27).

We report here the identification and characterization of a
Sc. pombe homologue of the Orc4 protein (Orp4p) that
consists of two similarly sized domains. The C-terminal do-
main shows high sequence similarity to human, Xenopus and
Sa. cerevisiae Orc4 (31–33). The N-terminal domain contains
nine repeats of the so-called “AT-hook” motif, which includes
the core sequence, RGRP (34–37). The AT-hook motif is
characteristic of the HMG-I(Y) family of mammalian nonhis-
tone chromosomal proteins, and is found in a variety of other
proteins in organisms from yeast to humans (37). We have
demonstrated that full-length Orp4p or its isolated N-terminal
domain binds to sequences in the Sc. pombe replication origin,
ars1. We suggest that the Orp4 protein targets Sc. pombe ORC
to replication origins and that the characteristic features of ars1
and other Sc. pombe origins of DNA replication can be
understood in terms of the unique DNA binding properties of
the protein. We further speculate that HMG-I(Y)-like proteins
may play a role in targeting ORC to replication origins in other
species.

MATERIALS AND METHODS

Cloning of Sc. pombe orp41. The design of degenerate PCR
primers was based upon two highly conserved amino acid
sequences (GPRGyQSGyYKT and EKRVKSRF found in
human and Sa. cerevisiae Orc4 proteins; refs. 31–33). A 500-bp
fragment of orp41 was amplified by PCR from Sc. pombe
genomic DNA and cloned into the plasmid pKS (Stratagene).
The fragment was radiolabeled with 32P and used as a probe
to screen Sc. pombe genomic and cDNA libraries (a gift of G.
Hannon, Cold Spring Harbor Laboratory, Plainview, NY).
One genomic clone (4.8 kb) and several cDNA clones (up to
3.2 kb) were isolated.

Sc. pombe Strains and Plasmids. Strain YRC1 expressing
Orp4p with a triple hemagglutinin (HA) epitope tag at the C
terminus was constructed as follows. A DNA fragment con-
taining the 39-terminal 1.1 kb of the orp41 gene was synthe-
sized by PCR and inserted into the NotI site of the integration
vector pRCI272 in frame with the HA epitope tag. [pRCI272
was derived from the expression vector pSLF272 (38) by
removing the nmt11 promoter and the ars1 origin of DNA
replication.] The resulting plasmid was linearized at a unique
NcoI site in the orp41 sequence and introduced into strain TK3
(h2 leu1–32 ura4-D18). The YRC1 strain, harboring a single
integration of the plasmid at the orp41 locus (h2 leu1–32
ura4-D18 orp4::3HA[ura41]) was obtained by selection for
ura1 transformants. The structure of YRC1 was verified by
PCR and Southern blot analysis of restriction enzyme digests
of purified genomic DNA.

Strain YRC3 (h2 ura4-D18 pRCE3X-orp41), containing a
plasmid expressing the full-length orp41 gene under the con-
trol of the nmt11 promoter, was constructed as follows: The
plasmid pRCE3X was derived from the plasmid pREP81X
(39) by replacing the 2.2-kb nmt11 promoteryterminator DNA
fragment with the nmt11 promoteryterminator DNA fragment
of pSLF172 (38). The orp41 gene was synthesized by PCR and
inserted into the NotI site of pRCE3X. Strain YRC4 (h2

ura4-D18 pRCE3X-orp4N), expressing the N-terminal half of
Orp4 protein (amino acids 1–486), and strain YRC5 (h2

ura4-D18 pRCE3X-orp4C), expressing the C-terminal terminal
half of Orp4 protein (amino acids 436–972), were constructed
in a similar way to pRCE3X-orp41.

Cell Cycle Arrest. Strains carrying the HA epitope-tagged
orp4 gene and cdc mutant alleles were constructed by standard
genetic crosses. Strain YRC15 contained the cdc10-129 allele

(h2 cdc10–129 leu1–32 ura4-D18 ade6-M210 orp4::3HA-
[ura41]), and strain YRC16 contained the cdc25–33 allele (h2

cdc25–22 leu1–32 ura4-D18 ade6-M210 orp4::3HA[ura41]).
The cells were arrested in G1 phase (YRC15) or G2 phase
(YRC16) by incubation for 4 hr at the nonpermissive temper-
ature of 36°C. Strain YRC1 was arrested in S phase or M phase,
by growth in media containing 25 mM hydroxyurea for 4 hr or
25 mgyml benomyl for 3 hr, respectively.

Disruption of the orp41 Gene. The entire ORF of the orp41

gene was replaced by the ura41 gene by using standard gene
replacement methods (40). For this purpose a DNA fragment
containing ura41 f lanked by a 1-kb genomic fragment (from
the 59 side of the orp41 ORF) and a 1.5-kb genomic DNA
fragment (from the 39 side of the orp41 ORF) was introduced
into a diploid strain (h1yh2 leu1–32yleu1–32 ura4-D18yura4-
D18 ade6-M210yade-M216). Heterozygous orp41yorp4::ura41

diploids were identified among ura1 transformants by colony
PCR. Southern hybridization analysis of several restriction
enzyme digests of genomic DNA confirmed that the orp41

gene had been replaced by ura41.
Preparation of Extracts. Yeast extracts were prepared as

described (41) with slight modifications. Approximately 9 ml of
logarithmically growing culture (OD600 ' 0.5–0.7) was fixed by
adding 1 ml of 100% of trichloroacetic acid. Cells were
harvested by centrifugation and resuspended in 100 ml of 20%
trichloroacetic acid. After addition of equal volume of glass
beads, the cells were disrupted by vortexing for 5 min at room
temperature.

Southwestern Blot Analysis. Cellular proteins were resolved
by 10% SDSyPAGE and transferred to a nitrocellulose mem-
brane. The membrane was incubated in denaturation buffer
(10 mM Tris, pH 7.5y50 mM NaCly2 mM EDTAy0.5 mM
DTTy4 M urea) at room temperature for 2 hr. Binding buffer
(10 mM TriszHCl, pH 7.5y1 mM EDTAy1 mM 2-mercapto-
ethanoly50 mM NaCl) was added to reduce the urea concen-
tration in 2-fold steps (42). When the concentration of urea
was reduced to 0.125 M, the membrane was incubated in
binding buffer plus 5% nonfat milk at room temperature for
2 hr. Gel purified radiolabeled DNA, prepared by PCR
methods (43), was added (1 3 106 cpmyml), and after incu-
bation for an additional 2 hr, the membrane was washed and
autoradiographed. For competition assays, a 100-fold excess of
gel purified nonradioactive DNA was mixed with radiolabeled
DNA before the incubation. The ars1 DNA fragment con-
tained nucleotides 800-1129, which are essential for origin
activity (27). Equivalent data were obtained with a fragment
containing the complete ars1 element. The nonspecific com-
petitor DNA fragment contained nucleotides 1773–2109 of the
orp41 coding region.

RESULTS

Identification of an Sc. pombe Homologue of ORC4. To
identify a fission yeast homologue of Orc4p, we carried out
PCR on Sc. pombe genomic DNA with degenerate primers
corresponding to sequence blocks conserved in Sa. cerevisiae
and human Orc4p (31, 33). The initial PCR product was used
as a probe to screen cDNA and genomic libraries. A cDNA
clone with a single open reading frame capable of coding for
a protein of 972 amino acids was obtained (Fig. 1). A genomic
clone containing a partial copy of the same protein coding
sequence (residues 241–972) was also obtained. We refer to the
encoded protein as Orp4p and to the corresponding gene as
orp41.

Inspection of the sequence of Orp4p revealed that the
C-terminal half ('460 amino acids) exhibited strong sequence
similarity to human, Xenopus, and Sa. cerevisiae Orc4 proteins,
which range in size from 432 to 529 amino acids (Fig. 2). The
amino acid sequence of the fission yeast protein was '35%
identical and 63% similar to the human and Xenopus Orc4
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proteins over their common lengths. Similar, but slightly lower,
values (29% identityy58% similarity) were obtained when the
fission yeast sequence was compared with that of Sa. cerevisiae.
All four Orc4 proteins contain a consensus purine nucleotide
binding motif as well as several additional highly conserved
sequence blocks.

The Sc. pombe Orp4 protein contains an N-terminal exten-
sion of '500 amino acids that is absent from Orc4 proteins of
the other species. This N-terminal domain has an unusual
amino acid composition that is weighted toward hydrophilic
amino acids and contains greater than average amounts of
proline, serine, aspartic acid, glutamic acid, and arginine.
Distributed along the length of the domain are nine AT-hook
motifs, consisting of a perfectly conserved central core se-
quence, RXRGRP, with flanking regions containing addi-
tional basic amino acids (Fig. 1). The AT-hook motif is known
to bind to the minor groove of AT tracts 4–8 nucleotides in
length (36, 37). The best-studied examples of proteins con-
taining AT-hooks are the HMG-I(Y) proteins that are known
to facilitate the assembly of protein complexes at transcrip-
tional enhancers (37). The HMG-I(Y) proteins contain three
AT-hook motifs, and it has been demonstrated that a single
protein molecule can simultaneously bind with high affinity to
three appropriately spaced AT tracts (44). On the basis of these
properties, it would be expected that the N-terminal domain of
Orp4p would target the molecule to genomic segments that are
rich in AT-residues, such as origins of replication (see below).

Expression of Sc. pombe Orp4 Protein. An HA epitope tag
was introduced at the C terminus of Orp4p by means of
chromosomal gene targeting methods. Whole cell extracts
prepared from the resulting strain contained a protein, de-
tectable with anti-HA antibody, that migrated in SDS gels with
an apparent molecular mass of '135 kDa (Fig. 3). The protein
was not detectable in control strains expressing untagged Orp4
protein. The predicted molecular mass of the tagged Orp4
protein is 112 kDa, so the protein appears to migrate slightly

more slowly than expected, possibly as a result of the unusual
amino acid composition of the N-terminal domain.

To determine whether the expression of Orp4p varied
during the cell cycle, extracts were prepared from cells blocked
in the G1, S, G2, and M phases of the cell cycle and assayed for
Orp4p by Western blot analysis. To confirm that approxi-
mately equal amounts of protein were loaded in each lane, the
same Western blot was probed with anti-tubulin antibodies. As
shown in Fig. 3, expression of Orp4p was nearly the same at all
phases of the cell cycle, with the possible exception of a small
reduction in expression in M phase. This finding is consistent
with observations in most other species, indicating that ORC
subunits are generally expressed throughout the cell cycle (16).

Phenotypic Effects of Deletion or Overexpression of Orp4
Protein. By using standard genetic methods, one copy of the
orp41 gene in a diploid strain of Sc. pombe was deleted and
replaced with the ura41 gene. The orp4 deletion strain was
induced to sporulate and tetrads were analyzed. Two spores in
each tetrad failed to form colonies. Microscopic examination
revealed that these spores gave rise to 1–10 vegetative cells of
variable size, but failed to progress further. The two remaining
spores in each tetrad produced colonies of normal size that
were invariably ura2 in phenotype. We conclude that the orp41

gene is essential for viability in Sc. pombe. The ability of cells
lacking the orp41 gene to undergo two or three cell divisions
before arresting suggests that some active Orp4 protein is
sequestered in the spores derived from the heterozygous
diploid parent. To further examine the terminal phenotype of
cells lacking Orp4 protein, a population of spores derived from
the orp4 deletion strain was germinated in medium lacking
uracil. Under these conditions only the ura1 spores carrying
the orp4 deletion (orp4D) are capable of germinating. Flow
cytometric analysis confirmed that orp4D cells synthesized
DNA during at least the first cell cycle after germination.
Microscopic examination of the cells at later times revealed the
accumulation of elongated cells with abnormal nuclear mor-
phology (n) as well as some ‘‘cut’’ cells that had undergone
abnormal mitosis (c). These terminal phenotypes are similar to
the phenotypes previously observed with cells lacking Sc.
pombe Orp1 protein (45) (Fig. 4 A and B).

To determine the phenotypic consequences of over-
expressing Orp4 protein or either of its two constituent
domains, cDNAs encoding each protein were inserted into Sc.
pombe expression plasmids in frame with a C-terminal HA
epitope tag, and expression of the fusion proteins was driven
by the strong inducible nmt11 promoter. Over-expression of
Orp4 protein or either of its domains markedly slowed cell
growth. Microscopic examination revealed that the two do-
mains of Orp4p had dramatically different phenotypic effects.
Overexpression of the N-terminal AT-hook domain resulted in
the accumulation of septated cells that contained only a single
nucleus, suggesting a failure of chromosome disjunction before
septation or a derangement of the regulatory mechanism that
normally couples septation to the completion of mitotic events
(Fig. 4D). A similar phenotype has been observed in the case
of the cut9 mutant that is defective in anaphase (46). Flow
cytometry showed that roughly half of the cells had a normal
2C DNA content, and the remainder had a wide range of DNA
contents from ,1C to .2C, consistent with a segregation
defect (data not shown). Over-expression of the C-terminal
Orc4 homology domain resulted in the accumulation of highly
elongated cells, indicative of cell cycle arrest or delay (the cdc
phenotype). The nuclei of such cells were grossly abnormal and
contained DAPI-staining material that was distributed in
fragments over a significantly larger volume than that of
normal interphase nuclei (Fig. 4E). Approximately half of the
cells had a 2C DNA content by flow cytometry. Most of the
remainder had DNA contents .2C, suggesting that DNA
replication was partially uncoupled from cell division. A small
fraction of the cells (5%) had a 1C DNA content indicative of

FIG. 1. Identification of Orp4. (A) Diagram of the sequence
organization of the Orp4 protein. The locations of the nine AT-hooks
in the N-terminal domain are indicated by vertical bars. (B) Alignment
of the sequences of the AT-hook motifs in Orp4p. (C) Predicted amino
acid sequence of the Orp4 open reading frame. The nine AT-hooks in
the N-terminal domain are shaded and the putative ATPyGTP binding
motifs in the C-terminal domain are underlined. The region of the
protein with homology to human and yeast Orc4 proteins is boxed.
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failure to enter S phase. Cells over-expressing the full-length
Orp4 protein exhibited phenotypes similar to those observed
with over-expression of either of its domains, but the extent of
cellular elongation was less marked and the frequency of
abnormal nuclear division was lower (Fig. 4F). The majority of
the cells had a normal 2C DNA content, but a fraction ('30%)
had DNA contents .2C. Western blot analysis demonstrated
that the level of accumulation of the full-length protein was
somewhat less than that of either isolated domain, perhaps
accounting for this less extreme phenotype.

Binding of Orp4 Protein to the ars1 Replication Origin. To
assess the ability of Orp4p to bind to DNA we carried out
southwestern blot analysis. Orp4 protein or its N- and C-
terminal domain was expressed from Sc. pombe plasmids
under the control of the nmt11 promoter. Whole cell extracts
were prepared after induction of expression and subjected to
SDSyPAGE. After transfer to nitrocellulose membranes and
incubation under renaturing conditions, the cellular proteins
were incubated with a 32P-labeled DNA fragment derived from
a region of the ars1 origin of replication known to be required
for origin function (27). Strongly radioactive bands at the
positions of the full-length Orp4 protein and the N-terminal
domain were observed (Fig. 5, lanes F and N). Extracts from
cells expressing the C-terminal Orc4 homology domain or
control extracts from cells harboring the vector alone did not
exhibit similarly intense radioactive bands (Fig. 5, lanes C and
V). However, the latter extracts (as well as extracts expressing
the N-terminal domain) contained low levels of an ars1-
binding protein that migrated slightly faster than the epitope-
tagged Orp4p (Fig. 5, lanes N, C, and V). It is likely that this
protein represents endogenous untagged Orp4p. The binding
of radioactive ars1 DNA to Orp4p or the N-terminal domain
was almost completely eliminated by an excess of non-
radioactive ars1 DNA, but not by a similar amount of an

unrelated DNA fragment of the same size. We conclude from
these data that Orp4 protein specifically binds to ars1 DNA
and that the N-terminal AT-hook domain is necessary and
sufficient for such binding.

FIG. 3. Orp4 protein is expressed throughout the cell cycle. Fission
yeast cells expressing epitope-tagged Orp4 protein were blocked in the
G1, S, G2, or M phases of the cell cycle as described in Materials and
Methods. Extracts prepared from blocked cells were fractionated by
SDSyPAGE and Orp4 protein was detected by Western blot analysis.
The same Western blots were probed for tubulin protein as a control
for equal loading of the gels.

FIG. 4. Phenotypic effects of deletion or over-expression of Orp4
protein. (A and B) Deletion of Orp4. Spores from a control diploid
strain (ura41yura4-D18) or a diploid strain in which one copy of the
orp41 gene replaced by the ura41 gene (ura4-D18yura4-D18
orp41yorp4::ura41) were incubated in medium lacking uracil for 15 hr
and stained with DAPI. The control spores yielded a population of
growing vegetative cells with mostly normal morphology (A). Spores
lacking the orp41 gene yielded a variety of terminal phenotypes,
including elongated cells with abnormal nuclei (n) and ‘‘cut’’ cells (c)
with the septum separating unequal nuclear masses (B). An unger-
minated spore is marked by (s). (C–F) Over-expression of Orp4
protein or its domains. Wild-type Sc. pombe cells were transformed
with vector alone (C) or with plasmids expressing the N-terminal
domain of Orp4p (D), the C-terminal domain of Orp4p (E) or the
complete Orp4p (F) under the control of the inducible nmt11

promoter. Twenty hours after induction the cells were fixed and
stained with DAPI. Approximately 30% of cells over-expressing the
N-terminal domain of Orp4p contained a septum with a single nucleus
(D). Arrows indicate septa. The majority of cells over-expressing the
C-terminal domain of Orp4p were elongated and many exhibited
abnormal nuclear morphology (E). Cells over-expressing the complete
Orp4p showed both phenotypes (F).

FIG. 2. Sequence alignment of Orc4 proteins. The amino acid sequence of the C-terminal domain of Orp4 protein (sporp4) is aligned with the
sequences of the Orc4 proteins of human (hsorc4), frog (xlorc4), and budding yeast (scorc4). Identical amino acids shared by the majority of
sequences are shaded black and similar amino acids are shaded gray. The Walker A and B sites are indicated.
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DISCUSSION

Orc4 protein is an essential subunit of the Sa. cerevisiae origin
recognition complex and has been identified in other eu-
karyotes, including mouse, frog, and human (31–33). The Sc.
pombe Orc4 protein shares all of the sequence blocks con-
served in other species, suggesting that it is a true homologue.
We have demonstrated that the orp41 gene encoding Orp4p is
essential for viability of fission yeast. Cells lacking Orp4p arrest
as elongated cells with deranged nuclear morphology, similar
to fission yeast cells lacking other ORC subunits. The protein
is expressed throughout the cell cycle, consistent with obser-
vations in Sa. cerevisiae and other species that ORC subunits
are relatively stable proteins whose levels do not fluctuate
significantly during the cell cycle (16).

Among the sequence blocks conserved in Orc4 proteins is a
bipartite purine nucleotide binding motif (47). The Sc. pombe
nucleotide binding motif is more closely related to that of the
vertebrate species than to that of Sa. cerevisiae. The Orc4
proteins of Sc. pombe, human, Xenopus, and mouse show a very
strong match to the consensus Walker A motif, whereas Sa.
cerevisiae Orc4 proteins (ScOrc4) has only a weak match with
other amino acids replacing two highly conserved glycine
residues (Fig. 2). Although the ScOrc4 subunit can be cross-
linked to ATP in the context of the complete origin recogni-
tion complex, there is evidence that the interaction with ATP
may be indirect (12). Mutations in the Walker A or Walker B
motifs of ScOrc4 do not reduce the extent of ATP cross-linking
and have no discernable phenotypic effects in vivo. Thus, the
nucleotide binding motif of ScOrc4 is probably inactive,
whereas the motifs of Sc. pombe and higher eukaryotes may
well be functional.

Orp4p has a 500-amino acid N-terminal extension that
contains nine AT-hook motifs (34–37). We suggest that the
function of this domain is to target Sc. pombe Orc to origins of
replication. In support of this hypothesis we have demon-
strated that the N-terminal domain of Orp4p mediates in vitro
binding to ars1 origin DNA, which like other Sc. pombe ars
elements is extremely AT-rich. The AT-hook motif consists of
a core sequence of RGRP flanked by basic residues and has
previously been observed in proteins with a variety of func-
tions, including transcriptional regulation, chromatin remod-
eling, and mitotic control (37). Two known ORC subunits, Sc.
pombe Orp1p and Sa. cerevisae Orc2p, contain single AT-hook

motifs (31, 45). Abp-2, a previously described Sc. pombe
protein with one AT-hook motif, binds to ars DNA, but is not
essential for viability (48).

The best studied examples of proteins with AT-hooks are the
mammalian HMG-I(Y) proteins, which contain three motifs
separated by flexible spacer sequences (37). Structural and
biochemical studies of HMG-I(Y) protein-DNA complexes
indicate that the conserved RGR motif adopts an extended
configuration and lies deep within the minor groove of AT-
tracts that are a minimum of four residues in length (34–37).
The flanking basic residues mediate electrostatic and hydro-
phobic interactions with the DNA backbone (36). The DNA
bound to HMG-I(Y) protein is essentially B-type with a minor
groove that is only slightly wider than normal (36). It has been
clearly demonstrated that the three AT-hooks in HMG-I(Y)
proteins bind in a multivalent fashion to sequential AT-tracts
along the DNA (44). The affinity of HMG-I(Y) for AT-rich
DNA has been measured in the nanomolar range (34). Thus,
Orp4p could have a very high binding affinity (and a long
lifetime on the DNA) if all nine motifs simultaneously engage
AT-tracts in the DNA. A high binding affinity would be
consistent with the possibility that Orp4p (and other ORC
subunits) remain bound to DNA throughout the cell cycle as
has been observed in Sa. cerevisiae. On the other hand, the
organization of the DNA binding domain of Orp4p into a set
of independent modules, each with relatively low affinity on its
own, could facilitate the progressive displacement of the
protein from the DNA when necessary, e.g., for the passage of
a replication fork.

Our competition binding data indicate that Orp4p has a
significantly higher affinity for ars1 DNA than for a randomly
chosen DNA fragment of normal base composition. This result
is perhaps not surprising given the fact that ars1 contains many
lengthy AT-tracts. However, we suspect that Orp4p may
recognize some AT-rich sequences in preference to others and
that this may be an important factor in determining the
specificity of initiation of DNA replication. Recent studies
have demonstrated that the spacing between successive AT-
tracts is an important factor in determining the affinity of
HMG-I(Y) binding (44). The binding affinity decreases rapidly
if the AT-tracts are too close or too distant. These consider-
ations suggest that the affinity of Orp4p for a particular DNA
segment may be strongly dependent upon the detailed orga-
nization and spatial arrangement of the AT-tracts within the
segment. Thus, it is possible that Orp4p recognizes origins of
replication with high specificity and that the relative affinity of
Orp4p for different origins could be one factor that determines
their relative efficiency of utilization. Further work will be
required to assess these possibilities.

The DNA binding properties of Orp4p provide a satisfying
explanation for the characteristics of Sc. pombe replication
origins deduced from genetic studies (27, 29, 30). All fission
yeast origins studied carefully to date are strikingly AT-rich,
but lack a short consensus sequence that is absolutely essential
for origin function. These properties are consistent with the
finding that the DNA binding domain of Orp4p is comprised
of repeated DNA binding motifs each recognizing a sequence
whose only distinguishing feature is a core of AT base pairs.
Thus, as noted above, the specificity of Orp4p binding is likely
determined by the spatial arrangement of sequential AT-
tracts, rather than by a short consensus sequence such as the
budding yeast ACS. The fact that Orp4p consists of repeated
DNA binding modules can also explain the functional redun-
dancy that is such a striking characteristic of Sc. pombe origins
of replication. High affinity binding may depend on the total
number of AT-tracts that can be effectively bound by the nine
AT-hooks in the protein and not on any particular AT-tract.
Thus, the deletion of an AT-tract or a small set of AT-tracts
is likely compensated for by the presence of other AT-tracts
that can bind to the protein with similar affinity. The fact that

FIG. 5. Binding of Orp4 protein to the ars1 replication origin. Cell
extracts were prepared from haploid cells expressing full length Orp4p
(F), the N-terminal domain of Orp4p (N), or the C-terminal domain
of Orp4p (C). Extracts from cells containing vector alone (V) served
as a control. After SDSyPAGE the cellular proteins were transferred
to a nitrocellulose membrane and subjected to a renaturation protocol.
The membranes were incubated with a radiolabeled fragment of the
ars1 replication origin in the presence or absence of a 100-fold excess
of nonradioactive competitor DNA. The competitor DNAs consisted
of the identical ars1 fragment (specific) or an unrelated fragment of
similar size (nonspecific). The positions of full-length Orp4p, the
N-terminal domain and the C-terminal domain are indicated as F, N,
and C, respectively. (The expression of all three proteins was verified
by Western blot analysis.) The position of endogenous Orp4p is
indicated by E.
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the novel structure of Orp4p can explain the characteristic
features of Sc. pombe origins provides strong additional sup-
port for our hypothesis that the N-terminal domain of the
protein targets ORC to origins of replication.

As noted above, the sequence requirements for initiation of
chromosomal DNA replication in higher eukaryotes have not
yet been clearly defined, but there is some suggestive evidence
that they may not be as stringent as in Sa. cerevisiae (22). Our
findings raise the question of whether HMG-like proteins
might be involved in initiation of DNA replication in organ-
isms other than Sc. pombe. Although Orp4p is so far unique
among ORC subunits in containing a recognizable DNA
binding domain, it is possible that targeting of ORC to origins
in higher eukaryotes involves specific protein–protein inter-
actions with chromatin factors that have similar properties to
the N-terminal domain of Orp4p. It is known that HMG-I(Y)
proteins play a key role in the cooperative assembly of specific
protein complexes at enhancers (37). We speculate that HMG
or other chromatin proteins may play a similar role in assembly
of the replication initiation complex. In this regard, it is
interesting that the protein in the sequence data bases that is
most similar in organization to the N-terminal domain of
Orc4p is the Drosophila D1 protein that contains seven con-
sensus AT-hooks (49–51). Immunofluorescence studies have
shown that the D1 protein binds sites throughout the chro-
mosomes, but is especially abundant in regions of heterochro-
matin that contain AT-rich satellite DNA (49). Comparison of
the distribution of D1 protein with the recently described
distribution of Drosophila Orc2 protein (DmOrc2p) reveals a
striking similarity. Like the D1 protein, the Drosophila Orc2
protein (DmOrc2p) exhibits a preferential, though not exclu-
sive, association with heterochromatin in interphase and mi-
totic chromosomes (52).

Several lines of evidence suggest that ORC may have
functions other than its role in initiation of DNA replication.
In Sa. cerevisiae ORC is involved in the establishment of gene
silencing at the silent mating type loci (9, 11, 53). In addition,
genetic studies have demonstrated that certain orc5 mutants
arrest in early M phase, suggesting a mitotic role for ORC (15).
Finally, recent studies have shown that mutations in the
Drosophila Orc2 gene can suppress position effect variegation,
consistent with some role in the formation or maintenance of
heterochromatin (52). Although there is no direct evidence for
non-replicative functions of ORC in Sc. pombe, it is intriguing
that over-expression of the N-terminal domain Orp4p can lead
to derangement of the normal process of nuclear division and
septation. Thus, it is possible that the binding of Orp4p to
replication origins or other AT-rich DNA sequences could
have some more general role in chromosome dynamics.
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