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Abstract

Initiation of eukaryotic DNA replication commences when the origin recognition complex (ORC) binds to DNA, recruiting helicases,
polymerases, and necessary cofactors. While the biochemical mechanism and factors involved in replication initiation appear to be highly
conserved, the DNA sequences at which these events take place in different organisms are not. Thus, while ORC appears to bind to specific
DNA sequences in budding yeast, there is increasing new evidence that metazoan ORC complexes do not rely on sequence to be directed to
origins of replication. Here, we review examples of specific and non-specific initiation, and we consider what, if not DNA sequence, accounts
f
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or DNA binding of ORC to defined regions in eukaryotic genomes.
2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Precise duplication of the eukaryotic genome during each
cell cycle is critically important for cellular survival. As such,
mechanisms that control how replication initiates are highly
regulated by the cell. Initial models of DNA duplication sug-
gested that replication would begin when a sequence-specific
DNA binding protein known as an initiator bound to a defined
region of the genome called the replicator[1]. The initiator
protein would then recruit the factors that unwind DNA and
assemble a replisome. Examples from bacterial and viral sys-
tems supported this notion, as did studies inSaccharomyces
cerevisiae, where the eukaryotic initiator protein was first
discovered. This six-subunit protein complex, called the ori-
gin recognition complex, or ORC, is required for replication
in budding yeast, and it carries out its function by binding
to defined regions of the genome known as autonomously
replicating sequences, or ARSs[2].

Further investigation demonstrated that ORC has ho-
mologs in all eukaryotic organisms examined, and indeed
most biochemical factors required for initiation of DNA repli-
cation are highly conserved[3]. ORC acts to recruit two more
proteins, cdc6 and cdt1, to the DNA. These proteins, in turn,
are required for the chromatin loading of the MCM2–7 com-
plex, which is believed to be the replicative DNA helicase
[4–6]. Together these proteins form a structure known as
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encircle double-stranded DNA[9]. This hypothesis is attrac-
tive given that three out of six ORC subunits (Orc1, 4, and
5) contain AAA+ ATPase domains, as does the cdc6 protein
[10]. Precedence for this type of loading mechanism comes
from the AAA+ ATPase RFC, which loads the processiv-
ity factor PCNA onto double-stranded DNA. Additionally,
recent evidence showing an archaeal MCM complex as a
ring structure with an inner circle large enough to accommo-
date double-stranded DNA is in keeping with this hypothesis
[11,12].

The role of ATP binding and hydrolysis in ORC func-
tion has been characterized to different degrees in different
organisms. In budding yeast, ATP binding by the ScOrc1
subunit is essential for viability in vivo and DNA binding in
vitro [13]. Recently, ATP hydrolysis by ScOrc1 has also been
shown to be essential for viability. Mutation of a conserved
arginine residue in ScOrc4 leads to abrogation of ScOrc1’s
ATPase activity, which in turn leads to a reduction of MCM
loading and cell death[118]. Mutation of the AAA+ ATPase
domains in ScOrc4 and 5 elicits no phenotype, leading to the
conclusion that in budding yeast, ATP binding by ScOrc1
is primarily responsible for ATP-dependent ORC function
[13]. The interaction ofDrosophilaORC with ATP is simi-
lar to that ofS. cerevisiaeORC. Mutations in the Walker A
motif of DmOrc4 or 5 have no effect on DmORC’s ability
to support DNA replication, whereas mutation of the Walker
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he pre-replication complex, or pre-RC, so termed bec
t generates a characteristic DNA footprint prior to re
ation initiation (pre-replicative footprint)[7]. As the cel
rogresses from G1 into S phase, the pre-RC is activ
y two protein kinases, cdc7/dbf4 and a cyclin depen
inase (Cdk), whose activities rise in S phase. Thes
ases initiate a cascade of events that ultimately lea
rigin unwinding, polymerase recruitment, and duplica
f the cellular genome[3]. Initiation of DNA replication

eads to disassembly of the pre-RCs, causing a smaller
rinting pattern, known as the post-replicative state of
rigin [7].

Although many proteins involved in the initiation of DN
eplication have been identified, much of the mechanisti
ail of this process remains unclear. In addition to pro
ng a model for where replication begins, bacterial syst
ere also initially used as a model for ORC function
acteria, replication begins when the DnaA protein bind

he bacterial origin of replication, oriC[8]. This binding in-
uces local melting of the DNA. DnaA, assisted by Dn

hen loads DnaB, the replicative helicase, onto the sin
tranded DNA. The helicase then further unwinds the D
rom the melted region and allows DNA synthesis to be
riginally, it was proposed that ORC might work throug
imilar mechanism as DnaA, inducing origin melting. Ho
ver, single-stranded DNA has not been detected as a
f ORC binding, and as such it appears that the eukar

nitiator might play a different role than its prokaryotic cou
erpart. One hypothesis is that ORC acts as a clamp load
he MCM2–7 complex, allowing the MCM2–7 complex
t

motif in DmOrc1 completely abolishes DNA replicati
n an in vitro system[14]. Despite this apparent requirem
or ATP binding to the DmOrc1 subunit, a recent study s
ests that WT DmORC can bind DNA in the absence of A
nd this binding is stimulated approximately three-fold

he addition of ATP[15]. This result is similar to that se
ith HsORC, which can also bind DNA in the absence
TP, but undergoes a three- to five-fold increase in D
inding in the presence of ATP[16]. While it seems tha
ost ORC complexes studied require ATP to some degre

heir activity, further study will be required to validate or d
rove the idea of ORC as an ATP-dependent MCM2–7 c

oader.
Despite conservation of the proteins involved in euk

tic DNA replication, the DNA sequences on which ini
ion takes place are highly divergent, and in many organi
oorly characterized[17]. On the one hand, the yeast O
omplex binds to specific DNA sequences, which direct
iation events in vivo. On the other hand, metazoan O
omplexes exhibit virtually no sequence-specificity[15,16].
owever, replication initiation events in these organisms
ot random, and can in some cases be quite localized
itionally, while in yeast the genetically defined replica
lement is coincident with the biochemical origin, or in
tion site, in other organisms the relationship between
eplicator and the origin is not as well defined. Here, we
mine what defines a replicator element in various eukar
pecies. We then discuss models for what directs initia
vents to defined locations in the absence of a sequenc
ific initiator protein.



C. Cvetic, J.C. Walter / Seminars in Cell & Developmental Biology 16 (2005) 343–353 345

2. Saccharomyces cerevisiae

The prototype for sequence-specific DNA binding by a
eukaryotic initiator protein comes fromS. cerevisiae. Yeast
replicators were initially described as genomic sequences that
confer on a plasmid the ability to be maintained extrachromo-
somally. These DNA elements were termed autonomously
replicating sequences, or ARSs[18]. In addition to allow-
ing extrachromosomal replication of plasmid DNA, many of
these elements also function as origins in their native chro-
mosomal context[19]. Purification of proteins that caused
a specific DnaseI footprint on ARS1 led to the discovery
of the eukaryotic initiator protein, ORC[2]. Molecular dis-
section of ARS1 revealed that it contains four motifs that
are required for replication, and thus plasmid propagation
[20]. The most important element of ARS1 is the A element,
which contains the ARS consensus sequence, or ACS. This
11 bp sequence, 5′(A/T)TTTA(T/C)(A/G)TTT(A/T)3′, is an
essential feature of all known ARSs[21]. The ACS consti-
tutes half of the bipartite ORC binding site. ARS1 contains
three additional elements, B1, B2, and B3 that together are
also essential for function[20]. Combinations of these B
elements are also found in other ARS sequences[21]. The
first, B1, comprises the second half of the ORC binding site
[22,23]. Careful mapping of initiation sites revealed a precise
transition from leading to lagging strand synthesis at ARS1
b
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sequence specific DNA binding elements, and this would ap-
pear to set them apart from initiation zones in mammalian
cells.

3. Schizosaccharomyces pombe

Like S. cerevisiaeARS elements,S. pombereplicator
sequences were identified through plasmid transformation
studies ([29] and references therein). Additionally, manyS.
pombeARSs function as replicators at their endogenous chro-
mosomal loci. However,S. pombeARS elements are much
larger than theirS. cerevisiaecounterparts (0.5–1 kb ver-
sus 100–200 bp), and no well-defined consensus sequence
analogous to the ACS has been identified that is essential
for ARS function inS. pombe. Instead,S. pombereplica-
tor elements are composed of asymmetric stretches of ade-
nine and thymine bases. Although in each ARS tested, dele-
tion of small elements of∼50 bp completely abrogates ARS
function, these elements are not the same among different
ARS elements, and they have no homology with one an-
other aside from an unusually high A−T content[30]. One
study showed that essential regions of ars2004 can be re-
placed with poly(dA/dT) tracts[31]. Indeed, a computa-
tional genome wide analysis based on locating regions of
DNA with higher A−T content than average identified 384
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etween the B1 and B2 elements[24]. B2 was originally
roposed to be a DNA unwinding element based on stu

hat showed functional substitution of the element with o
asily unwound sequences and also studies demonst
correlation between free energy of unwinding of this

ion and origin function[21]. Another recent study, howev
emonstrated a lack of correlation between helical stab
nd origin function based on a large number of mutant B
ments[25]. Instead, the authors find that a specific sequ
lement, consisting of an imperfect match to the ACS, is
ortant for B2 function. This finding suggests that B2 m

n fact contain a sequence element important for binding
re-RC component, and not just an easily unwound sequ
inally, B3 is a binding site for the transcription factor Ab
hich is present in ARS1 but not in every ARS. The Ab
inding site can be functionally replaced at ARS1 with b

ng sites for several other transcription factors, suggest
ink between transcriptional activation and DNA replicat
20].

Although most S. cerevisiaeorigins conform to th
aradigm discussed above, there are several examples
alled compound origins. At the HMR-E locus, three sepa
ragments located within a small region each have ARS
ivity [26,27]. Several compound origins (including ARS1
nd ARS310) contain multiple ACS elements, which m
ll be mutated in order to abrogate replication[28]. These
ompound origins are similar to initiation zones found
igher eukaryotes (see below), in that replication can b

rom multiple sites within a defined region. However, des
heir relative complexity, compound origins in yeast con
-

A+T-rich islands” [32]. Twenty of these islands chos
t random were tested for ARS activity, and 18 were

ive origins, showing that A−T content is an excellent pr
ictor of functional ARS elements. This method estim
45 ARSs in theS. pombegenome, which is similar t

he estimates reached by two genome wide approach
. cerevisiaeof 332–429 ARSs[33,34]. Since these orga

sms have similar genome sizes and lengths of S pha
s logical that they contain similar numbers of replicat
rigins.

A unique feature of theS. pombeORC protein accoun
or its high preference for A−T rich DNA. Unlike ScORC
here multiple ORC subunits contact the DNA, DNA bi

ng by SpORC is mediated through a single subunit, SpO
his subunit is unique among Orc4 proteins in that it cont
n N-terminal DNA binding domain containing nine cop
f the HMG-I (Y)-related AT-hook motif[35]. These AT
ook domains bind to the minor groove of A−T rich DNA
tretches sequence non-specifically[36]. As stated above
. pombeARS elements have multiple functional doma

hat contribute to origin activity, and likewise, SpORC
ind to various elements within an ARS with similar affi

ty [37–39]. A recent study at ars2004 shows that O
inds synergistically to two elements of this origin, and
ouble-binding event is important for MCM loading and o
in firing in S. pombe[40]. This mode of action is rem
iscent of ORC binding at theDrosophilachorion gene lo
us on chromosome three, where DmORC binds to mu
ites, but initiation takes place at just one of these loca
see below).
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4. Embryonic systems

The most extreme examples of origin usage come from
XenopusandDrosophilaembryonic systems where any se-
quence can be used as an origin of DNA replication. Two-
dimensional gel analysis reveals that in these systems, repli-
cation begins at random throughout various genomic and
plasmid sequences tested[41–43]. As development contin-
ues, however, replication begins to be localized to more spe-
cific sites in bothDrosophilaandXenopuscells. Hyrien et al.
demonstrated that although earlyXenopusembryos replicate
the rDNA locus from random sites, the start of zygotic tran-
scription at the mid blastula transition marks a concomitant
shift in origin usage in this region[44,45]. After this time,
replication is seen to initiate only from an intergenic spacer
region found between rDNA transcription units. Likewise, in
Drosophila,origin usage at the 65-kbDNApolα-dE2Fregion
changes dramatically when compared between 1 and 5 h after
fertilization. Yet another pattern was detected at this locus in
cultured cells. The authors conclude that the change in origin
usage can be correlated with transcriptional activity in this
region[46].

Even before the midblastula transition,XenopusORC can
be made to recognize some sequences over others. In diluted
Xenopusegg extracts, addition of SpOrc4, the DNA binding
subunit of SpORC, reduces XlORC binding, causing partial
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a downstream origin, ori� [50,53]. Initial sequence analysis
seemed to indicate that like ScORC, DmORC was a sequence
specific DNA binding protein, as DmORC was shown to bind
to ACE3 and AER-d (a larger element encompassing ori�)
but not to flanking genomic sequences[53]. Additionally,
mutational analysis has further narrowed the critical element
within ACE3 to an evolutionarily conserved 142 bp sequence
and the ori� element to a 140 bp sequence and a 226 bp A/T
rich element[54]. The ori� sequence cannot be replaced by
ARS1 fromS. cerevisiae, suggesting that DmORC is not sim-
ply recognizing an A/T rich sequence[54].

The above data suggested sequence specific DNA binding
of DmORC to the third chorion amplification region. Recent
biochemical data, however, argues that something other than
sequence directs DmORC to this origin. A quantitative study
of DmORC DNA binding found that DmORC bound to origin
and several non-origin sequences with similar affinities[15].
Fragments tested included ACE3 and ori�, which would be
expected to bind to ORC, as well asS.pombeandS. cerevisiae
WT and mutant ARS fragments, and most strikingly, a P el-
ement sequence, which was bound by ORC at the same level
as ACE3. The largest difference in binding affinities mea-
sured was six-fold, which is clearly not sufficient to allow
DmORC to distinguish between origin and non-origin DNA
in cells. These data suggest that DmORC is not a sequence
specific DNA binding protein. Consistent with this idea, any
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nhibition of DNA replication[47]. These studies sugge
hat like SpORC, XlORC has some preference for AT-
NA, but this specificity is masked in undiluted extracts

o the high concentration of XlORC. In somatic cells,
oncentration of XlORC is less than in embryos sugges
hat in these cells, there may be a preference of ORC
T-rich DNA.

. Drosophila

A classic example of sequence-specific replication i
tion comes from a unique replication scheme utilized
rosophila melanogaster.In order to ensure that sufficie

evels of the eggshell protein are made duringDrosophila
ogenesis, follicle cells surrounding the oocyte under
rocess known as chorion gene amplification (reviewe

48]). Amplification of four loci containing genes expres
n follicle cells depends on the same replication proteins
re necessary for genomic replication[48,49]. The best cha
cterized of these regions is located on the third chromos
here two DNA elements are necessary and sufficien
mplification. These elements, ACE3 and ori�, together ca
irect amplification when inserted into exogenous geno

ocations[50]. Additionally, two-dimensional gel analysis i
icates that replication begins from multiple origins wit

his region[51,52]. Further dissection of the locus revea
hat while DmORC binds to both ACE3 and ori�, the major
ty of replication initiates from ori�, leading to the idea th
CE3 is a replicator element that activates initiation fr
lasmid transfected intoDrosophilaSchneider cells unde
oes autonomous replication, regardless of the sequenc

ained on the plasmid[55]. Furthermore, two-dimension
el analysis of these plasmids reveals that replication b

rom many dispersed sites. Although it is clear that in v
mORC is recruited to ACE3 and ori� to direct chorion gen
mplification, it appears as though a mechanism other
equence is responsible for delivering ORC to its requ
lace.

. Mammalian cells

Studies of replication origins in mammalian cells h
evealed similar findings to the studies inDrosophila; al-
hough examples of genetic elements that seem to d
eplication from defined sites exist, biochemical and p
id maintenance studies suggest that the HsORC pr
oes not exhibit sequence specificity. After the descrip
f the ARS inS. cerevisiae, similar plasmid transformatio
creens were performed to attempt to identify autonomo
eplicating sequences in human cells. Instead of finding
icular sequences that allow plasmid propagation, inves
ors discovered that any piece of human DNA of suffic
ength was able to confer upon the plasmid the ability t
eplicated[56]. Furthermore, replication was shown by tw
imensional gel analysis to begin from random seque
ithin the plasmid. Interestingly, replication initiation o
urred as frequently in the inserted human sequences
id in the bacterial plasmid backbone[57]. These studie
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seem to suggest that a consensus sequence is not required for
replication initiation in human cells.

Despite the inability of investigators to isolate an au-
tonomously replicating sequence in mammalian systems, ap-
proximately 20 mammalian origins (sites of replication initia-
tion) have been identified[58]. In some cases, DNA elements
derived from these loci can direct replication at ectopic sites,
and as such they are termed replicators. Mammalian origins
fall into two general classes[17]. The first class contains
regions referred to as zones of initiation, where replication
begins from one or several of many potential sites within a
large region of DNA. The second class includes origins where
replication initiates from a localized site in each cell cycle.

Many examples of initiation zones exist, including the hu-
man rRNA locus, the Chinese hamster rhodopsin and DHFR
loci, theDrosophila oriDα origin, and theS. pombe ura4ori-
gin region[59–62]. Even in budding yeast where replication
is defined by a specific sequence element, the compound ori-
gins at ARS101 and 310 described above fit into the category
of zones of initiation[28]. The best-characterized example of
an initiation zone is the Chinese hamster ovary DHFR locus.
This locus was first described as an early replicating sequence
within a highly amplified region of the Chinese hamster ovary
genome[63]. Early studies indicated that the DHFR locus in-
corporates radioactively labeled nucleotides into at least three
distinct regions of the DNA early in S phase[64]. Further
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t wo
l
V an
o rat-
i he
5 -
s ent
r m
e to di-
r n-
t nal
g ells
i ites
s and
2 the
c
A usly
u d
t wn-
s e
u d
t pri-
m cy
s lysis
b alysis
d tart
s n
t di-
c ted

in the absence of ori� [74]. Further analysis indicates that
even deletion of the 40 kb core of the DHFR intergenic re-
gion encompassing 90% of known initiation sites does not
abrogate initiation in the remaining sequence, and does not
change S phase timing[75]. One confusing finding of the for-
mer deletion study was the demonstration that deletion of the
3′ end of the DHFR gene completely abrogated early S phase
replication initiation from any region of this locus. These re-
sults are explained in a later study showing that deletions of
the DHFR promoter which abrogate transcription of the gene
lead to reduced initiation within the intergenic region, with
the initiation that does take place occurring throughout the
body of the DHFR gene, as well as the intergenic region.
This information indicates a role for transcription in deter-
mining the efficiency and location of origin firing from the
DHFR locus[76]. Resolution of the disparate data regarding
this locus has been reached through a comprehensive study
that demonstrated that 30 of 31 restriction fragments tested
by two-dimensional gel analysis contained bubble arcs, and
14 out of 15 fragments tested by a PCR-based nascent strand
abundance assay tested positive for initiation. The fragment
that did not show any indication of initiation was the same
in both assays[77]. These experiments seem to demonstrate
with finality that the DHFR intergenic region is composed
of many potential initiation sites that are used with varying
degrees of efficiency.
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ion labeling studies in an amplified cell line identified t
oci called ori� and ori� as preferred initiation sites[65,66].
arious methods confirmed that ori� indeed appeared to be
rigin of bidirectional replication, with one study demonst

ng that 80% of all initiations within DHFR arose from t
00 bp region surrounding ori� [67–69]. Indeed, a demon
tration that ori� represents a bona fide replicator elem
esulted from later studies where ori� was placed at rando
ctopic locations in hamster and human cells and shown
ect replication initiation[70,71]. However, in apparent co
rast to ori� acting as a unique replicator, two-dimensio
el mapping of a single copy DHFR locus in CHO c

ndicated that replication begins from a multitude of s
panning the 55 kb intergenic region between the DHFR
BE2121 loci. Preference for initiation was seen inside
entral 35–40 kb region, known to contain ori� and ori� [72].
n extension of the competitive PCR technique previo
tilized to show discrete initiation at ori� further confounde

he issue by describing a second initiation site 5 kb do
tream from ori� termed ori�′. This origin appeared to b
sed at lower frequency than ori� [73]. This study suggeste

hat mammalian initiation zones were composed of a
ary initiation site coupled with multiple lower frequen

ites which can be detected by two-dimensional gel ana
ut not necessarily nascent strand analysis. Deletion an
elivered a further blow to the idea of a single initiation s
ite by demonstrating that removal of ori� has no effect o
he overall efficiency of initiation of the DHFR locus, in
ating that other origins within the region can be activa
One key piece of data that is lacking in the many DH
tudies is where ORC binds within the origin region. If c
entional replicators (here thought of as the DNA where O
inds) direct initiation at DHFR, there must be a large n
er of these elements spaced closely together. Alternat

f ORC can direct replication initiation at remote sites,
xample by depositing MCM complexes at a consider
istance from its own binding site (see below), the replic
lement might lie outside of the intergenic region. Iden
ation of ORC binding sites within and outside the DH
ocus might help to determine the location of the replic
equences that direct initiation from this locus.

A markedly less complicated example of mamma
eplicators exists near the human lamin B2 gene. The l
2 origin was mapped to a∼500 bp region 3′ of the lamin
2 gene by competitive PCR quantitation of nascent D
tands[78]. Like yeast ARS1, the lamin B2 origin displa
cell cycle dependent footprint that is present at G1
hich shrinks as cells progress into S phase[79]. Contained
ithin this footprint is a finely mapped origin of bidirection

eplication, where the transition between leading and
ing strand synthesis has been mapped to a single nucl

80]. Recently, in vivo crosslinking followed by chroma
mmunoprecipitation demonstrated that the cell cycle de
ent footprint of the lamin B2 origin is likely to be mediat
y pre-RC components[81]. The G1 chromatin surroundin

he lamin B2 origin contains Orc1 and 2, cdc6, and MC
phase chromatin is only bound by Orc2, and M phase
atin contains none of these pre-RC components. Thes

ndicate that a mammalian origin is bound by the same r
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cation machinery as is used in many other eukaryotic sys-
tems, and this machinery follows the same cell cycle patterns
as in yeast. Finally, it has recently been shown that the lamin
B2 origin can direct replication at ectopic loci in both hu-
man and hamster cells, demonstrating that lamin B2 is a true
mammalian replicator[71,82].

Another mammalian origin where origin firing is restricted
to a discrete site is the human�-globin locus, which was dis-
covered through similar radioactive labeling studies as were
used to discover the DHFR origin region[83]. In contrast
to the DHFR locus, however, replication from the�-globin
locus was initially thought to emanate from a single bidirec-
tional origin of replication. This replication is independent
of transcription of the�-globin genes, although gene expres-
sion does determine timing of the origin[84,85]. Replication
from this origin is sensitive to deletions 50 kb upstream of
the origin as well as internal deletions[83,86–88]. Like the
lamin B2 and DHFR ori� loci, the �-globin origin can di-
rect replication at ectopic locations[87]. Surprisingly, more
detailed studies of the�-globin locus at ectopic chromoso-
mal locations revealed that the locus is actually composed
of two non-overlapping replicators that can direct replica-
tion independent of one another at non-native locations[89].
This finding suggests that even seemingly well-defined sin-
gle origins of replication may be more complex than once
thought.
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mosomes[92]. This plasmid was replicated in a cell cycle de-
pendent manner, was bound by components of the ORC and
MCM complexes, and showed characteristic dissociation of
Orc1 and MCM that occurs after origin firing in mammalian
cells. Importantly, ORC bound at many regions throughout
the plasmid, and consistent with this finding, nascent strand
analysis revealed that replication also began from many sites
within the plasmid. Taken together, these two studies demon-
strate in vivo and in vitro that the human ORC complex can
initiate DNA synthesis without a requirement for a specific
sequence. How these findings can be reconciled with very
specific initiation events like those at the lamin B2 and�-
globin locus is the subject of further study and will be dis-
cussed below.

7. Mechanisms of origin specification

Even if the metazoan ORC complex binds to DNA with
low sequence preference, as indicated by the studies dis-
cussed above, there must still be mechanisms to insure that
ORC is distributed on chromosomes in such a way as to al-
low timely replication of all chromosomes. Indeed, if origin
selection were completely random, there would be a small
but significant probability that in each cell cycle, large re-
gions of chromosomes would enter S phase without pre-RCs.
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Despite careful study of these three mammalian origin
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s lacking in all but a few cases. While human ORC has b
ocalized to the lamin B2 locus, the MCM4/PRKDC int
enic origin, and the TOP1 gene, ORC binding has not
bserved at other mammalian origins[81,90,91]. Although it

s likely that ORC does bind to and initiate replication fr
hese regions, it is unlikely that ORC is directed to thes
ions by binding to a specific DNA sequence. First, am

he approximately 20 known mammalian replication orig
o consensus sequence emerges to tie them together. F

wo recent studies, one biochemical and one based on
id maintenance in human cells demonstrate that Hs

s likely to act without regard to DNA sequence. In the fi
tudy, baculovirus expressed HsORC containing all six
nits was shown to bind to DNA in a manner that was s
lated by, but not dependent on ATP[16]. By filter binding
ssays, HsORC was shown to have a preference for−T
ich DNA. Beyond this preference, HsORC was unabl
istinguish between human origin and control sequence
oth filter binding assays and replication assays carrie

nXenopusegg extracts. These data indicate that HsORC
o intrinsic DNA binding specificity, that it does not requir
pecific sequence to function, and that something other
equence is likely to direct HsORC to origins of DNA repli
ion in human cells. A second study shows that HsORC
ot require a specific sequence to direct replication in v
his study utilized an extrachromosomal plasmid mainta

n cells through many generations via a scaffold attach
egion that allows the plasmid to associate with mitotic c
r,

his situation is potentially fatal since experiments in y
ave shown that limiting pre-RC formation causes cel
nter mitosis with unreplicated DNA, presumably beca

hey are unable to detect unreplicated DNA in an other
nperturbed cell cycle[93–95]. Even if the S phase chec
oint in metazoans were sensitive enough to detect
mounts of ongoing DNA replication, assembling pre-R

n a completely random fashion would be expected to le
high degree of variability in the length of S phase, wh

n turn would probably have adverse effects on developm
ndeed, current evidence suggests that even in the ab
f a sequence-specific ORC complex, metazoans have
ped strategies to direct pre-RC formation to particular
n the chromosome, and these are discussed below.

. Transcriptional activity

Possibly the most well characterized mechanism dire
RC to particular genomic locations is transcriptional ac

ty. Ties between replication, transcription, and chrom
tructure exist in nearly every experimental system and
as been reviewed extensively elsewhere[17,96,97]. Strong
vidence for a role of transcriptional activity in origin sp

fication comes fromXenopusandDrosophilawhere repli-
ation initiates at random prior to the mid-blastula tra
ion and becomes more specific concomitantly with the
f transcription after the MBT[44,46]. Likewise, in bud
ing yeast, nearly every origin of replication is found in

ntergenic region, suggesting a mutual exclusivity betw
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replication and transcription[33,34]. These studies suggest a
role for transcription in negatively regulating ORC binding.
However, examples of a positive interplay also exist. For ex-
ample, transcription factor binding plays an important role in
S. cerevisiaeorigin usage at ARS1, where binding of Abf1
facilitates plasmid maintenance of an ARS1 containing plas-
mid [20]. Abf1 was found to regulate replication from this
origin by limiting nucleosome binding within the origin[98].
Additionally, as discussed above, recent evidence suggests a
role for transcription in regulating replication initiation from
the many initiation sites of the DHFR locus[76].

9. Methylation and acetylation

Another mechanism that appears to negatively regulate
ORC binding, is DNA methylation. Methylation of plasmid
DNA at CpG sites inhibits replication inXenopusegg ex-
tracts, due to inhibition of ORC DNA binding[99]. Consis-
tent with this observation, it has previously been shown that
in mammalian cells, undermethylated regions of the genome
often coincide with origins of replication[100]. In this study,
nascent strands were analyzed for the presence of CpG is-
lands, which are regions of the genome with high CpG con-
tent that, paradoxically, are undermethylated compared with
the rest of the genome. Nascent strand analysis revealed that
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ing protein directs ORC to specific sites in the genome. This
mechanism is utilized by the Epstein–Barr virus, which uses
cellular replication proteins and appears to require recruit-
ment of ORC by a viral protein, EBNA-1, to direct replication
from the viral origin, oriP[104–106]. Additionally, the mech-
anism by which SpORC binds to DNA might support the no-
tion of a separate sequence specific protein directing ORC to
origins of replication. In this case, an early version of SpORC
would have been separate from an A−T hook motif contain-
ing protein that bound to SpORC and rendered it sequence-
specific. At some point these proteins would have fused to
give us the modern day SpORC. Some evidence for ORC
recruitment by another protein also exists inDrosophila.
DmORC does not localize to amplification foci in follicle
cells that are mutant for thechiffongene, suggesting a role
for chiffon protein in DmORC binding[54]. This finding is
somewhat surprising, given thatchiffonis theDrosophilaho-
molog of Dbf4, a protein normally thought of as executing its
activity after pre-RC formation. The authors suggest that ini-
tial ORC binding might take place without assistance from
the chiffon protein, but that binding of increased levels of
ORC necessary for amplification might be facilitated by the
chiffon protein. Additionally, dE2F also appears to have a
role in DmORC targeting, albeit indirect[107,108]. It should
be noted, however, that if ORC is directed to origins by ad-
ditional proteins, different sequence specific proteins must
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s inhibitory for ORC binding, as found inXenopus. Addition-
lly, since CpG islands are often associated with mamm
romoters, the correlation between these islands and
ation may be indicative of a link between transcription
eplication, as discussed above[101].

Finally, strong evidence for a tie between histone ace
ion and origin activity has recently been shown in two mo
ystems. InDrosophila, acetylated histones are localized
ctive origins at amplification foci, coincident with OR

102]. In this system, hyperacetylation of histone H4 lead
edistribution of ORC from amplification foci to a genom
ide staining pattern. Conversely, tethering of deacety

o the DNA leads to a decrease in origin activity. InXeno-
useggs, injection of a plasmid containing a TATA-box a
ve GAL4-VP16 binding sites leads to localization of re
ation forks, with concurrent acetylation of histones in
ranscriptional domain[103]. In both of these systems, it
ot clear whether the correlation between origin activity
cetylation is mediated solely at the level of ORC bind
r whether it involves other replication proteins, but wha
lear is that epigenetic events have a definite role in o
ocalization.

0. Tethering of ORC to another protein

Another possibility, especially for origins that are hig
ocalized, is that another, more sequence-specific DNA b
e responsible at different loci because if the same pr
ere used in all cases, a unifying sequence might have
xpected to emerge among known human origins.

1. Other origin specification mechanisms

When considering what defines metazoan origins of r
ation, it may be necessary to look beyond ORC. It is im
ant to consider parameters that alter origin usage afte
C formation when contemplating origins of replication,
ecially those that have not been shown to bind ORC. In t
ases, sites that appear to be origins of replication, and
ould be expected to bind ORC, might actually repre
ites where MCM complexes have been deposited dis
rom ORC. This hypothesis might help to explain the my
ites from which replication takes place in the DHFR lo
sage of MCM complexes that are located at a distance
RC binding sites is discussed below.

2. Many pre-RCs in embryonic systems

Nowhere does the need to faithfully duplicate the gen
n a short time appear as crucial as in early embryonic
ems.Xenopusembryos must duplicate their entire geno
n less than 20 min using a completely random initiator
ein and without the luxury of an S phase checkpoint.
hallenge is known as the “random completion probl
109,110]. Taking into account the rate of fork progress
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(∼500 bp/min) and the length of S phase, replication origins
can be situated no more than 20 kb apart in order to ensure
complete genome duplication. However, random placement
of origins would result in some inter-origin distances that ex-
ceed this value. These calculations indicate that some mech-
anism must exist to limit inter-origin distance, so that no por-
tion of the DNA remains unreplicated at the end of S phase.
Indeed, measurements of inter-origin distances give values of
8–15 kb. Since there is a vast excess of all replication factors
in Xenopusembryos, these results suggest that mechanisms
exist to prevent initiation events from being too close, or too
distant. This semi-regular distribution could be established
by a defined chromatin structure, which promotes or inhibits
ORC binding along certain regions of the genome. How-
ever, it has been shown that although ORC binding occurs
at approximately the same frequency and distance as origin
firing events, MCM complexes bind in excess to the ORC
complex[111,112]. These MCM complexes are present in a
widely distributed fashion, with one MCM complex bound
every∼250 bp. This finding is consistent with a model where
each MCM complex is a potential replication start site, and
where origin spacing in theXenopussystem is regulated by
interference between adjacent MCM complexes. Recently,
a mathematical study proposed a DNA looping model that
takes into account both of the above hypotheses[113]. In this
study, measurements of the stiffness of the chromatin pre-
d ng
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pre-RC are nucleotide pool availability and acetylation state
of the chromatin[116,117].

14. Conclusions

Since the first description of the eukaryotic replicator pro-
tein over a decade ago, much progress has been made in
identifying the molecular players involved in the initiation
of eukaryotic DNA replication. However, study of the DNA
sequences on which these proteins act has led to a plethora
of confusing and controversial information which has yet to
be resolved in higher eukaryotes. One theme that is emerging
is that sequence-specific DNA binding by ORC may not be
important for origin specification in higher eukaryotes. Al-
though many possibilities exist to explain what directs ORC
to its required positions in metazoan cells, no satisfying uni-
versal answer has been agreed upon. Most likely, ORC bind-
ing is regulated by different mechanisms at different origins.
We await further studies to conclusively answer this intrigu-
ing question in a comprehensive manner.

Acknowledgement

the
m

R

tion
48.
otic
re

ev

A
0.
in

BO

M
J Biol

the
Cell

r.

ecu-
ays

ss
ration,
7–43.
hen
ict an optimal loop size of 11 kb, which would be in stro
greement with previously measured inter-origin distan
he prediction from this model is that looped regions fall
replication factories”, where initiation occurs preferentia
ut since MCMs could in theory be coating the entire D
ll sites are potential initiation sites. This situation would
te permissive and non-permissive regions that set the
nd lower limitations of origin spacing. Additionally, sin
CM complexes are bound to a great number of sites
ortion of the genome remains unreplicated towards the
f S phase, these MCMs could be activated later in S p

o ensure complete genome duplication[114].

3. Many pre-RCs in non-embryonic systems

The notion of creating many potential initiation sites
yperloading pre-RCs may be a mechanism whose us
ot limited to just early embryonic systems. Experimen
hich Chinese hamster ovary nuclei are incubated inXenopus
gg extracts support this idea. In these studies, origin u
ithin the DHFR locus is highly dependent on the time
hich the nuclei are placed into the extracts during G1 p

115]. One interpretation of these data is that many pre-
re deposited on the DNA during the end of mitosis, and
hromatin changes in G1 ultimately dictate which of th
otential initiation sites will be utilized. Additionally, reite
tive MCM loading has recently been shown to be requ

or DNA replication in budding yeast[118]. Other factor
nfluencing origin usage presumably after formation of
We thank Tatsuro Takahashi for helpful comments on
anuscript.

eferences

[1] Jacob F, Brenner S, Cuzin F. On the regulation of DNA replica
in bacteria. Cold Spring Harb Symp Quant Biol 1963;28:329–

[2] Bell SP, Stillman B. ATP-dependent recognition of eukary
origins of DNA replication by a multiprotein complex. Natu
1992;357:128–34.

[3] Bell SP, Dutta A. DNA replication in eukaryotic cells. Annu R
Biochem 2002;71:333–74.

[4] Labib K, Diffley JF. Is the MCM2–7 complex the eukaryotic DN
replication fork helicase? Curr Opin Genet Dev 2001;11:64–7

[5] Pacek M, Walter JC. A requirement for MCM7 and Cdc45
chromosome unwinding during eukaryotic DNA replication. EM
J 2004;26:26.

[6] Shechter D, Ying CY, Gautier J. DNA unwinding is an MC
complex-dependent and ATP hydrolysis-dependent process.
Chem 2004;279:45586–93 [Epub 2004 August 23].

[7] Diffley JF, Cocker JH, Dowell SJ, Rowley A. Two steps in
assembly of complexes at yeast replication origins in vivo.
1994;78:303–16.

[8] Kaguni JM.Escherichia coliDnaA protein: the replication initiato
Mol Cells 1997;7:145–57.

[9] Mendez J, Stillman B. Perpetuating the double helix: mol
lar machines at eukaryotic DNA replication origins. Bioess
2003;25:1158–67.

[10] Neuwald AF, Aravind L, Spouge JL, Koonin EV. AAA+: a cla
of chaperone-like ATPases associated with the assembly, ope
and disassembly of protein complexes. Genome Res 1999;9:2

[11] Fletcher RJ, Bishop BE, Leon RP, Sclafani RA, Ogata CM, C
XS. The structure and function of MCM from archaealM. Ther-
moautotrophicum. Nat Struct Biol 2003;10:160–7.



C. Cvetic, J.C. Walter / Seminars in Cell & Developmental Biology 16 (2005) 343–353 351

[12] Pape T, Meka H, Chen S, Vicentini G, van Heel M, Onesti S.
Hexameric ring structure of the full-length archaeal MCM protein
complex. EMBO Rep 2003;4:1079–83 [Epub 2003 October 17].

[13] Klemm RD, Austin RJ, Bell SP. Coordinate binding of ATP and
origin DNA regulates the ATPase activity of the origin recognition
complex. Cell 1997;88:493–502.

[14] Chesnokov I, Remus D, Botchan M. Functional analysis of mutant
and wild-typeDrosophila origin recognition complex. Proc Natl
Acad Sci USA 2001;98:11997–2002.

[15] Remus D, Beall EL, Botchan MR. DNA topology, not DNA se-
quence, is a critical determinant forDrosophilaORC-DNA binding.
EMBO J 2004;23:897–907 [Epub 2004 February 5].

[16] Vashee S, Cvetic C, Lu W, Simancek P, Kelly TJ, Walter
JC. Sequence-independent DNA binding and replication initi-
ation by the human origin recognition complex. Genes Dev
2003;17:1894–908.

[17] Gilbert DM. Making sense of eukaryotic DNA replication origins.
Science 2001;294:96–100.

[18] Stinchcomb DT, Struhl K, Davis RW. Isolation and characterisation
of a yeast chromosomal replicator. Nature 1979;282:39–43.

[19] Stillman B. DNA replication. Replicator renaissance. Nature
1993;366:506–7.

[20] Marahrens Y, Stillman B. A yeast chromosomal origin of DNA
replication defined by multiple functional elements. Science
1992;255:817–23.

[21] Newlon CS, Theis JF. The structure and function of yeast ARS
elements. Curr Opin Genet Dev 1993;3:752–8.

[22] Rao H, Stillman B. The origin recognition complex interacts with
a bipartite DNA binding site within yeast replicators. Proc Natl
Acad Sci USA 1995;92:2224–8.

[23] Rowley A, Cocker JH, Harwood J, Diffley JF. Initiation complex
cog-
tor,

ing

e-
o fa-
1–6

li-

nce

-
lex

ent

nnu

ade-
yeast

tion
-
ber

ka
me.

ung
ins
s.

[35] Chuang RY, Kelly TJ. The fission yeast homologue of Orc4p binds
to replication origin DNA via multiple AT-hooks. Proc Natl Acad
Sci USA 1999;96:2656–61.

[36] Reeves R, Beckerbauer L. HMGI/Y proteins: flexible regulators
of transcription and chromatin structure. Biochim Biophys Acta
2001;1519:13–29.

[37] Chuang RY, Chretien L, Dai J, Kelly TJ. Purification and char-
acterization of theSchizosaccharomyces pombeorigin recognition
complex: interaction with origin DNA and Cdc18 protein. J Biol
Chem 2002;277:16920–7.

[38] Kong D, DePamphilis ML. Site-specific DNA binding of the
Schizosaccharomyces pombeorigin recognition complex is deter-
mined by the Orc4 subunit. Mol Cell Biol 2001;21:8095–103.

[39] Lee JK, Moon KY, Jiang Y, Hurwitz J. TheSchizosaccharomyces
pombe origin recognition complex interacts with multiple AT-
rich regions of the replication origin DNA by means of the AT-
hook domains of the spOrc4 protein. Proc Natl Acad Sci USA
2001;98:13589–94.

[40] Takahashi T, Ohara E, Nishitani H, Masukata H. Multiple ORC-
binding sites are required for efficient MCM loading and origin
firing in fission yeast. EMBO J 2003;22:964–74.

[41] Hyrien O, Mechali M. Plasmid replication inXenopuseggs and
egg extracts: a 2D gel electrophoretic analysis. Nucleic Acids Res
1992;20:1463–9.

[42] Mahbubani HM, Paull T, Elder JK, Blow JJ. DNA replication ini-
tiates at multiple sites on plasmid DNA inXenopusegg extracts.
Nucleic Acids Res 1992;20:1457–62.

[43] Shinomiya T, Ina S. Analysis of chromosomal replicons in early
embryos ofDrosophila melanogasterby two-dimensional gel elec-
trophoresis. Nucleic Acids Res 1991;19:3935–41.

[44] Hyrien O, Maric C, Mechali M. Transition in specifica-
nce

mi-
somal

n of
the
r

at

ase

TL.
two
.
cific

tion

ed
ol

nt.

the

605.
assembly at budding yeast replication origins begins with the re
nition of a bipartite sequence by limiting amounts of the initia
ORC. EMBO J 1995;14:2631–41.

[24] Bielinsky AK, Gerbi SA. Chromosomal ARS1 has a single lead
strand start site. Mol Cells 1999;3:477–86.

[25] Wilmes GM, Bell SP. The B2 element of theSaccharomyces cer
visiaeARS1 origin of replication requires specific sequences t
cilitate pre-RC formation. Proc Natl Acad Sci USA 2002;99:10
[Epub 2001 December 26].

[26] Hurst ST, Rivier DH. Identification of a compound origin of rep
cation at the HMR-E locus inSaccharomyces cerevisiae. J Biol
Chem 1999;274:4155–9.

[27] Palacios DeBeer MA, Fox CA. A role for a replicator domina
mechanism in silencing. EMBO J 1999;18:3808–19.

[28] Theis JF, Newlon CS. Two compound replication origins inSaccha
romyces cerevisiaecontain redundant origin recognition comp
binding sites. Mol Cell Biol 2001;21:2790–801.

[29] Clyne RK, Kelly TJ. Genetic analysis of an ARS elem
from the fission yeastSchizosaccharomyces pombe. EMBO J
1995;14:6348–57.

[30] Kelly TJ, Brown GW. Regulation of chromosome replication. A
Rev Biochem 2000;69:829–80.

[31] Okuno Y, Satoh H, Sekiguchi M, Masukata H. Clustered
nine/thymine stretches are essential for function of a fission
replication origin. Mol Cell Biol 1999;19:6699–709.

[32] Segurado M, de Luis A, Antequera F. Genome-wide distribu
of DNA replication origins at A+T-rich islands inSchizosaccha
romyces pombe. EMBO Rep 2003;4:1048–53 [Epub 2003 Octo
17].

[33] Raghuraman MK, Winzeler EA, Collingwood D, Hunt S, Wodic
L, Conway A, et al. Replication dynamics of the yeast geno
Science 2001;294:115–21.

[34] Wyrick JJ, Aparicio JG, Chen T, Barnett JD, Jennings EG, Yo
RA, et al. Genome-wide distribution of ORC and MCM prote
in S. cerevisiae: high-resolution mapping of replication origin
Science 2001;294:2357–60.
tion of embryonic metazoan DNA replication origins. Scie
1995;270:994–7.

[45] Hyrien O, Mechali M. Chromosomal replication initiates and ter
nates at random sequences but at regular intervals in the ribo
DNA of Xenopusearly embryos. EMBO J 1993;12:4511–20.

[46] Sasaki T, Sawado T, Yamaguchi M, Shinomiya T. Specificatio
regions of DNA replication initiation during embryogenesis in
65-kilobase DNApolalpha-dE2F locus ofDrosophila melanogaste.
Mol Cell Biol 1999;19:547–55.

[47] Kong D, Coleman TR, DePamphilis ML.Xenopusorigin recog-
nition complex (ORC) initiates DNA replication preferentially
sequences targeted bySchizosaccharomyces pombeORC. EMBO
J 2003;22:3441–50.

[48] Calvi BR, Spradling AC. Chorion gene amplification inDrosophila:
a model for metazoan origins of DNA replication and S-ph
control. Methods 1999;18:407–17.

[49] Claycomb JM, Benasutti M, Bosco G, Fenger DD, Orr-Weaver
Gene amplification as a developmental strategy: isolation of
developmental amplicons inDrosophila. Dev Cell 2004;6:145–55

[50] Lu L, Zhang H, Tower J. Functionally distinct, sequence-spe
replicator and origin elements are required forDrosophilachorion
gene amplification. Genes Dev 2001;15:134–46.

[51] Delidakis C, Kafatos FC. Amplification enhancers and replica
origins in the autosomal chorion gene cluster ofDrosophila. EMBO
J 1989;8:891–901.

[52] Heck MM, Spradling AC. Multiple replication origins are us
during Drosophila chorion gene amplification. J Cell Bi
1990;110:903–14.

[53] Austin RJ, Orr-Weaver TL, Bell SP.DrosophilaORC specifically
binds to ACE3, an origin of DNA replication control eleme
Genes Dev 1999;13:2639–49.

[54] Zhang H, Tower J. Sequence requirements for function of
Drosophilachorion gene locus ACE3 replicator and ori-{beta} ori-
gin elements. Development 2004;131:2089–99.

[55] Smith JG, Calos MP. Autonomous replication inDrosophila
melanogastertissue culture cells. Chromosoma 1995;103:597–



352 C. Cvetic, J.C. Walter / Seminars in Cell & Developmental Biology 16 (2005) 343–353

[56] Heinzel SS, Krysan PJ, Tran CT, Calos MP. Autonomous DNA
replication in human cells is affected by the size and the source of
the DNA. Mol Cell Biol 1991;11:2263–72.

[57] Krysan PJ, Smith JG, Calos MP. Autonomous replication in human
cells of multimers of specific human and bacterial DNA sequences.
Mol Cell Biol 1993;13:2688–96.

[58] Todorovic V, Falaschi A, Giacca M. Replication origins of
mammalian chromosomes: the happy few. Front Biosci 1999;4:
D859–68.

[59] Dijkwel PA, Mesner LD, Levenson VV, d’Anna J, Hamlin JL. Dis-
persive initiation of replication in the Chinese hamster rhodopsin
locus. Exp Cell Res 2000;256:150–7.

[60] Dubey DD, Zhu J, Carlson DL, Sharma K, Huberman JA.
Three ARS elements contribute to the ura4 replication origin re-
gion in the fission yeast,Schizosaccharomyces pombe. EMBO J
1994;13:3638–47.

[61] Ina S, Sasaki T, Yokota Y, Shinomiya T. A broad replication origin
of Drosophila melanogaster, oriDalpha, consists of AT-rich multi-
ple discrete initiation sites. Chromosoma 2001;109:551–64.

[62] Little RD, Platt TH, Schildkraut CL. Initiation and termina-
tion of DNA replication in human rRNA genes. Mol Cell Biol
1993;13:6600–13.

[63] Milbrandt JD, Heintz NH, White WC, Rothman SM, Hamlin JL.
Methotrexate-resistant Chinese hamster ovary cells have amplified
a 135-kilobase-pair region that includes the dihydrofolate reductase
gene. Proc Natl Acad Sci USA 1981;78:6043–7.

[64] Heintz NH, Hamlin JL. An amplified chromosomal sequence that
includes the gene for dihydrofolate reductase initiates replication
within specific restriction fragments. Proc Natl Acad Sci USA
1982;79:4083–7.

[65] Anachkova B, Hamlin JL. Replication in the amplified dihydrofo-
tinct
Biol

rk
main
iol

hilis
in

ap-
fo-
Biol

of
rat-

duc-
mo-
ts for

ar-
ec-

iol

uc-
sites.

ary
fo-
66–

.
ation
ells

[75] Mesner LD, Li X, Dijkwel PA, Hamlin JL. The dihydrofolate
reductase origin of replication does not contain any nonredun-
dant genetic elements required for origin activity. Mol Cell Biol
2003;23:804–14.

[76] Saha S, Shan Y, Mesner LD, Hamlin JL. The promoter of the
Chinese hamster ovary dihydrofolate reductase gene regulates the
activity of the local origin and helps define its boundaries. Genes
Dev 2004;18:397–410 [Epub 2004 February 20].

[77] Dijkwel PA, Wang S, Hamlin JL. Initiation sites are distributed at
frequent intervals in the Chinese hamster dihydrofolate reductase
origin of replication but are used with very different efficiencies.
Mol Cell Biol 2002;22:3053–65.

[78] Giacca M, Zentilin L, Norio P, Diviacco S, Dimitrova D, Contreas
G, et al. Fine mapping of a replication origin of human DNA. Proc
Natl Acad Sci USA 1994;91:7119–23.

[79] Abdurashidova G, Riva S, Biamonti G, Giacca M, Falaschi A.
Cell cycle modulation of protein-DNA interactions at a human
replication origin. EMBO J 1998;17:2961–9.

[80] Abdurashidova G, Deganuto M, Klima R, Riva S, Biamonti G,
Giacca M, et al. Start sites of bidirectional DNA synthesis at the
human lamin B2 origin. Science 2000;287:2023–6.

[81] Abdurashidova G, Danailov MB, Ochem A, Triolo G, Djeliova
V, Radulescu S, et al. Localization of proteins bound to a repli-
cation origin of human DNA along the cell cycle. EMBO J
2003;22:4294–303.

[82] Paixao S, Colaluca IN, Cubells M, Peverali FA, Destro A, Giadrossi
S, et al. Modular structure of the human lamin B2 replicator. Mol
Cell Biol 2004;24:2958–67.

[83] Kitsberg D, Selig S, Keshet I, Cedar H. Replication structure of
the human beta-globin gene domain. Nature 1993;366:588–90.

[84] Dhar V, Skoultchi AI, Schildkraut CL. Activation and repression
ift in

lica-
Sci

E,
lo-
ce

is-
cus.

l C,
pli-

nt of

I.
two

–86.
gin
OP1

ing
d 2
ol

An
ng of
pub

ents
ate

phase
hase.
late reductase domain in CHO cells may initiate at two dis
sites, one of which is a repetitive sequence element. Mol Cell
1989;9:532–40.

[66] Leu TH, Hamlin JL. High-resolution mapping of replication fo
movement through the amplified dihydrofolate reductase do
in CHO cells by in-gel renaturation analysis. Mol Cell B
1989;9:523–31.

[67] Burhans WC, Vassilev LT, Caddle MS, Heintz NH, DePamp
ML. Identification of an origin of bidirectional DNA replication
mammalian chromosomes. Cell 1990;62:955–65.

[68] Pelizon C, Diviacco S, Falaschi A, Giacca M. High-resolution m
ping of the origin of DNA replication in the hamster dihydro
late reductase gene domain by competitive PCR. Mol Cell
1996;16:5358–64.

[69] Vassilev LT, Burhans WC, DePamphilis ML. Mapping an origin
DNA replication at a single-copy locus in exponentially prolife
ing mammalian cells. Mol Cell Biol 1990;10:4685–9.

[70] Altman AL, Fanning E. The Chinese hamster dihydrofolate re
tase replication origin beta is active at multiple ectopic chro
somal locations and requires specific DNA sequence elemen
activity. Mol Cell Biol 2001;21:1098–110.

[71] Altman AL, Fanning E. Defined sequence modules and an
chitectural element cooperate to promote initiation at an
topic mammalian chromosomal replication origin. Mol Cell B
2004;24:4138–50.

[72] Dijkwel PA, Hamlin JL. The Chinese hamster dihydrofolate red
tase origin consists of multiple potential nascent-strand start
Mol Cell Biol 1995;15:3023–31.

[73] Kobayashi T, Rein T, DePamphilis ML. Identification of prim
initiation sites for DNA replication in the hamster dihydro
late reductase gene initiation zone. Mol Cell Biol 1998;18:32
77.

[74] Kalejta RF, Li X, Mesner LD, Dijkwel PA, Lin HB, Hamlin JL
Distal sequences, but not ori-beta/OBR-1, are essential for initi
of DNA replication in the Chinese hamster DHFR origin. Mol C
1998;2:797–806.
of a beta-globin gene in cell hybrids is accompanied by a sh
its temporal replication. Mol Cell Biol 1989;9:3524–32.

[85] Epner E, Forrester WC, Groudine M. Asynchronous DNA rep
tion within the human beta-globin gene locus. Proc Natl Acad
USA 1988;85:8081–5.

[86] Aladjem MI, Groudine M, Brody LL, Dieken ES, Fournier R
Wahl GM, et al. Participation of the human beta-globin
cus control region in initiation of DNA replication. Scien
1995;270:815–9.

[87] Aladjem MI, Rodewald LW, Kolman JL, Wahl GM. Genetic d
section of a mammalian replicator in the human beta-globin lo
Science 1998;281:1005–9.

[88] Cimbora DM, Schubeler D, Reik A, Hamilton J, Francaste
Epner EM, et al. Long-distance control of origin choice and re
cation timing in the human beta-globin locus are independe
the locus control region. Mol Cell Biol 2000;20:5581–91.

[89] Wang L, Lin CM, Brooks S, Cimbora D, Groudine M, Aladjem M
The human beta-globin replication initiation region consists of
modular independent replicators. Mol Cell Biol 2004;24:3373

[90] Keller C, Ladenburger EM, Kremer M, Knippers R. The ori
recognition complex marks a replication origin in the human T
gene promoter. J Biol Chem 2002;277:31430–40.

[91] Ladenburger EM, Keller C, Knippers R. Identification of a bind
region for human origin recognition complex proteins 1 an
that coincides with an origin of DNA replication. Mol Cell Bi
2002;22:36–48.

[92] Schaarschmidt D, Baltin J, Stehle IM, Lipps HJ, Knippers R.
episomal mammalian replicon: sequence-independent bindi
the origin recognition complex. EMBO J 2004;23:191–201 [E
2003 December 11].

[93] Lengronne A, Schwob E. The yeast CDK inhibitor Sic1 prev
genomic instability by promoting replication origin licensing in l
G(1). Mol Cells 2002;9:1067–78.

[94] Shimada K, Pasero P, Gasser SM. ORC and the intra-S-
checkpoint: a threshold regulates Rad53p activation in S p
Genes Dev 2002;16:3236–52.



C. Cvetic, J.C. Walter / Seminars in Cell & Developmental Biology 16 (2005) 343–353 353

[95] Tanaka S, Diffley JF. Deregulated G1-cyclin expression induces ge-
nomic instability by preventing efficient pre-RC formation. Genes
Dev 2002;16:2639–49.

[96] Gerbi SA, Bielinsky AK. DNA replication and chromatin. Curr
Opin Genet Dev 2002;12:243–8.

[97] Weinreich M, Palacios DeBeer MA, Fox CA. The activities of
eukaryotic replication origins in chromatin. Biochim Biophys Acta
2004;1677:142–57.

[98] Lipford JR, Bell SP. Nucleosomes positioned by ORC facilitate the
initiation of DNA replication. Mol Cells 2001;7:21–30.

[99] Harvey KJ, Newport J. CpG methylation of DNA restricts prerepli-
cation complex assembly inXenopusegg extracts. Mol Cell Biol
2003;23:6769–79.

[100] Delgado S, Gomez M, Bird A, Antequera F. Initiation of DNA
replication at CpG islands in mammalian chromosomes. EMBO J
1998;17:2426–35.

[101] Antequera F, Bird A. CpG islands as genomic footprints of pro-
moters that are associated with replication origins. Curr Biol
1999;9:R661–7.

[102] Aggarwal BD, Calvi BR. Chromatin regulates origin activity in
Drosophila follicle cells. Nature 2004;430:372–6.

[103] Danis E, Brodolin K, Menut S, Maiorano D, Girard-Reydet C,
Mechali M. Specification of a DNA replication origin by a tran-
scription complex. Nat Cell Biol 2004;11:11.

[104] Chaudhuri B, Xu H, Todorov I, Dutta A, Yates JL. Human DNA
replication initiation factors, ORC and MCM, associate with oriP
of Epstein–Barr virus. Proc Natl Acad Sci USA 2001;98:10085–
9.

[105] Dhar SK, Yoshida K, Machida Y, Khaira P, Chaudhuri B,
Wohlschlegel JA, et al. Replication from oriP of Epstein–Barr
virus requires human ORC and is inhibited by geminin. Cell

ood
n of
O

[107] Bosco G, Du W, Orr-Weaver TL. DNA replication control through
interaction of E2F-RB and the origin recognition complex. Nat Cell
Biol 2001;3:289–95.

[108] Royzman I, Austin RJ, Bosco G, Bell SP, Orr-Weaver TL. ORC
localization inDrosophilafollicle cells and the effects of mutations
in dE2F and dDP. Genes Dev 1999;13:827–40.

[109] Blow JJ. Control of chromosomal DNA replication in the early
Xenopusembryo. EMBO J 2001;20:3293–7.

[110] Hyrien O, Marheineke K, Goldar A. Paradoxes of eukaryotic DNA
replication: MCM proteins and the random completion problem.
Bioessays 2003;25:116–25.

[111] Edwards MC, Tutter AV, Cvetic C, Gilbert CH, Prokhorova TA,
Walter JC. MCM2–7 complexes bind chromatin in a distributed
pattern surrounding the origin recognition complex inXenopusegg
extracts. J Biol Chem 2002;277:33049–57.

[112] Mahbubani HM, Chong JP, Chevalier S, Thommes P, Blow JJ. Cell
cycle regulation of the replication licensing system: involvement of
a Cdk-dependent inhibitor. J Cell Biol 1997;136:125–35.

[113] Jun S, Herrick J, Bensimon A, Bechhoefer J. Persistence length
of chromatin determines origin spacing inXenopusearly-embryo
DNA replication: quantitative comparisons between theory and ex-
periment. Cell Cycle 2004;3:223–9.

[114] Lucas I, Chevrier-Miller M, Sogo JM, Hyrien O. Mechanisms en-
suring rapid and complete DNA replication despite random initia-
tion in Xenopusearly embryos. J Mol Biol 2000;296:769–86.

[115] Wu JR, Gilbert DM. A distinct G1 step required to specify the Chi-
nese hamster DHFR replication origin. Science 1996;271:1270–2.

[116] Anglana M, Apiou F, Bensimon A, Debatisse M. Dynamics of
DNA replication in mammalian somatic cells: nucleotide pool mod-
ulates origin choice and interorigin spacing. Cell 2003;114:385–94.

[117] Vogelauer M, Rubbi L, Lucas I, Brewer BJ, Grunstein M. Histone
ells

RC
epli-
2001;106:287–96.
[106] Schepers A, Ritzi M, Bousset K, Kremmer E, Yates JL, Harw

J, et al. Human origin recognition complex binds to the regio
the latent origin of DNA replication of Epstein–Barr virus. EMB
J 2001;20:4588–602.
acetylation regulates the time of replication origin firing. Mol C
2002;10:1223–33.

[118] Bowers JL, Randell JC, Chen S, Bell SP. ATP hydrolysis by O
catalyzes reiterative Mcm2-7 assembly at a defined origin of r
cation. Mol Cell 2004;16:967–78.


	Eukaryotic origins of DNA replication: could you please be more specific?
	Introduction
	Saccharomyces cerevisiae
	Schizosaccharomyces pombe
	Embryonic systems
	Drosophila
	Mammalian cells
	Mechanisms of origin specification
	Transcriptional activity
	Methylation and acetylation
	Tethering of ORC to another protein
	Other origin specification mechanisms
	Many pre-RCs in embryonic systems
	Many pre-RCs in non-embryonic systems
	Conclusions
	Acknowledgement
	References


