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Abstract One of the fundamental characteristics of life is the ability of an entity to reproduce itself, which stems
from the ability of the DNA molecule to replicate itself. The initiation step of DNA replication, where control over the
timing and frequency of replication is exerted, is poorly understood in eukaryotes in general, and in mammalian cells in
particular. The cis-acting DNA element defining the position and providing control over initiation is the replication
origin. The activation of replication origins seems to be dependent on the presence of both a particular sequence and of
structural determinants. In the past few years, the development of new methods for identification and mapping of origins
of DNA replication has allowed some understanding of the fundamental elements that control the replication process.
This review summarizes some of the major findings of this century, regarding the mechanism of DNA replication,
emphasizing what is known about the replication of mammalian DNA. J. Cell. Biochem. Suppls. 32/33:1–14,
1999. r 1999 Wiley-Liss, Inc.
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DNA REPLICATION

Among the landmark discoveries of the twen-
tieth century was the demonstration by Em-
mons and Hollander [1939] that DNA is the
critical component essential for cell survival, by
showing that the ultraviolet (UV) activation
spectra for cell survival was the same as the UV
absorption spectra of DNA and RNA. Later,
another landmark discovery was the descrip-
tion of the structure of DNA by Watson and
Crick [1953]. This structure, a right-handed
double helix (or B-DNA helix), enables the DNA
to replicate itself. Numerous laboratories
around the world have devoted their research
activities to deciphering the mechanism of rep-
lication of this fascinating molecule that consti-
tutes the very basis of life. This review sum-
marizes the major findings regarding the mech-
anism of mammalian DNA replication.

MODELS OF DNA REPLICATION

According to the bacterial replicon model [Ja-
cob et al., 1963], a cis-acting replicator element
is bound by a trans-acting initiator protein (IP),
permitting the initiation of replication. The rep-

licon was defined as a genetic element that
replicates as a unit, with a unique origin of
replication (replicator) serving as the target of
a positive-acting IP. Eukaryotic chromosomes,
because of their increased complexity, initiate
replication at multiple sites, estimated at 104–
106 [Hand, 1978; Martin, 1981]. As in prokary-
otes, control over the timing and frequency of
initiation are exerted at these sites [Hand, 1978;
Kornberg and Baker, 1992; Gavin et al., 1995].
Eukaryotic DNA replication occurs in a spatial
and temporal order from replication units (rep-
licons).

Most of our current knowledge about DNA
replication has come from the study of model
organisms, both prokaryotic (bacteria, bacterio-
phage, and plasmids) and eukaryotic (virus,
yeast, protists, and mammalian cultured cells).
Several general principles have emerged from
work dissecting the replication process in these
and other model systems [Kornberg and Baker,
1992].

GENERAL RULES OF REPLICATION

The intensive research activity aimed at un-
derstanding the mechanism of DNA replication
resulted in the development of new technical
strategies, allowing researchers to take a closer
look at replicating DNA and dissect its various
components. The most notable of the early tech-
niques that were employed for this purpose and
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that provided a great deal of information about
the mechanism of DNA replication is DNA fiber
autoradiography, first employed in prokaryotes
[Cairns, 1966] and then in mammalian cells
[Huberman and Riggs, 1968]. A major outcome
of the early studies was the realization that
DNA replication proceeds according to univer-
sal basic rules, from the simplest genomes to
the most complex [reviewed in Kornberg and
Baker, 1992].

DNA replication is semiconservative. The
overall rate of replication is determined by two
factors, the frequency of initiation and the rate
of elongation or fork progression. The latter is
the better characterized of the two processes,
due mostly to the development of cell-free (in
vitro) replication systems, such as those based
on plasmids containing the Escherichia coli
chromosomal origin of DNA replication, oriC
[Fuller et al., 1981], or the SV40 viral replica-
tion origin [Li and Kelly, 1984]. The basic enzy-
matic activities required for DNA replication
are the helicase, which unwinds the double-
stranded template and defines the growing point
of the replication fork; topoisomerase, which
relieves torsional strain that builds up ahead of
the growing fork; SSB (single-stranded binding
proteins), which stabilize the unwound, single-
stranded template DNA; and DNA polymerase,
which carries out the polymerization step, add-
ing new nucleotides to the growing nascent
strand in the 58 to 38 direction, that are comple-
mentary to those of the template strand. New
bases can only be added by polymerases to free
38-OH ends of the growing chain (in part, to
facilitate associated exonuclease proofreading
functions that ensure the fidelity of the pro-
cess). This requirement for 58-38 replication po-
larity, coupled with the fact that the two strands
of the double helix are of opposite polarity and
that replication is bidirectional, necessitates a
different mode of replication for each of the two
unwound template strands. The leading strand,
which is unwound in the 38-58 direction, can act
directly as a template for 58-38 elongation of the
nascent strand, in the same direction as grow-
ing fork progression. The lagging strand, on the
other hand, due to its antiparallel direction,
must be regularly reinitiated by primase activ-
ity, which lays down RNA primers (initiator
RNA) for polymerase extension, as new tracts
of template strand DNA are unwound. Exten-
sion of these RNA primers by DNA polymerase
produces Okazaki fragments, which are vari-

able in size, but generally 2,000–3,000 bp long
in prokaryotes and 100–300 bp long in eukary-
otes. Okazaki fragments are ligated together by
the action of DNA ligase, after the initiator
RNA has been replaced with DNA [reviewed in
Kornberg and Baker, 1992].

MAMMALIAN DNA REPLICATION

For the purpose of replication, the eukaryotic
genome is divided into multiple, tandemly ar-
ranged, replication units (replicons) [reviewed
by Hand, 1978]. Each unit contains a centrally
placed origin of replication and is replicated by
two diverging replication forks. DNA fiber auto-
radiography experiments indicated this ar-
rangement and suggested that replication ini-
tiates at distinct sites and then proceeds
bidirectionally outward [Cairns, 1966; Huber-
man and Riggs, 1968]. The experimental design
permitted measurements of the rate of replica-
tion fork movement, replicon size, estimates of
the replication initiation frequency, and timing
of initiation events on adjacent replicons. Such
measurements suggested that in a typical mam-
malian nucleus there were approximately 104–
105 initiations, serving replicons whose size
varied from 50 to 250 kb [Hand and Tamm,
1974; reviewed in Edenberg and Huberman,
1975]. Replication was semidiscontinuous, i.e.,
continuous on the leading (58-38) strand and
discontinuous on the lagging (38-58), on which
Okazaki fragments of approximately 100–300
bp were synthesized [Hay et al., 1984; Hendrick-
son et al., 1987]. Termination of genomic repli-
cation is thought to occur when two adjacent
replication forks meet and fuse. Pulse-labeling
of synchronized mammalian cells and DNA fi-
ber autoradiography provided evidence of site-
specific initiation [Amaldi et al., 1973].

Groups of adjacent replication units are acti-
vated coordinately in clusters [Huberman and
Riggs, 1968]. Estimates of the size of clusters
vary from 23 to 100 replication units, depend-
ing on the method of measurement [reviewed in
Hand, 1978]. The replicating clusters are asso-
ciated with the nuclear matrix. Clusters of rep-
lication origins are activated at different times
throughout S phase [Hand, 1978; Taylor, 1960],
and their respective replicons are replicated in
a defined spatial and temporal order [Spector,
1992 and references therein]. Origins activated
simultaneously might either share a common
DNA sequence [Zannis-Hadjopoulos et al.,
1984], or secondary structure [Stinchcomb et
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al., 1979; Struhl et al., 1979: Small et al., 1982;
Zannis-Hadjopoulos et al., 1984, 1988; Schroth
and Ho, 1995] recognized by cognate regulatory
proteins, or they may occupy a nuclear position
favorable to activation at a given time [Eden-
berg and Huberman, 1975; DePamphilis, 1993b,
and references therein]. Under normal growth
conditions, each origin initiates replication only
once per cell cycle. Immunofluorescent staining
of cells showed that replication is confined to a
few hundred discrete loci or replication centers
[Nakamura et al., 1986; Laskey et al., 1989;
Hozak et al., 1993]. Confocal analysis of human
(HeLa) X chromosomes, visualized using fluo-
rescence in situ hybridization (FISH) with a
specific painting probe, showed that in S phase
the chromosomes occupy distinct nuclear terri-
tories and their apparent size does not differ
from that in non-S phase cells [Solovjeva et al.,
1998].

There are more potential initiation sites than
those activated during a normal S phase. Thus,
more origins are activated during embryonic
development [Kriegstein and Hogness, 1974],
following a fluorodeoxyuridine block [Taylor,
1977] or infection by polyoma [Cheevers et al.,
1972] or SV40 [Martin and Oppenheim, 1977].
Specificity of origin selection may also vary
during embryogenesis or tissue development
[Carminati and Orr-Weaver, 1996].

TEMPORAL ORDER OF DNA REPLICATION

The principles that govern the spatial and
temporal organization of cellular replicons are
not fully understood. The eukaryotic nucleus
provides a confined and highly organized sys-
tem of structural and functional activities, in
which DNA is replicated. The replication of
DNA follows a dynamic order with specific re-
gions of DNA replicating at defined times and
in defined locations of the nucleus during S-
phase [Spector, 1992 and references therein].

The replication of mammalian DNA during S
phase is a highly ordered and regulated pro-
cess. Chromosomal subsections replicate at de-
fined times [Latt, 1974], and the DNA repli-
cated at a particular time during S phase is
likely to be replicated at the same time in
subsequent S phases [Mueller and Kajiwara,
1966; Adegoke and Taylor, 1977; Taylor, 1977].
Different subclasses of DNA, such as satellites
are replicated at defined times during S phase
[May and Bello, 1974; Tapiero et al., 1974]. For
example, DNA with a high content of A and T

bases (e.g., a-satellite DNA) tends to be late
replicating [Bostock and Prescott, 1971a,b; Com-
ings, 1972]. However, the order of replication of
the large chromosomal subsections is not fixed,
and cell and tissue variation in the late-replicat-
ing regions of the chromosome has been re-
ported [Willard and Latt, 1976; Willard, 1977].
Synthesis of late-replicating DNA depends on
the structural integrity and completion of syn-
thesis of early-replicating DNA [Hamlin and
Pardee, 1978]. The temporal control of DNA
replication became apparent from earlier work
involving cell fusion experiments [Rao and
Johnson, 1970; Yanishevsky and Prescott, 1978].
Thus, when a cell in late S phase was fused to a
cell in G1 phase, the G1-derived nucleus was
induced to initiate DNA replication [Yan-
ishevsky and Prescott, 1978], whereas cells in
G2 phase could not induce G1 nuclei into DNA
synthesis, nor could G2 nuclei initiate DNA
replication when fused to S-phase cells. The cell
fusion experiments provided strong evidence
for a stringent program for DNA synthesis and
indicated that entry of cells into S phase re-
quires a trans-acting factor(s), as only S phase
cells can activate initiation of DNA replication
in competent (G1) cells. They also revealed that
only G1 cell DNA is competent to initiate repli-
cation, and that G2 nuclei do not re-replicate
DNA until they pass through mitosis [Stillman,
1996]. More recent experiments, using the Xeno-
pus egg extract replication system and the tran-
sient permeabilization of the nuclear mem-
brane, support the cell fusion data [Blow and
Laskey, 1988; Blow et al., 1989; Blow, 1993;
Laskey et al., 1989] and led to the proposal of
the licensing factor model [Blow and Laskey,
1988].

Two parameters that establish the order of
replication are the proximity of the replication
site to certain DNA sequences such as, centro-
meres, telomeres [Ten Hagen et al., 1990; Fergu-
son and Fangman, 1992], or unusual DNA se-
quences that may cause alterations in
chromatin structure [Weaver and DePamphi-
lis, 1984; Baran et al., 1991; Thoma, 1992], and
transcriptional activity [Michaelson et al.,
1997]. Most, but not all, actively transcribed
genes are replicated early in S phase, whereas
quiescent genes are replicated later in S phase
[Goldman et al., 1984; Gilbert, 1986; Schmidt
and Migeon, 1990; Benard et al., 1992]. Recent
studies suggest a direct role for transcription
factors in activating eukaryotic origins of DNA
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replication [reviewed in DePamphilis, 1993a,
1999]. A putative origin of DNA replication,
p82, was identified in the g-aminobutyric acid
(GABA) receptor subunit b3 and a5 gene clus-
ter on chromosome 15q11q13, a region that has
been associated with establishing the allele-
specific replication timing domains in the
GABAA receptor subunit gene cluster [Sinnett
et al., 1996]. p82 was recently confirmed as a
differentially active origin by polymerase chain
reaction (PCR) mapping [Strehl et al., 1997].

ORIGINS OF DNA REPLICATION

The DNA sequence within which DNA repli-
cation initiates is called the origin of DNA repli-
cation. Its location is genetically defined by
cis-acting DNA sequences (replicators) that are
recognized and bound by the initiator proteins.
Origins can also refer to the actual initiation
site (functional origin), where unwinding of the
template DNA and synthesis begin [DePam-
philis, 1993b, 1999]. Replication origins in
simple genomes such as bacteria, eukaryotic
virus, and the yeast Saccharomyces cerevisiae,
have been well characterized and consist of
specific cis-acting sequences (replicators), that
interact with specific IPs. In these systems,
both the genetic and the functional origin map
within a small region of a few hundred base
pairs [DePamphilis, 1993b,c,d, 1999].

Identification and characterization of replica-
tors in the budding yeast, Saccharomyces cerevi-
siae, were facilitated by the discovery that DNA
sequences serving as replicators in chromo-
somes can also serve as replicators in plasmids
[reviewed in Zannis-Hadjopoulos and Price,
1998]. These sequences, called autonomously
replicating sequence (ARS) elements, when
cloned into plasmids, permit them to replicate
autonomously in yeast cells. In complex ge-
nomes, new technology has permitted mapping
of initiation sites for DNA replication in single-
copy sequences in the chromosomes of metazoa
[DePamphilis, 1993b; Zannis-Hadjopoulos and
Price, 1998 and references therein]. In these
systems, DNA replication also begins at specific
sites (origins of bidirectional replication or OBR)
using the same mechanism that is prevalent in
simple genomes [reviewed in Zannis-Hadjopou-
los and Price, 1998; DePamphilis, 1999]. This
supports the hypothesis that specific sequences
designate the DNA replication initiation site in
all genomes. In metazoa, however, putative cis-
acting replicator elements may be distributed

over large distances [DePamphilis, 1993b,
1999]. Mapping of replication initiation sites
by two-dimensional replicon mapping methods
indicates that replication initiates at multiple
sites over a region of up to 55 kb in the ham-
ster DHFR locus [Dijkwel and Hamlin, 1992],
the human c-myc locus [Waltz et al., 1996;
Trivedi et al., 1998], and in other systems
[Benard et al., 1995; Delidakis and Kafatos,
1989; Little et al., 1993; Shinomiya and Ina,
1994; Wang et al., 1998]. Nonetheless, initia-
tion in these large zones may occur nonran-
domly at multiple sites within a replicon [Waltz
et al., 1996; Trivedi et al., 1998; Kobayashi et
al., 1998; Pelletier et al., 1999; reviewed in
DePamphilis, 1999].

MAMMALIAN ORIGINS OF DNA
REPLICATION

Although origins of replication in mamma-
lian cells are still poorly defined, a large body of
biochemical, molecular biological, and electron
microscopic evidence, including studies of chro-
mosomal loci in Tetrahymena, Physarum, Dro-
sophila, chicken, mouse, hamster, monkey, and
human cell systems, suggests that initiation of
mammalian DNA replication is site-specific [re-
viewed in Zannis-Hadjopoulos and Price, 1998;
DePamphilis, 1999]. Furthermore, there is a
growing body of evidence indicating that meta-
zoan origins are genetically determined. Thus,
they are the same in subsequent cell divisions
and replicate at specific times during S-phase
[Simon and Cedar, 1996]; in some amplified loci
such as, the DHFR gene locus in CHOC 400
cells [Vaughn et al., 1990; Dijkwel et al., 1991,
1994; Dijkwel and Hamlin, 1995] and the ADA
gene locus in mouse cells [Virta-Pearlman et
al., 1993], the same OBR is used in both the
amplified and nonamplified lines, suggesting
that specific cis-acting sequences designate ori-
gin use; upon translocation of the DHFR orib
[Handeli et al., 1989; Kobayashi et al., 1998] or
the chorion gene amplification origin [Orr-
Weaver, 1991] to other chromosomal sites, ini-
tiation of replication still occurred at that ori-
gin; a natural deletion of the b-globin OBR,
included in a 135-kb region in a thalassemic
cell line, resulted in the passive replication of
the locus by forks emanating from another
nearby origin [Kitsberg et al., 1993]; and trans-
fer of the c-myc replication origin to other ge-
nomic locations by genomic recombination re-
sulted in origin activity at the integration sites
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[Malott and Leffak, 1999]. Such evidence indi-
cates that mammalian origins of replication are
genetically determined, supporting the replica-
tor model [Stillman, 1993].

STRUCTURES ASSOCIATED WITH ORIGIN
FUNCTION

The activation of origins seems to be depen-
dent not only on the presence of a particular
sequence, but of structural determinants as
well, which either facilitate the local unwind-
ing of DNA or serve as recognition signals for
the initiation of DNA replication. Certain types
of sequences and structures have been found to
be common to most replication origins of pro-
karyotic, lower eukaryotic, and mammalian or-
ganisms [reviewed in DePamphilis, 1993a; Pear-
son et al., 1996; Zannis-Hadjopoulos and Price,
1998]. Such sequences include bent DNA, DNA
unwinding elements (DUEs), matrix attach-
ment regions (MARs) and inverted repeats that
are capable of forming cruciform DNA [re-
viewed in Pearson et al., 1996]. Some or all of
them may constitute an origin and/or mediate
the proper origin function and regulation in
concert with the cell cycle.

Bent DNA

Bent DNA, a sequence-directed curvature of
the DNA helix [Selsing et al., 1979; Koo et al.,
1986], is associated with origins of prokaryotes
[Zahn and Blattner, 1987], SV40 [Deb et al.,
1986], yeast [Snyder et al., 1986] [Williams et
al., 1988], and the DHFR amplicon [Caddle et
al., 1990]. Although bent DNA may be impor-
tant in origins, its precise role is unclear; it may
act as an enhancer-like element, participating
in the transcriptional activation of the origins
[Brand et al., 1987; Inokuchi et al., 1988], or it
may participate in the melting of the double
helix at the origin, facilitating priming of initia-
tion.

DUE

The DUE is an easily unwound DNA region.
It is determined by base-stacking interactions
and, therefore, depends on nucleotide sequence
and not simply on A/T content [Natale et al.,
1992]. The DUE was first demonstrated as a
component of yeast [Umek and Kowalski, 1988]
and bacterial [Bramhill and Kornberg, 1988]
origins, and was suggested as the site where

DNA unwinding and synthesis begins [Umek
and Kowalski, 1988].

Cruciform DNA

Cruciform DNA can arise through intra-
strand base pairing of palindromic (inverted
repeat; IR) DNA sequences, which are widely
distributed in the chromosomal DNA of many
eukaryotes [Wilson and Thomas, 1974; Schmid
et al., 1975]. They may affect the supercoiling
degree of DNA, the positioning of nucleosomes,
the formation of other secondary structures of
DNA, or directly interact with proteins [re-
viewed in Pearson et al., 1996]. It has been
suggested that, under certain physiological con-
ditions, palindromic sequences can switch from
the linear to the cruciform conformation and
serve as recognition signals for specific regula-
tory proteins of DNA replication and transcrip-
tion [Zannis-Hadjopoulos et al., 1984; Bell et
al., 1991; Pearson et al., 1996; Sinden, 1994].
Thus, palindromes have been identified in op-
erator and transcription termination regions in
prokaryotes as well as in DNA replication ori-
gins of many prokaryotes and mammalian vi-
rus [reviewed in Sinden, 1994; Pearson et al.,
1996; Zannis-Hadjopoulos and Price, 1998]. In-
verted repeats and cruciforms are present at
the replication origins of phage, plasmids, mito-
chondria, eukaryotic virus, and mammalian
cells and have been associated with amplified
genes [reviewed in Boulikas and Kong, 1993;
Sinden, 1994; Pearson et al., 1996; Zannis-
Hadjopoulos and Price, 1998]. They are func-
tionally important for the initiation of DNA
replication in plasmids, prokaryotes, and eu-
karyotic virus [Pearson et al., 1996 and refer-
ences therein]. The formation of cruciforms in
vivo has been demonstrated for prokaryotic
[Panayotatos and Fontaine, 1987; Zheng et al.,
1991; Dayn et al., 1992], mammalian [Ward et
al., 1990, 1991] and viral DNA [Pearson et al.,
1996, and references therein]. The regulation of
replication may be controlled by cruciform-
specific binding proteins [Zannis-Hadjopoulos
et al., 1988; Hiasa et al., 1990; Pearson et al.,
1996, and references therein].

Monoclonal antibodies (MAbs) have been
raised with unique specificity to cruciform DNA
structures [Frappier et al., 1987, 1989]. Using
these MAbs, it was shown that there is a dy-
namic distribution of DNA cruciforms in mam-
malian nuclei, their numbers being at a maxi-
mum at the G1/S boundary [Ward et al., 1990,
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1991]. Introduction of the MAb into a perme-
ablized cell system capable of carrying out DNA
replication resulted in an enhancement of DNA
replication. It was hypothesized that this was
presumably through the interaction of the MAb
with cruciforms present at or near replication
origins, which resulted in their stabilization
and the increase of DNA synthesis through
multiple initiations at the same site [Zannis-
Hadjopoulos et al., 1988]. Furthermore, these
anti-cruciform antibodies were used to affinity-
purify active mammalian origins of replication
[Bell et al., 1991; Nielsen et al., 1994a]. These
observations support the hypothesis that cer-
tain IRs, giving rise to cruciforms, may be part
of initiation sites for DNA replication [Eden-
berg and Huberman, 1975; Boulikas and Kong,
1993; Pearson et al., 1996] and serve as the
attachment site for protein(s) involved in this
process [Hand, 1978; Sinden, 1994]. Proteins
that interact with specific structural recogni-
tion elements in DNA are thought to contribute
to the temporal and spatial regulation of impor-
tant cellular processes such as replication and
transcription.

A novel human cruciform binding protein
(CBP) with binding specificity for the cruciform-
containing DNA, was recently purified [Pear-
son et al., 1994]. Hydroxyl radical footprinting
analysis localized the CBP-DNA interaction to
the four-way junction at the base of the cruci-
form DNAs [Pearson et al., 1995]. Upon CBP
binding, associated structural distortions were
observed at the cruciform stems and at a DNA
region adjacent to the junction. Microsequence
analysis identified CBP as a member of the
14–3-3 family of proteins [Todd et al., 1998].
The interaction of 14–3-3 with cruciform DNA
may be of particular significance, since, among
the plethora of functions that have been as-
cribed to 14–3-3 proteins are signal transduc-
tion pathways and cell cycle regulation [Aitken,
1995].

SITE-SPECIFICITY OF MAMMALIAN
REPLICATION ORIGINS

Several experimental strategies have been
used in the effort to isolate mammalian rep-
lication origins [reviewed in Vassilev and
DePamphilis, 1992], which can be classified
into two groups. The first group consists of
methods for physical mapping and isolation of
replication origins. These methods can be subdi-
vided into analyses of (1) nascent DNA strands,

and (2) replication structures. The second group
consists of functional assays for cis-acting DNA
sequences conferring autonomous plasmid rep-
lication. A combination of the two strategies has
also been used, whereby (1) nascent sequences
containing replication origins were isolated by
induced extrusion of early replicating DNA
strands from active replication bubbles [Zannis-
Hadjopoulos et al., 1981, 1983, 1985; Kauf-
mann et al., 1985], or (2) replication origins
were isolated by taking advantage of the pres-
ence of replication structures (specifically, DNA
cruciforms) in active replication origins [Bell et
al., 1991; Nielsen et al., 1994a]. The use of these
strategies for mapping eukaryotic origins of
DNA replication has identified at least 23 spe-
cific sites in the chromosomes of flies, frogs, and
mammals [reviewed in DePamphilis, 1999].

AUTONOMOUS REPLICATION ASSAYS

Eukaryotic genomic fragments cloned into
prokaryotic vectors have been assayed for au-
tonomous replication, in assays analogous to
those that identified yeast autonomously repli-
cating sequences (ARS). These assays have
yielded contradictory results, with some stud-
ies showing that only large fragments (.10 kb)
could be observed to support autonomous DNA
replication in human [Heinzel et al., 1991; Kry-
san et al., 1993] or rodent [Krysan and Calos,
1993; Caddle and Calos, 1992] cells. Other stud-
ies indicate that small (approximately 100 bp–2
kb), selected sequences can successfully sup-
port autonomous replication [Zannis-Hadjopou-
los et al., 1985; Frappier and Zannis-Hadjopou-
los, 1987; McWhinney and Leffak, 1990; Bell et
al., 1991; Landry and Zannis-Hadjopoulos, 1991;
Iguchi-Ariga et al., 1993; Virta-Pearlman et al.,
1993; Wu et al., 1993a; Nielsen et al.,1994a,b,
1999; McWhinney et al., 1995; Sinnett et al.,
1996]. Furthermore, plasmids carrying the OBR
(orib) of the Chinese hamster dhfr gene repli-
cated autonomously in vivo and in vitro regard-
less of plasmid size, whereas plasmids of equiva-
lent size carrying random sequences did not
[Zannis-Hadjopoulos et al., 1994]. In several
cases, the ability of certain specific sequences to
support autonomous replication of plasmids has
also been correlated with the chromosomal map-
ping of the same sequences as initiation sites
for DNA replication [Iguchi-Ariga et al., 1993;
Virta-Pearlman et al., 1993; Wu et al., 1993a,b;
Zannis-Hadjopoulos et al., 1994; McWhinney et
al., 1995; Pelletier et al., 1999]. Finally, Malott
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and Leffak [1999] demonstrated the activity of
the c-myc replicator at an ectopic chromosomal
location. The control used in these experiments
was non-myc DNA, comprising a bacterial tran-
scription unit. The data obtained with this bac-
terial DNA suggested that this particular unit
was capable of changing the replication pattern
near the integration locus, although the abun-
dance of newly replicated strands in equivalent
regions was lower than that near the neighbor-
ing c-myc DNA. In these experiments, Malott
and Leffak [1990] argue that the results are
indicative of previous work by Calos and cowork-
ers [Krysan et al., 1993] regarding the ability of
bacterial sequences to affect initiation of repli-
cation in mammalian cells.

EUKARYOTIC INITIATOR PROTEINS (IP) AND
MULTIPROTEIN REPLICATION COMPLEXES

The mechanism of initiation of chromosomal
DNA replication appears to be conserved in
eukaryotes. In Saccharomyces cerevisiae, an ori-
gin recognition complex (ORC), consisting of six
protein subunits was identified [Bell and Still-
man, 1992]. ORC binds to the yeast ARS in an
ATP-dependent manner and is required for ini-
tiation of replication [Bell and Stillman, 1992;
Dutta and Bell, 1997; Dillin and Rine, 1998].
Although ORC is bound to theARS site through-
out the yeast cell cycle [Diffley and Cocker,
1992], it is involved in the process of initiation
through its ability to form complexes with pro-
teins that control initiation [Dillin and Rine,
1998]. Thus, in vivo and in vitro footprinting
studies demonstrated the presence of two types
of protein-DNA complexes at the yeast replica-
tion origin during the cell cycle: a postreplica-
tive complex (post-RC) present during the S,
G2, and M phases, and a larger prereplicative
complex (pre-RC) present at late M and G1
[Diffley et al., 1994]. Genetic and molecular
evidence suggests that the pre-RC contains
ORC, Cdc6p, and the MCM family of proteins
[Loo et al., 1995; Santocanale and Diffley, 1996;
Aparicio et al., 1997]. This pattern of binding
fits the ‘‘licensing’’model of replication, whereby
initiation events are limited to once per cell
cycle [Blow and Laskey, 1988; Laskey et al.,
1989]. Two different signals are required for
activation of chromosomal replication: the rep-
lication licensing factor (RLF) ‘‘licenses’’ replica-
tion origins before S phase, and the S phase
promoting factor (SPF), a cyclin-dependent ki-
nase (Cdk), allows the initiation of replication

forks at the licensed origins [reviewed in Cheva-
lier and Blow, 1996]. Evidence from yeast and
Drosophila strongly suggests that Cdks play
also a role in preventing re-replication of DNA
in a single cell cycle [Chevalier and Blow, 1996
and references therein].

Evidence for multiprotein replication com-
plexes (MRCs) has been accumulating over the
past few years [reviewed in Hickey and Malkas,
1997; Zannis-Hadjopoulos and Price, 1998]. Re-
cently, a model of DNA replication was pro-
posed, to represent a multiprotein DNA replica-
tion complex isolated from a wide variety of
mammalian cell types and tissues [Malkas et
al., 1990; Wu et al., 1994; Applegren et al.,
1995], termed the ‘‘DNA synthesome’’ [Hickey
and Malkas, 1997; Lin et al., 1997]. According
to this model, the synthesome ‘‘core’’ comprises
proteins involved in the elongation phase of
DNA replication (e.g., DNA polymerases a and
d, primase, RF-C, DNA helicase, ligase I, and
topoisomerase II), whereas the proteins in-
volved in the initiation phase of DNA replica-
tion (e.g., PCNA, RPA, and topoisomerase I) are
more loosely associated with it [Hickey and
Malkas, 1997]. Such studies have demonstrated
that many proteins involved in DNA replication
(e.g., RPA and PCNA) are also involved in DNA
repair.

Recently, an activity was purified on the ba-
sis of its ability to bind to a putative replication
origin, ors8 [Ruiz et al., 1995]. OBA was identi-
fied by microsequence analysis as the 86-kDa
subunit of Ku (Ku86) antigen, a heterodimeric
(p70/p86) DNA-binding protein [Ruiz et al., 1999
and references therein]. Ku had been previ-
ously purified from HeLa cells as part of a 21S
multiprotein complex competent for DNA syn-
thesis [Vishwanatha and Baril, 1990], was re-
ported to interact with a human DNA region
(B48) containing a replication origin [Tóth et
al., 1993], and to have DNA helicase activity
[Tuteja et al., 1994; Ochem et al., 1997]. Ku is
the DNA binding subunit of the DNA-depen-
dent protein kinase (DNA-PK) holoenzyme
[Gottlieb and Jackson, 1993; Suwa et al., 1994],
a nuclear component that phosphorylates a
number of DNA binding, regulatory proteins,
including transcription factors (Sp1, p53), RNA
polymerase II, topoisomerases I and II, Ku anti-
gen, and SV-40 large T antigen [Anderson, 1993,
and references therein]. Although Ku has been
characterized as a DNA-end binding protein, it
was recently shown to be a sequence specific
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DNA-binding protein, recruiting DNA-PK di-
rectly to specific DNA sequences [Giffin et al.,
1996, 1997]. Ku also binds in a sequence-
specific manner to a 36-bp sequence (A3/4) de-
duced from mammalian replication origins and
is involved in mammalian DNAreplication [Ruiz
et al., 1999]. A Ku-like protein from Saccharo-
myces cerevisiae was reported to be required for
the in vitro assembly of a multiprotein complex
at the ARS121 origin of replication [Shakibai et
al, 1996].

ORIGIN USAGE

A comparison of origin activity among four
origins of DNA replication in human HeLa and
normal skin fibroblast (NSF) cells has demon-
strated approximately a 2-fold difference be-
tween these cell lines in the activation of the
c-myc origin and NOA3 [Wu et al., 1993], an
origin associated with the 38 region of the eta
subunit of 14–3-3; the other two (S14 and 343)
exhibited no significant difference in activation
between the two cell lines [Tao et al., 1997 and
references therein]. The most plausible explana-
tion for this differential activity is the use of
different initiation sites for replication of cer-
tain loci, some of which may be differentially
preferred in different cell types or states of cell
maturation. In another study, it was reported
that a 400 bp replication enhancer within the
ura4 origin region of S. pombe defines the rela-
tive activities of the three replication origins
located in this region [Kim and Huberman,
1999], suggesting that enhancers may affect
the relative activities in the origin clusters of
animal cells, thus influencing origin efficiency
and usage.

METHYLATION

In addition to genetic elements, epigenetic
chromosomal components, such as modifica-
tion of the DNA by methylation and chromatin
structure, have been postulated as determi-
nants of replication origins [Tasheva and Roufa,
1994; Delgado et al., 1998; Rein et al., 1997].
DNA methylation at CpG dinucleotides is an
important mechanism of epigenetic regulation
of genomic function and of processes such as
transcription, recombination, imprinting, devel-
opment, carcinogenesis, and replication timing
[reviewed in Zannis-Hadjopoulos and Price,
1998]. It was recently postulated that methyl-
ated CpG clusters mark specific origins for rep-
lication through changes in chromatin struc-

ture [Rein et al., 1997]. Another recent study
showed that replication origins are differen-
tially methylated, with some origins (e.g., la-
min B2) partially methylated, some (e.g., c-
myc) not methylated, and others (e.g., the
previously reported DHFR orib and ori-RPS14)
heavily methylated [Araujo et al., 1998]. It has
been suggested that DNA methylation at mam-
malian origins could play a role in delaying the
reassembly of prereplication complexes (pre-
RCs) [Rein et al., 1999], in a manner analogous
to the role of DNA methylation at the E. coli
replication origin, oriC, where a delay in the
reassembly of pre-RCs is observed due to the
maintenance of oriC in a hemimethylated state
[Boye and Lobner-Olesen, 1990; Campbell and
Kleckner, 1990]. Recent evidence, however, sug-
gests that this is not the case in mammalian
cells, but, rather, changes in the concentrations
of initiator proteins determine the number and
location of replication origins [Rein et al., 1999].
Finally, it was recently shown that the human
dnmt1 (DNA methyltransferase) locus contains
an OBA/Ku86 binding site and initiation sites
for DNA replication [Araujo et al., 1999]. DNA
methyltransferase is the enzyme responsible
for propagating the DNA methylation pattern
and the epigenetic information that it encodes
during replication.

CHROMATIN STRUCTURE AND DNA
REPLICATION

During eukaryotic DNAreplication, the newly
synthesized DNA must be assembled into chro-
matin. A number of studies have established a
general effect of chromatin structure on pro-
cesses such as replication and transcription
[Wolffe, 1996]. Chromatin structure can inhibit
both replication origin and transcriptional pro-
moter activities by blocking access of initiation
factors to specific sites [reviewed by DePamphi-
lis, 1999]. Biochemical analysis of chromatin
assembly has led to the identification of core
histone-binding proteins that may be involved
in both replication and transcription. These
include, among others, nucleosome assembly
proteins (NAP) [Rodriguez et al., 1997 and ref-
erences therein; Wolffe, 1995] and chromatin
assembly factors [reviewed in Krude, 1999].
Chromatin assembly factor 1 (CAF-1) has a key
role in assembling nucleosomes onto replicat-
ing DNA. Proliferating cell nuclear antigen
(PCNA), a DNA polymerase clamp, interacts
directly with the largest subunit (p150) of
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CAF-1, and the two proteins co-localize at sites
of DNA replication [Shibahara and Stillman,
1999]. Since PCNAalso interacts with the mam-
malian DNA-methyltransferase at replication
sites [Chuang et al., 1997], it was suggested
that it may provide a common platform for both
chromatin assembly and DNA methylation
[Shibahara and Stillman, 1999].

FUTURE DIRECTIONS

In order to understand how DNA replication
is regulated, the nature of replication origins
(cis-acting sequences for origin function or rep-
licators) and the proteins that interact with
them must first be determined. More informa-
tion about the molecular features, structure,
function, distribution, and nuclear location of
individual and groups of replication origins will
be essential for resolving the mechanisms of
normal and abnormal mammalian DNAreplica-
tion.

The foundation built during the 1960s–1980s
has provided a burst of activity that has led to
rapid accumulation of key information about
eukaryotic DNA replication this last decade
before the millennium. In the short term (next
decade), there is sufficient technical know-how
and indications from viral, prokaryotic, and
yeast models that the discovery of cis-replicator
sequences, cis-elements of essential secondary
structures for origin activity, and the identifica-
tion and characterization of the trans-regula-
tory initiation proteins should be anticipated.
DNA replication as a field of study will also
include more intensive studies of signaling be-
tween molecules as the machinery for replica-
tion is assembled, functions, and then becomes
quiescent. As better definition of the regulation
of initiation of higher eukaryotic DNA replica-
tion is accomplished, application of this knowl-
edge to the development of new therapies (e.g.
specifically targeted therapies in cancer and
other dysfunctions of replication; improvement
in wound healing and progress in organ regen-
eration; and better gene therapy, including new
all-homologous vectors and artificial chromo-
some) will be included in medical practice in
the next century.

In the coming years, the relationships that
exist between DNA repair, recombination, gene
expression, and DNA replication will become
more clearly understood. As we understand the
nature of these relationships and the control of
their interdigitation, a more complete picture of

the most fundamental processes effecting bio-
logic life will be revealed. Already, researchers
are turning to focus upon higher order struc-
tures of chromatin, nucleus, and cell, to begin to
add to our knowledge of the coordinated pro-
cesses that precede and follow the duplication
of DNA. The control of DNAreplication through-
out the life span of a cell and organism is
recognized to include these higher-order struc-
tures, which also play roles in establishing the
behavior of a cell. The hierarchy of control of
cell proliferation, the most fundamental life
process, will be facilitated through comparative
studies of models (ontogeny demonstrated by
phylogenetic models) and then the application
of technology and expertise to experimentation
in higher eukaryotic cells.
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Traykova-Andonova M, Zhang Y, Weigel NL, Lefebvre
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