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Replication origins in yeast versus metazoa: separation of the
haves and the have nots
David M Gilbert
The recent flood of information concerning Saccharomyces
cerevisiae replication origins and the proteins that interact
with them contrasts alarmingly to the trickle of progress in our
understanding of metazoan origins. In mammalian cells, origins
are complex and heterogeneous, and appear to be selected
by features of nuclear architecture that are re-established
after each mitosis. Studies in Xenopus egg extracts have
shown that once per cell cycle replication does not require
specific origin sequences, despite the identification of
functional homologues to yeast origin-binding proteins. These
observations suggest that initiation of DNA replication in
higher eukaryotes is focused to specific genomic regions by
features of chromosome structure.
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Abbreviations

2D
ACS
ARS
DHFR
DUE
LCR
ODP

ORC
pre-RC

two-dimensional
ARS consensus sequence
autonomouslyreplicating sequence
dihydrofolatereductase
DNA-unwindingelement
locus control region
origin decision point
origin recognition complex
replicationcomplex

Introduction

Every field of research has its golden age. For example,
the 'eukaryotic-gene-expression' world experienced an
explosion in the identification of transactivators and basal
transcription factors from the late '80s through the early
'90s. Functional assays such as transient transfection
of reporter gene constructs and techniques to identify
protein-DNA interactions allowed studies in mammalian
cells to keep pace with powerful yeast genetic systems,
revealing a transcriptional initiation mechanism largely
conserved from yeast to man. In the replication field, tile
golden age has now arrived. However, a glance at the
past year's literature reveals an explosion of information
in yeast systems that is not shared by metazoan systems.
T h e lack of functional assays for replication origin activity
and the inability to conclusively identify specific DNA
sequences that function as replication origins continue to
plague efforts to define metazoan origins. In this review,
[ briefly outline our understanding of replication origin

assembly in SaccAaromyces cerevisiae. I then describe some
recent reports that illustrate the difficulties experienced
with the identification of mammalian replication origins
and describe studies in Xenopus that demonstrate how
replication can be studied in an origin-less world. Finally,
I address some of the reasons for these differences. I will
focus the discussion on chromosomal origins that initiate
once-per-cell-cycle.
Yeast: the 'haves'

In S. cerevisiae, specific ARS (autonomously replicating
sequence) elements were identified on the basis of
their ability to direct the autonomous replication of
cloned plasmid DNA (recently reviewed in [1-3]. Each
ARS element (<150bp) contains an essential l l b p ARS
consensus sequence (ACS) associated with two or three
short stimulatory motifs that are divergent in sequence but
functionally conserved; one of those essential functions
being a region of low thermodynamic stability known
as a DNA-unwinding element (DUE) [4°]. Using twodimensional (2D) get electrophoresis techniques under
conditions that can identify replication bubble and fork
structures, ARS elements were shown to be coincident
with the sites where bi-directional replication begins
both in ARS containing plasmids and within yeast
chromosomes. Thus, in S. cerevisiae, origins consist of
specific sequences that are both required for replication
and serve as the start sites for DNA synthesis.
T h e availability of clearly defined origin sequences
allowed for the identification of proteins that interact
with yeast origins and the dissection of their functions
during the cell-cycle (reviewed in [1-3]). Perhaps most
important of these is a complex of six p r o t e i n s - - t h e
origin recognition complex ( O R e ) - - t h a t is bound to the
ACS and adjacent B1 motif throughout the cell-cycle
[5°°,6"']. Origin recognition requires ATP as a co-factor
and origin binding stimulates the ATPase activity of O R e
[7"]. Recently, the 5' ends of nascent strands at ARS1 were
shown to originate from an 18 bp initiation zone adjacent
to the ORe-binding site [8"]. Thus, ORe-binding may
promote a local DNA distortion that leads to unwinding
in a manner analogous to the initiator proteins of several
bacterial, plasmid and viral systems [9].
O R e appears to be the landing pad for the assembly of
pre-replication complexes (pre-RCs) during late mitosis.
Mitosis is followed by a period of low B-cyclin-dependent
kinase (B-cdk) activity, during which the highly unstable
Cdc6 protein is synthesized [I0 °] and rapidly associates
with ORe-bound origins [5",6"]. This interaction is
followed by loading of the Cdc45 protein [6",11",12"] and

Replication origins in yeast versus Metazoa Gilbert

another six-member family of proteins, the Mcm complex
[5",6"], onto origins as part of the pre-RC. Once loaded,
the Mcm complex interacts with something in addition
to ORC and Cdc6, as both can be selectively washed
off chromatin after Mcms are bound [13"]. Subsequently,
a rise in B-cdk activity is followed by activation of
the Cdc7 kinase; both of these kinase activities are
required for entry into S-phase and may interact directly
with pre-RCs [5",14,15,16",17°]. A novel gene product,
Mcml0, may also be involved in converting the pre-RC
to an active RC [18"]. After initiation, ORC remains
bound to the origin and the Mcm complex appears to
follow the replication fork [6"% possibly even providing
the still elusive helicase activity [19"]. Importantly, if Cdc6
expression is experimentally delayed until after the rise in
B-cdk activity, the ability of Cdc6 to load Mcm complexes
onto origins is prevented [5",20]. These high levels of
B-cdk activity persist until the end of mitosis. Thus,
pre-RCs form at origins during a period of low kinase
activity, whereas initiation requires a period of high kinase
activity that simultaneously converts pre-RCs to RCs and
prevents their re-formation, ensuring once-per-cell-cycle
replication. This series of events is largely conserved in the
fission yeast Schizosaccharomjces pombe, with some notable
discrepancies (reviewed in [21,22]).
T h e first cell-free system for initiating ORC- and origindependent S. cerevisiae DNA replication was reported
this year [23"]. This system employs a soluble nuclear
extract from yeast synchronized in S-phase to initiate
replication specifically at chromosomal origins and requires
whole Gl-phase yeast nuclei as a substrate. Replication is
dependent upon a functional ORC within the substrate
nuclei but does not require functional ORC in the
extract. This system will be useful for separating gene
products required for the assembly and maintenance of
pre-RCs within Gl-phase nuclei from those that trigger
the initiation of replication. T h e inability to define a
soluble system for regulated replication of purified DNA
templates could be explained by a requirement for the
ordered sequence of events described above, the first
step of which is bypassed by using Gl-phase nuclei as
substrate. If conditions for the assembly of pre-RCs on
purified DNA templates can be defined, the subsequent
addition of S-phase-promoting factors may finally allow the
development of a soluble eukaryotic replication system.
Metazoa:

the have nots

In metazoa, a much more complex picture of origin
structure is sluggishly emerging. T h e most extensively
mapped initiation zone in metazoa resides downstream
of the dihydrofolate reductase (DHFR) gene in Chinese
hamster ovary (CHO) fibroblasts. A variety of methods,
which first purify nascent DNA strands and then either
localize their 5' ends or determine their polarity, suggest
that replication forks travel bidirectionally away from a site
-17 kb downstream of the D H F R gene (ori-[3), and possibly a second specific site (ori-y) 20 kb further downstream
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(reviewed in [24]). By contrast, 2D gel methods reveal
the presence of replication bubble structures throughout a
55 kb 'initiation zone' and replication forks moving in both
directions throughout this same region [25]. This year,
the positions of small (<0.8kb) 5'-RNA-primed nascent
strands were mapped at 21 sites across 13 kb surrounding
ori-13, revealing the presence of a second (albeit less
frequently utilized) initiation site, 5 kb downstream of
oriq3 [26"]. Although the 2D gel results are still not
compatible with two discrete origins [27], these results
at least bring the various mapping techniques in closer
agreement. In any case, these studies have introduced
the concept of a metazoan 'origin l o c u s ' - - a chromosomal
region permissive for initiation, within which some sites
are utilized more frequently than others.
Origin-mapping studies at other loci suggest that metazoan
origins are highly heterogeneous both in size and behavior.
Whereas the human rDNA [28] and c-m),c [29] loci, as
well as the Drosophila polymerase o: locus [30], appear to
have 10-30kb initiation loci, the human [3-globin locus
[31] and the lamin B2 locus [32] contain origins that
may be localized to within a few kilobases or less. Origin
usage can also vary during development. T h e entire mouse
immunoglobulin heavy chain (Igh) gene locus is replicated
from a single origin located downstream of the gene
cluster in non-B-cell types. However, in B-cells expressing
the Igh genes, replication initiates from multiple origins
scattered throughout the gene cluster [33"]. At the
[3-globin locus, the same origin is utilized whether the
genes are transcriptionally silent or expressed but its
timing of initiation during S-phase is developmentally
regulated [31].
Genetic elements that specify the initiation of replication
in metazoa have remained completely elusive. ARS
assays are extremely inefficient and/or indiscriminate,
necessitating the molecular dissection of origins in their
native chromosomal environment. At the human [3-globin
locus, a naturally occurring deletion that includes the
origin results in the loss of initiation activity in this region
of the chromosome [31]. However, deletion of the locus
control region ( L C R ) - - a DNA sequence element required to organize replication timing, chromatin structure,
and transcription of the globin gene cluster and located
50kb upstream of the origin--also eliminates origin
activity [31], suggesting that genetic elements controlling
initiation of replication in metazoa may be separated by
large distances. A simple relationship between the LCR
and origin activity cannot be ascribed, since an insertion
into the globin LCR eliminated transcriptional activity
but did not eliminate origin activity [31]. Furthermore, as
reported this past year [33"], deletion of a putative LCR at
the murine Igh locus had no effect on timing of replication
or replication fork polarity.
At the C H O DHFR origin, the discovery of a 500bp
densely methylated island in which every dC was
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methylated in proliferating cells (but not in stationary
cells) gave hope that epigenetic modifications of DNA
might be the missing element required for recognition of
mammalian origins [34]. Recently, more careful analysis of
the bases encompassing the putative DMI revealed that its
detection was most likely an artifact, although an adjacent
segment of DNA revealed a cluster of m C p G residues
[35%36°]. Taken together, these studies illustrate some
of the frustrations experienced by investigators trying to
identify mammalian origins.

Xenopus: 'proud to be originless'
In the rapid early cleavage stages of Xenopus development, replication does not initiate within specific
DNA sequences, nor does it require specific DNA
sequences. Any purified DNA sequence microinjected
into Xenopus eggs or introduced into Xenopus egg extracts
is replicated efficiently and once per cell cycle [37]. With
de-membranated Xenopus sperm nuclei (sperm chromatin)
as a substrate, nearly 100% of template DNA is replicated
exactly once and many investigators have exploited this
efficient replication system without regard for the nature of
origin sequences. T h e Xenopus homologues of yeast ORC,
Cdc6 and Mcm proteins have been isolated and shown
to be essential for replication in Xenopus egg extracts and
to assemble onto sperm chromatin in the same order as
in yeast (reviewed in [3]). Xenopus pre-RCs are activated
by the A- and E-cdks [38], and require a period of low
cdk activity for re-assembly [39"], as in yeast. Loading
of the Xenopus Mcm complex onto chromatin requires
an additional partially purified component (replication
licensing factor B; RLFB) that has not yet been assigned
a yeast homologue [39°].

The nuclear envelope
T h e nuclear envelope is proposed to play two roles
in regulating initiation, both of which were challenged
recently. In Xenopus egg extracts, initiation requires a
completely assembled nuclear envelope, with functional
nuclear pores and a nuclear lamina. It did not appear
that nuclear assembly was required simply to concentrate
initiation factors because certain disruptions in nuclear
envelope function allowed nuclear import but inhibited
initiation [40~2,43"]. Moreover, disruptions of the nuclear
lamina alter the distribution of imported replication
factors, suggesting that a disruption in the internal
organization of the nucleus inhibits replication [41,43°].
Once assembled, the envelope is presumed to prevent
re-initiation by serving as a barrier to a positive replication
licensing factor(s) (RLF), required for the assembly of
pre-RCs [44]. This hypothesis explained the fact that
re-replication of G 2 nuclei in Xenopus egg extract requires
permeabilization of the nuclear membrane, either by
experimental reagents or during mitosis [44,45]. The
possibility that a replication inhibitor is removed upon
permeabilization seemed unlikely, as permeabilized G z
nuclei would not initiate replication if they were re-sealed
with purified membranes prior to introduction into Xenopus

egg extract [46]. In this past year, Newport and co-workers
[47 °°] demonstrated that high concentrations of active
A- or E-cdk complexes added to Xenopus egg extracts
prevent association of Mcm3 with sperm chromatin and
inhibit subsequent DNA replication. As these same cdks
also initiate replication [38], these investigators propose
that the nuclear envelope is required to concentrate cdk
activity (through active import) to levels that promote
initiation and prevent pre-RC assembly. Breakdown of the
nuclear envelope during mitosis would cause a dilution of
the inhibitory cdk activity to levels that promote pre-RC
assembly but do not allow initiation. This 'inhibitor
model' predicts that high concentrations of cdks added
to chromatin after pre-RC formation will both trigger
the initiation of replication and prevent re-initiation, in
the complete absence of a nuclear envelope. Such a
finding would warrant a thorough re-investigation of the
experiments described above.

Nuclear architecture and origin specification
At the blastula stage of Xenopus development, the
initiation of replication becomes focused to specific
chromosomal sites [48]. One possible explanation for
this developmental switch is that high concentrations
of replication factors in the early embryo allow relaxed
origin specification and these factors become titrated as
DNA is replicated. In support of this hypothesis, high
concentrations of sperm chromatin replicated at a reduced
rate in Xenopus egg extracts, implying that origins were
spaced at greater distances at low cytosol-DNA ratios
[49"]; however, origin mapping was not performed in these
experiments to determine whether initiation was focused
to specific loci. An alternative explanation is that changes
in nuclear structure that take place at the mid-blastula
transition focus replication to specific sites. In support
of this hypothesis, it has been shown that Xenopus egg
extracts are capable of initiating replication specifically at
the C H O DHFR origin locus, providing the substrate for
replication is introduced in the form of an intact fibroblast
nucleus [37,50"°,51,52°',53]. With damaged nuclei or
naked DNA, replication initiated at apparently random
sites. Most strikingly, when metaphase chromatin was
introduced into these same extracts, replication initiated
at a novel specific site within the DHFR gene itself [50"].
Recognition of this specific site required topoisomerase-IImediated chromosome condensation. These ot)servations
suggest that initiation of DNA replication in higher
eukaryotes is focused to specific genomic regions by
higher-order features of chromosome architecture.

Mammalian replication origins are specified
at a distinct point during Gl-phase
Recognition of the C H O D H F R origin by Xenopus egg
extract requires nuclei from cells synchronized after a
specific point during Gl-phase, designated the origin
decision point (ODP) [51,52"]. With nuclei from cells
synchronized prior to this point, replication initiates
efficiently but without any detectable preference for the
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D H F R origin. Since intact G e nuclei do not replicate at
all in Xenopus egg extract, pre-ODP nuclei have already
acquired the potential to replicate (replication licensing)
but have not yet specified where replication should
initiate. It was shown recently that passage through the
O D P takes place prior to restriction point control and is
independent of the presence of serum mitogens [52"].
rFreatment of C H O cells with protein kinase inhibitors
prevented the specification of origins, suggesting that a
mitogen-independent protein kinase pathway is required
for origin specification. Thus, the O D P represents a
distinct early Gl-phase replication regulatory point that
specifies which of many potential chromosomal sites
will function as an origin in the upcoming S-phase.
Interestingly, Xenopus embryos lack a Gl-phase until
after the mid-blastula transition, coincident with the
specification of origins. Perhaps origin selection in higher
cukaryotes requires a proper Gl-phase, during which the
functional re-organization of the nucleus focuses pre-RC
formation to specific origin loci.
What gcne products might specify origins at the ODP?
Perhaps the most pressing question for the coming year is
whether metazoan O R C binds to specific D N A sequences.
If we make the assumption that O R C functions as an
initiator protein to promote adjacent D N A unwinding,
then some modification of the S. cerewisiae paradigm must
be invoked. In Xe/zopus embryos, OR(] cannot bind specific
sequences. In mammalian cells, O R C must bind to many
sequences. Considering all the data, the most .inclusive
working hypothesis is that metazoan O R C binds D N A
non-specifically but is focused to specific sequences by
features of chromosome structure. T h e O D P - - a n d the
blastula stage of Xenopus d e v e l o p m e n t - - c o u l d represent
the establishment of a nuclear structure that favors
O R C - D N A interactions at particular chromosomal sites.
If this model is correct, specific ORC-binding sites will
be found only in post-ODP chromatin and not on naked
DNA.

Conclusions
Why have metazoan replication origins been so elusive?
Studies with Xenopus egg extracts provide a clear demonstration that 'once-per-cell-cycle' replication of D N A does
not require specific D N A sequences. All that is needed is
a signal to assemble pre-RCs ('licensing') separated from
a signal to convert those pre-RCs to RCs ('initiation'). As
specific origin sequences are not necessary for replication,
what then might be their function and why are they
so site-specific in yeast? Recent experiments suggest
that origin specification requires features of chromosome
architecture that arc re-assembled after each mitosis.
T h e heterogeneity of origins suggests that different loci
require different degrees of specificity. T h e position of
replication origins in relation to the functional activities
of a chromosome may be very important. In organisms
with streamlined genomes such as yeast and viruses, it
may be critical that replication begin at a very defined
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site, requiring a specific initiator-replicator interaction. In
higher eukaryotes, distances between functional elements
are generally much greater and it may be sufficient to
focus replication to less well-defined chromosomal loci. In
Xenopus embryos, there are few functional considerations
other than rapid replication. In this context, a chromosome
architecture that limits inter-origin distance is more
important than one that regulates sequence specificity.
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