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DNA replication is tightly regulated at the initiation
step by both the cell cycle machinery and checkpoint
pathways. Here, we discuss recent advances in un-
derstanding how replication is initiated in metazoans
at the correct chromosome positions, at the appropri-
ate time, and only once per cell cycle.

Introduction
The discovery that DNA has a base-paired double-heli-
cal structure was a landmark in 20th century biology
because it suggested an obvious mechanism for how
genetic information is replicated and transmitted to
daughter cells. Since then, the basic proteins involved
in DNA replication, such as DNA polymerases and heli-
cases, have been discovered and extensively studied.
Now we are beginning to reveal the mechanisms by
which DNA replication is initiated at particular positions
on chromosomes, called origins, and to determine why
replication occurs only during S phase and how over-
replication of the genome is avoided. Although yeast
have been the frequent subject of study in eukaryotic
DNA replication, DNA replication in metazoans is not
identical to that in yeast and in fact has a number of
unique characteristics. These differences may relate to
cellular differentiation and to the formation of tumors
when DNA replication goes awry. Thus, our primary aim
in this review is to focus on recent findings in replica-
tion initiation in eukaryotes while emphasizing the com-
ponents and events that are specific to metazoans.

Loading the Helicase onto Chromatin
at Origins of Replication
DNA replication in all eukaryotes starts with the pro-
cess of loading a replicative helicase onto chromatin in
late M phase of the cell cycle. This helicase is a ring-
shaped hexamer composed of the proteins Mcm2 to
Mcm7. Mcm2 to Mcm7 are closely related proteins that
harbor AAA+ ATPase domains, which are required for
both elongation and initiation in the Xenopus in vitro
replication system (Pacek and Walter, 2004). Loading of
the MCM2-7 complex is achieved by the concerted ac-
tion of the origin recognition complex (ORC), Cdc6, and
Cdt1 (Figure 1), although metazoans tend to have MCM
proteins distributed over the chromosomes instead of
being concentrated near origins as in yeast. As dis-
cussed later, metazoan ORC also appear to lack a strict
sequence preference for binding DNA. Together, these
two properties of the metazoan prereplicative complex
(pre-RC) might explain the broad initiation zones that
are characteristic of many metazoan replication origins.
*Correspondence: ad8q@virginia.edu
Although ORC, Cdc6, and Cdt1 are required to load
MCM2-7 helicases onto chromatin, the exact mecha-
nism of action of these proteins is poorly understood.
The ring-shaped structure of MCM2-7 encircles the
DNA, suggesting that ORC and Cdc6 might act as an
ATP-dependent clamp-loader analogous to the RF-C
clamp-loader for the proliferating cell nuclear antigen
(PCNA) (Mendez and Stillman, 2003). Among the pre-
RC components in metazoans, Orc1, Orc4, and Cdc6
have both Walker A and Walker B motifs, whereas Orc5
has only a Walker A motif. The Walker A motif is critical
for ATP binding and the Walker B motif is required for
ATP hydrolysis. Mutation of the Walker A motif of Orc1,
but not of Orc4 and Orc5, reduces the ATPase activity
of metazoan ORC (Chesnokov et al., 2001; Giordano-
Coltart et al., 2005), suggesting that the Orc1 ATPase
domain is responsible for ORC ATPase activity. Muta-
genesis studies indicate that ATP binding by ORC (or
Cdc6), but not hydrolysis of ATP, is required for DNA
binding by ORC or Cdc6 (Chesnokov et al., 2001; Cook
et al., 2002; Frolova et al., 2002; Giordano-Coltart et al.,
2005; Herbig et al., 1999). Given that a nonhydrolyzable
ATP analog inhibits the loading of MCM2-7, but not
loading of ORC and Cdc6 (Gillespie et al., 2001; Harvey
and Newport, 2003b), it seems likely that ATP hydroly-
sis is used to load MCM2-7 on chromatin.

The interaction between Cdt1 and MCM2-7 is greatly
enhanced by the presence of Cdc6 (Cook et al., 2004).
Therefore, it will be interesting to test whether Cdc6
uses the energy of ATP hydrolysis to promote the in-
teraction of Cdt1 and MCM2-7. Alternatively, the energy
may be used to release the ORC/Cdc6 complex from
MCM2-7 as in the release of the clamp-loader (RF-C)
from the clamp (PCNA). Such a release may be required
for the reiterative loading of many MCM2-7 complexes
that then migrate away from the ORC, spreading out
along the chromosomes.

Recently, Mcm8, a protein with similarity to MCM2–7,
was shown to exhibit helicase activity in vitro, and its
depletion inhibited DNA replication by 50% without af-
fecting pre-RC formation (Maiorano et al., 2005). This re-
sult is somewhat contradicted by a study using RNAi
that indicates a role for human Mcm8 in loading ORC
and Cdc6 (Volkening and Hoffmann, 2005). However, a
homolog has not been identified in yeast, suggesting
that the primary helicase involved in unwinding of the
double helix in DNA replication is MCM2–7, whereas
Mcm8 has a specialized role in vertebrates.

Origin Firing
DNA is not detectably unwound until S phase, suggest-
ing that the MCM2-7 loaded onto origins during G1
phase remains inactive. MCM2-7 does not show strong
helicase activity in vitro, supporting the possibility that
it requires activation to initiate replication. Loading of
Cdc45 seems to be a crucial step for the activation of
the MCM2-7 helicase (Figure 1). Immunoneutralization
of Cdc45 prevents both origin firing and elongation in
the Xenopus in vitro replication system (Pacek and Wal-
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Figure 1. The Order of Protein Loading onto Replication Origins

ORC, Cdc6, and Cdt1 load MCM2-7 helicase complexes on chro-
matin in late M phase. In S phase, the action of two kinases, Cdc7
and Cdk2, triggers loading of Cdc45 and GINS onto origins, leading
to activation of MCM2-7 and replication initiation. TopBP1 is loaded
in an ORC-dependent manner and is required for Cdk2 to trigger
origin firing. The Cdk2 target, shown as a black box, has not been
reported in metazoans. RecQL4 is loaded in an MCM2-7-depen-
dent manner and is required for DNA unwinding or loading of RPA.
DNA polymerase α is recruited to single-stranded DNA and initiates
DNA synthesis. We speculate that GINS might promote the loading
of Pol�.
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ter, 2004), indicating that Cdc45 is required for both ac-
tivation of MCM2-7 on origins and chromosome un-
winding at the replication forks. Consistent with the
idea that Cdc45 is a helicase cofactor, helicase activity
was associated with Cdc45 immunoprecipitates from
Xenopus egg extracts (Masuda et al., 2003).

Although most data support the MCM2-7 activation
model, there are some observations that suggest that
MCM2-7 is derepressed at the transition from G1 to S
phase. Mcm7 interacts with a tumor suppressor pro-
tein, pRB, in a yeast two-hybrid assay (Sterner et al.,
1998). This interaction has a negative effect on DNA
replication in Xenopus egg extracts. Furthermore,
Cyclin D-Cdk4 prevents binding of pRB to Mcm7 (Glad-
den and Diehl, 2003). Thus, pRB might suppress
MCM2-7 helicase activity until activation of Cdk in a
manner similar to how it represses E2F-mediated tran-
scription until S phase. A different step at which pRB
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ight inhibit replication has been reported in Drosoph-
la (Bosco et al., 2001). The Mcm3-associated protein
Mcm3AP) is an acetyltransferase that may also be in-
olved in repression of MCM2-7. Mcm3AP binds and
cetylates Mcm3 (Takei et al., 2001) and inhibits replica-
ion initiation (Takei et al., 2002), suggesting that Mcm3
cetylation might suppress MCM2-7 helicase activation
ntil S phase. The MCM2-7 activation model and the
erepression model are not mutually exclusive, and
oth mechanisms may be required for tight regulation
f MCM2-7 activation and coordination of replication

nitiation with other cell cycle pathways.
Two kinases, Cdc7 and Cdk2, are involved in the

oading of Cdc45 on origins (Figure 1). Cdc7 phosphor-
lates the subunits of MCM2-7, and although the exact
unction of the phosphorylation is not known it may
hange the conformation of MCM2-7 to facilitate the

oading of subsequent factors such as Mcm10 and
dc45. In contrast, the crucial target of the metazoan
dk2 in replication initiation is still unknown (Figure 1).

n yeast, phosphorylation of an initiation factor, Sld2/
rc1, by Cdk is essential for initiation of DNA replica-

ion (Masumoto et al., 2002; Noguchi et al., 2002). The
terminus of human RecQL4, a helicase, shares ho-
ology with the N terminus of Sld2/Drc1, suggesting

hat RecQL4 is a metazoan ortholog of yeast Sld2/Drc1.
owever, the Cdk phosphorylation sites on Sld2/Drc1
re not conserved in RecQL4, raising a possibility that
ecQL4 is not a bona fide Cdk2 target for replication

nitiation in metazoans. Consistent with this, RecQL4 is
equired for the loading of RPA, the single-stranded
NA (ssDNA) binding protein that is recruited after
dc45 loading, whereas RecQL4 is not required for the
dk2-dependent Cdc45 loading step (Sangrithi et al.,
005) (Figure 1).
In yeast, phosphorylation of the initiation factor Sld2/
rc1 stimulates its binding to Dpb11/Cut5. The meta-
oan homolog of Dpb11/Cut5, TopBP1, is required for
dk2 to stimulate replication in Xenopus egg extracts

Hashimoto and Takisawa, 2003), suggesting that either
opBP1 is a target of Cdk2 or that it is required for
oading an unidentified Cdk2 target protein on origins
Figure 1). In yeast, Sld5 was originally identified as a
ynthetic lethal gene with Dpb11/Cut5 (TopBP1). Sld5
s one component of a ring-shaped complex, GINS, that
s loaded onto origins with Cdc45 in a mutually depen-
ent manner (Kubota et al., 2003). Because TopBP1 in-
eracts with the DNA polymerase, pol�, TopBP1 and
INS (containing Sld5) might cooperate in loading pol�
nto origins to promote formation of an active replica-
ion fork. We suspect that additional factors important
or this step remain to be identified in both metazoans
nd yeast, because the conversion of the pre-RC to an
ctive replication fork is a very dynamic area of inquiry.

estricting DNA Replication to Once per Cell Cycle
he key mechanism employed to ensure that chromo-
omes are replicated once and only once per cell cycle
s separation of pre-RC formation and replication initia-
ion into mutually exclusive phases in the cell cycle (G1
nd S, respectively). MCM2-7 remains inactive in G1
hase, and once DNA replication is initiated following
CM2-7 activation, no additional MCM2-7 complexes
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are loaded onto origins. The lack of activity of MCM2-7
in G1 phase can be explained by the fact that activation
requires Cdk activity, which is low in G1 phase. On the
other hand, at least three mechanisms might contribute
to inhibition of pre-RC assembly after the onset of S
phase: (1) prevention of pre-RC formation by Cdk, (2)
prevention of pre-RC reformation by geminin, and (3)
replication-dependent origin inactivation (Figure 2) (pri-
mary references in Blow and Dutta, 2005; Machida and
Dutta, 2005).

Cdk-dependent suppression of pre-RC formation is
a major (and perhaps only) mechanism for preventing
rereplication in yeast. Even in metazoans, phosphoryla-
tion of components of pre-RCs by Cdks has a negative
effect on pre-RC formation. For example, Xenopus
Mcm4 loses its chromatin loading ability after phos-
phorylation by Cdk. Cdk causes nuclear export of ex-
cess Cdc6 protein in human cells. SCF(Skp2) is an E3
ubiquitin ligase that regulates cell cycle progression by
destabilizing cell cycle regulators such as a Cdk inhibi-
tor, p27. Skp2 binds to the substrates when the sub-
strates are phosphorylated. Several groups reported
that Cdk-mediated phosphorylation of Cdt1, the com-
ponent of pre-RC involved in loading MCM2-7, triggers
its ubiquitination by SCF(Skp2) and degradation by the
proteasome. Human Orc1, the ATPase subunit of ORC,
is also ubiquitinated by SCF(Skp2) and degraded in S
phase, although it is not known whether this is Cdk2-
dependent. Therefore, at least two pre-RC components
are destabilized by the combined action of Cdk2 and
SCF(Skp2).

Ever since its discovery as an anaphase-promoting
complex (APC) substrate with an inhibitory activity on
pre-RC formation, geminin has emerged as a key regu-
lator of metazoan replication. Geminin is conserved
from the worm Caenorhabditis elegans to humans, but
homologs have not been reported in yeast. Geminin is
destabilized during G1 phase and accumulates during
S, G2, and M phases of the cell cycle. At the meta-
Figure 2. Three Possible Mechanisms for the Inhibition of the Second-Round Pre-RC Formation

Rereplication is prevented by inhibition of pre-RC formation by three mechanisms: (A) An inhibitory complex between geminin and Cdt1; (B)
Cdt1 degradation in S phase by Skp2 dependent and independent pathways; (C) High activity of cyclin dependent kinase (Cdk) in G2 and M
phases inactivates (or destabilizes) pre-RC components Cdc6, Cdt1, MCM2-7, and/ or ORC.
phase-to-anaphase transition, geminin is ubiquitinated
by APC and degraded by the proteasomes to allow pre-
RC formation in G1 phase. Geminin binds to Cdt1 and
inhibits loading of MCM2-7 onto chromatin.

How does the geminin-Cdt1 interaction inhibit
MCM2-7 loading? Geminin is detected in the chromatin
fraction in a Cdt1-dependent manner when added to
Xenopus egg extracts. Therefore, it appears to directly
inhibit Cdt1 function at origins. Geminin inhibits Cdt1
binding to both DNA and to Cdc6 and MCM2-7 sub-
units (Cook et al., 2004; Yanagi et al., 2002), although,
despite these disruptions, Cdt1 can still bind to chro-
matin, perhaps by interacting with ORC. The structures
of geminin and Cdt1 provide some insight into how this
inhibition is effected (Lee et al., 2004; Saxena et al.,
2004).

Geminin dimerizes through its coiled-coil domain in
the central region (Figure 3A). Several amino acid resi-
dues including four leucines and isoleucines mediate
dimerization. Geminin bearing mutations in these resi-
dues can no longer dimerize and, importantly, it loses
its ability to interact with Cdt1 and inhibit pre-RC for-
mation. The two subunits of the coiled-coil domain to-
gether provide a binding interface for a single molecule
of Cdt1. The surface of the coiled-coil domain has an
array of glutamic acid residues that provides negative
charges for the Cdt1 interaction (Figure 3B). Eighteen
amino acids in the central region of Cdt1 were neces-
sary and sufficient for interaction with geminin (Figure
3A). Three positively charged residues in this small do-
main provide ionic interaction with negative charges on
the coiled-coil domain of the geminin dimer. Cocrystals
of Cdt1 and geminin also revealed van der Waals con-
tact at the binding interface (Lee et al., 2004). An un-
structured region adjacent and N-terminal to the coiled-
coil domain of geminin provides a second interface for
interaction with Cdt1 (Figure 3A). Disruption of either
interaction abolishes geminin’s ability to inhibit replica-
tion (Saxena et al., 2004), suggesting that both interac-
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Figure 3. Inhibition of Cdt1 Function by Geminin

(A) A schematic representation of domain structures of geminin and Cdt1. Regions required for specific functions are shown by brackets.
Two different portions of Cdt1 are reported to interact with the adjoining domain of geminin and indicated with question marks. AD; adjoining
domain, CC; coiled-coil domain, Cy; cyclin binding motif, D-box; destruction box, NLS; nuclear localization signal. The Cdk phosphorylation
site (Thr29) on Cdt1 is shown by P.
(B) Crystal structure of the coiled-coil domain of geminin. Only the peptide backbone is shown. Glutamic acid residues, which are important
for association of geminin with Cdt1, are indicated in yellow on the purple molecule.
(C) A model for the inhibition of MCM2-7 loading onto chromatin through the geminin-Cdt1 interaction. The C-terminal part of geminin might
inhibit the access of MCM2-7 to Cdt1 through steric hindrance.
tions are required for geminin to inhibit pre-RC forma-
tion. The structural studies also reveal the potential
importance of the C-terminal half of the coiled-coil do-
main of geminin for inhibition of the interaction between
Cdt1 and the MCM2-7 complex (Lee et al., 2004). The
data strongly suggest that the N-terminal part of the
coiled-coil domain along with the adjacent N-terminal
region anchor geminin to Cdt1, whereas the C-terminal
half of the coiled-coil domain prevents access of the
MCM2-7 complex to the C-terminal portion of Cdt1 by
steric hindrance (Figure 3C).

RNAi in mammalian cells unexpectedly revealed that
geminin also stabilizes Cdt1 during G2/M phase to pro-
mote pre-RC formation in the subsequent G1 phase
(Ballabeni et al., 2004). Therefore, at least in mammalian
cells, geminin is a master regulator for pre-RC forma-
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ion, working both as an inhibitor and as an activator
epending on the stage of the cell cycle.
Replication-dependent origin inactivation is a rela-

ively new concept. The degradation of Cdt1 during
eplication in Xenopus egg extracts is coupled specific-
lly to DNA synthesis but not initiation because it is
locked by a DNA polymerase inhibitor, aphidicolin (Ar-

as and Walter, 2005). A similar degradation mechanism
as also reported in humans (Takeda et al., 2005).
herefore, two different mechanisms degrade meta-
oan Cdt1 in S phase: Skp2-dependent degradation
riggered by Cdk, and Skp2-independent degradation
riggered by replication. The portions of Cdt1 required
or these degradation modes are different. Skp2-depen-
ent degradation requires a cyclin binding motif and a
dk2 phosphorylation site whereas Skp2-independent
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(replication-dependent) degradation requires the N ter-
minus of Cdt1 (Figure 3A). The ubiquitin ligase involved
in the Skp2-independent mechanism remains unknown,
but Cul4 may be involved, because in C. elegans a
Cul4-containing ligase is involved in Cdt1 degradation
during S phase. In vertebrates, Cul4 has been impli-
cated only in DNA-damage-induced degradation of
Cdt1. Interestingly, the Skp2-independent degradation
of Cdt1 is required for normal progression of S phase
(Takeda et al., 2005). Although it is not known whether
Cdt1 degradation is required for initiation or elongation,
an attractive hypothesis is that Cdt1 degradation trig-
gers replication initiation and origin inactivation simul-
taneously. However, the findings in mammalian cells
need to be interpreted in light of the costaining of Cdt1
and replication forks during Drosophila gene amplifica-
tion (Claycomb et al., 2002), which implies that not all
Cdt1 is degraded at the onset of DNA replication. Alter-
natively, it may be that the presence of Cdt1 at replica-
tion forks is specific to gene amplification.

Which of these mechanisms is critical for prevention
of rereplication in metazoans? In Drosophila and human
cells, geminin seems essential for preventing rereplica-
tion, because geminin depletion by RNAi in cultured
cells causes rereplication, as does overexpression of
geminin’s target, Cdt1 (Blow and Dutta, 2005). In con-
trast, geminin depletion is not sufficient to induce ro-
bust rereplication in vitro in Xenopus egg extracts (Ar-
ias and Walter, 2005; Li and Blow, 2005). To induce
rereplication in Xenopus egg extracts, adding excess
Cdt1 protein is required to counter Cdt1 degradation,
suggesting that the presence of geminin and degrada-
tion of Cdt1 are redundant mechanisms that indepen-
dently prevent rereplication in this system. The com-
mon mechanism in all of these experimental systems is
suppression of Cdt1 activity after S phase. Elevation or
overexpression of Cdt1 is sufficient to induce rereplica-
tion in C. elegans, Drosophila, Xenopus, and human
cells. The critical role for Cdt1 suppression in prevent-
ing rereplication in metazoans appears different than in
yeast, where Cdk-mediated prevention of pre-RC for-
mation plays a central role. However, Cdk-mediated
suppression is still important in preventing rereplication
in metazoans, particularly in G2/M cells (Ballabeni et
al., 2004) where Cdk inhibition, but not geminin deple-
tion, is sufficient to induce pre-RC formation (Figure 2).
Thus, different mechanisms suppress rereplication in S
phase and G2/M phase in metazoans.

Similar to the role of geminin in stabilizing Cdt1 for
pre-RC formation, recent work has uncovered a posi-
tive role for Cdk activity in pre-RC formation in humans
(Mailand and Diffley, 2005). Phosphorylation of Cdc6 by
Cdk2 protects it from polyubiquitination by APC, lead-
ing to the stabilization of Cdc6. This stabilization is criti-
cal when cells enter the cell cycle from a quiescent
state. Thus, for both the major inhibitors of rereplica-
tion, geminin and Cdk, the exact effect on pre-RC for-
mation depends on the stage of the cell cycle.

Checkpoint Regulation of Replication Initiation
Cellular checkpoint mechanisms ensure the normal or-
der of cell cycle events. Aberrant DNA replication or
DNA damage in S phase immediately leads to the acti-
vation of an intra-S-phase checkpoint. In addition,
checkpoint-mediated pathways are critical for the con-
trol of rereplication. The absence of proteins like p53 or
geminin in yeast ensures that some of these pathways
are unique to metazoans. In addition not all of these
pathways have been examined in yeast.

DNA damage and stalled replication forks activate
the checkpoint kinases ATM and ATR. These proteins
in turn activate many downstream cascades including
the Chk1 and Chk2 kinases to execute checkpoint
functions. ATM usually responds to double-stranded
DNA (dsDNA) breaks, whereas ATR responds to a wide
variety of lesions and replication blocks. Cdc45 accu-
mulates on chromatin when the checkpoint pathways
are abrogated by caffeine-mediated inhibition of ATM
and ATR, (Costanzo et al., 2000, 2003; Falck et al.,
2002), indicating that checkpoint pathways inhibit ori-
gin firing before Cdc45 loading. Among the many pro-
teins involved in Cdc45 loading, Cdc7 and Cdk2 are
critical targets of the intra-S-phase checkpoint. The
ATM-mediated checkpoint inhibits Cdk2 activity (Cos-
tanzo et al., 2000), whereas the ATR-mediated check-
point inhibits Cdc7 activity (Costanzo et al., 2003) (Fig-
ure 4). Cdk2 inhibition is mediated through Cdc25A
Figure 4. Inhibition of Origin firing by Checkpoint Pathways

Checkpoint pathways that suppress origin firing following fork
stalling or DNA damage are shown. The MRN-dependent pathway
inhibits origin firing in parallel with Chk1- and Chk2-dependent
pathways. The mechanism by which the ATR-dependent pathway
inhibits Cdc7 is not known. The downstream target of MRN-depen-
dent pathway for inhibition of origin firing is also unknown. The
MRN complex may be required upstream from ATM, but could also
be a target downstream from ATM. Other targets of regulation by
ATM include Chk2 (which inhibits Cdc25A) and p53 (which acti-
vates p21) to control Cdk2. DSB; double-stranded DNA break,
MRN; Mre11-Rad50-Nbs1 complex.
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degradation, which leads to an inhibitory phosphoryla-
tion of Cdk2 at Tyr15 (Costanzo et al., 2000; Falck et
al., 2001). In contrast, the exact mechanism for Cdc7
inhibition is not known, but impaired association be-
tween Cdc7 and its regulatory subunit, Dbf4, was ob-
served (Costanzo et al., 2003). In addition to the ATM-
Chk2-Cdc25A-Cdk2 pathway, the Mre11/Rad50/Nbs1
(MRN) complex also inhibits DNA synthesis (Falck et
al., 2002) (Figure 4). The MRN complex may be required
upstream from ATM but could also have targets down-
stream from and independent of ATM.

Subunits of MCM2-7 are phosphorylated directly by
ATM/ATR after DNA damage (Cortez et al., 2004; Yoo
et al., 2004). The consequences of phosphorylation are
currently unknown, but if a large fraction of MCM2-7 is
phosphorylated, it might prevent new origin firing. Al-
ternatively, the MCM2-7 proteins may be only phos-
phorylated locally, near stalled forks. Given that the un-
coupling of the MCM2-7 helicase and DNA polymerase
exposes single-stranded DNA (ssDNA)—the signal for
ATR activation (Byun et al., 2005)—local phosphoryla-
tion of MCM2-7 might modulate the coupling of the hel-
icase with the polymerase thereby regulating the
amount of ssDNA exposed at stalled forks. This mecha-
nism would provide a feedback loop for ATR activation.

Cdt1 is rapidly ubiquitinated and degraded by the
proteasome pathway after γ- or UV-irradiation (Blow
and Dutta, 2005). Following UV-irradiation, Cdt1 degra-
dation is caffeine sensitive, whereas after γ-irradiation
it is not. The Cul4-containing complex is the E3 enzyme
for Cdt1 ubiquitination in mammalian cells in response
to both γ-irradiation and UV-irradiation (Blow and Dutta,
2005). In the case of UV damage, DDB1 is the adaptor
protein for Cdt1 (Hu et al., 2004). On the other hand,
another E3 ubiquitin ligase, SCF(Skp2), is also shown
to associate with Cdt1 after UV-irradiation (Kondo et al.,
2004). As depletion of Cul4 or DDB1 by RNAi prevents
almost all Cdt1 degradation after UV irradiation (Hu et
al., 2004), the Skp2-mediated pathway may not be the
major mechanism for the degradation of Cdt1 after
DNA damage. DNA damage also results in rapid desta-
bilization of Cdc6 (Duursma and Agami, 2005). Phos-
phorylation of Cdc6 by Cdk2 protects Cdc6 from ubiq-
uitination by APC and subsequent degradation by
proteasomes, a function that was important for cells
emerging from quiescence (Mailand and Diffley, 2005).
In response to DNA damage, p53-dependent induction
of p21 inhibits Cdk2, leading to destabilization of Cdc6.
Although degradation of Cdt1 and Cdc6 can occur after
DNA damage in G1 phase, it is not yet clear whether
this degradation is important for prevention of replica-
tion initiation as MCM2-7 has already been loaded on
chromatin in late M phase.

Several studies have suggested that checkpoint
pathways play a role in preventing rereplication (for re-
view, Machida and Dutta, 2005). Rereplication by de-
pletion of geminin or an excess of Cdt1 is a potent in-
ducer of checkpoint pathways that bring about G2/M
arrest or an intra-S phase arrest, respectively. Recently,
it has been shown that rereplication in Xenopus egg
extracts induced by the addition of Cdt1 protein was
greatly enhanced by caffeine (Li and Blow, 2005), sug-
gesting that the checkpoint pathway can suppress re-
replication even in Xenopus egg extracts. One of the
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ffectors of rereplication induced checkpoint path-
ays, p53, is a guardian of the genome and is fre-
uently mutated or lost in many types of cancers. Over-
xpression of Cdt1 induces detectable rereplication
nly in cells lacking p53 (Machida and Dutta, 2005).
onsistent with a role of p53 in rereplication control,
levated expression of Cdt1 and Cdc6 in lung cancers
as associated with increased tumor growth and a
igher frequency of chromosomal instability only when
53 was concurrently mutated (Karakaidos et al., 2004).

he Locations of Origins of Replication
n important issue in the metazoan replication field is
hether there is strong sequence specificity in the in-

eraction between initiation proteins and origins of rep-
ication. The replicon model for explaining the regula-
ion of DNA replication in bacteria and their episomes
as been the guiding paradigm for virtually all studies
irected toward the isolation and characterization of or-

gins from eukaryotic genomes (Jacob and Brenner,
963). In this model, a replicon is defined as a unit of
eplication that contains two important genetic ele-
ents: a gene encoding a trans-acting initiator and a
utable replicator that directs the initiator (and initia-

ion) to itself. Experiments guided by this basic para-
igm in yeast had been so successful that the model
romised to hold throughout the eukaryotic world.
owever, there has been a significant paradigm shift in

he last decade because the model does not ade-
uately describe regulation of initiation in most eukary-
tic organisms more evolved than S. cerevisiae.
The first mammalian origin to be localized resides in

he 240 kb amplified dihydrofolate reductase domain
n the methotrexate-resistant CHO cell line, CHOC 400
Milbrandt et al., 1981). Most of the data on this com-
lex origin have converged into a reasonably unified
odel in which initiation can occur at as many as 40-50

ites within the spacer, with maxima at ori-b and ori-g,
paced about 20 kb apart. At most, 20% of initiations
n the spacer occur within the 2 kb encompassing the

ost active region (ori-b; (Dijkwel et al., 2002)). Several
rigins in other higher eukaryotes are broad zones of

nefficient sites, including the hamster rhodopsin origin
Dijkwel et al., 2000), the human rDNA origin (Little et
l., 1993), and the Drosophila histone and α-polymer-
se genes (Shinomiya and Ina, 1993, 1994). In contrast
o its localized loading on origins in yeasts, MCM2-7 is
oaded in a distributive pattern around origins in higher
ukaryotes (Edwards et al., 2002). This difference might
xplain why many metazoan origins correspond to
road zones of potential sites, in contrast to the well-
efined initiation sites found in yeast genomes.
However, some origins are clearly more circum-

cribed and come closer to the bacterial paradigm.
hese include the human lamin B2 (Paixao et al., 2004)
nd β-globin (Wang et al., 2004) origins. The human glo-
in origin is actually a mini-zone of initiation, although
wo genetic elements have been described that behave
s redundant replicators when the β-globin origin is as-
ayed at an ectopic chromosomal site (Wang et al.,
004). In contrast, the lamin B2 origin appears to corre-
pond most closely to a single site (Abraham et al.,
003). Thus, there appears to be a spectrum of origin



Review
19
types ranging from tightly circumscribed to extremely
broad initiation zones. Likewise, the efficiency of origin
firing can range from nearly 100% [as with human β-glo-
bin (Kitsberg et al., 1993) or Physarum ardB&C (Benard
et al., 1996)] to less than 20% [as with the origins for
DHFR (Dijkwel and Hamlin, 1992; Dijkwel et al., 1994);
and rhodopsin (Dijkwel et al., 2000)].

In this context, it is noteworthy that mammalian and
Drosophila ORC, the presumptive initiator, does not
appear to have a strong preference for binding to any
particular DNA sequences (Remus et al., 2004; Schaar-
schmidt et al., 2004; Vashee et al., 2003). Instead, Dro-
sophila ORC prefers negatively supercoiled DNA, with
the DNA topology proving to be a more important de-
terminant than DNA sequence for ORC binding (Remus
et al., 2004). In addition, CpG methylation of DNA can
inhibit ORC binding (Harvey and Newport, 2003a). It ap-
pears that origin specification involves mechanisms
other than simple recognition of DNA sequence by ORC
in metazoans. We therefore suggest that the genomes
of metazoans are peppered at very frequent but ran-
dom intervals (perhaps every few hundred base pairs)
with a hierarchy of potential and degenerate repli-
cators. When activated, these replicators control initia-
tion only in their immediate environments. Theoretically,
in the absence of any chromosomal context effects
(i.e., in naked DNA), these sites could be more or less
active as recognition elements for metazoan initiators
in much the same way that micrococcal nuclease ex-
hibits a hierarchic preference for certain sequences in
naked DNA when enzyme is limiting (Dingwall et al.,
1981).

The probability that any given site will efficiently
attract an initiation complex will depend upon whether
it finds itself in a permissive environment. Thus, in a
euchromatic chromatin domain, the overall architecture
would be permissive, allowing a non-transcribed (in-
tergenic) region to initiate with more or less efficiency,
whereas sites within an active transcription unit, in the
same euchromatic domain, would not. Non-permissive
heterochromatic regions and/or active transcription
units may therefore be replicated passively from active
upstream or downstream origins before they fire their
own origins.

In this general model, lengthy intergenic spacers
such as DHFR correspond to broad initiation zones be-
cause they contain many degenerate replicators. Con-
versely, very narrow intergenic spacers might isolate
only one or a few active initiation sites (as in the lamin
B2 and human β-globin loci). In fact, the one or two
sites that are found in narrow spacers may have
evolved particularly high affinities for the initiation com-
plex to ensure that they are activated in every cell
cycle.

It is already clear that there are no recognizable con-
sensus sequences among the known origins except for
the presence of neighboring AT-rich elements and DNA
unwinding elements [reviewed in (Gilbert, 2004)]. How-
ever, for some narrowly defined origins of replication,
such as lamin B2 or ori-b, useful knowledge can still be
gathered from both mutagenesis and by moving ele-
ments of origins (in the form of cassettes) to ectopic
chromosomal sites (Altman and Fanning, 2004; Wang
et al., 2004). These mutagenic studies will likely define
the nature of sequence characteristics that have in-
creased affinity for ORC and/or other proteins involved
in the initial melting of the helix.

Regulation of Replication Initiation
by Epigenetic Phenomena
It is widely accepted that chromatin structure around a
promoter modulates the transcriptional activity of genes.
Activators and suppressors of transcription often re-
model chromatin by modifying or repositioning his-
tones. Histone acetylation is linked to opening chroma-
tin for gene activation. Notably, histones around ORC
binding sites are hyperacetylated during gene amplifi-
cation in Drosophila follicle cells (Aggarwal and Calvi,
2004). Tethering histone acetyltransferase (HAT) and
histone deacetylase to origins can increase and de-
crease origin activity, respectively (Aggarwal and Calvi,
2004). The best candidate for the HAT working at ori-
gins is HBO1 (histone acetyltransferase binding to
ORC). HBO1 is a MYST family histone acetyl transfer-
ase and associates with pre-RC components such as
Mcm2 and Orc1 (Burke et al., 2001; Iizuka and Stillman,
1999). Interaction of HAT with pre-RC components sug-
gests that histone acetylation around origins is an
active process in which chromatin is remodeled by rep-
lication initiators. Alternatively, origins could be deter-
mined passively—replication factors likely have easier
access to DNA in open chromatin around transcription-
ally active genes. Supporting this model, the formation
of active transcription complexes on chromatin can
specify an origin on a plasmid in Xenopus extracts
(Danis et al., 2004). This process does not require active
transcription, but the histones around the transcription
complex are acetylated, suggesting that changes in
chromatin structure by transcription complexes nucleate
origins. Intriguingly, origin specification was not at the
level of ORC binding, because ORC was not enriched
at origins in this experiment. Thus, origin specification
by histone acetylation might occur after ORC binding.
Consistent with this, the origin decision point, the time
at which origins become delimited and specific, is in
mid-G1, whereas ORC binds to chromatin much earlier
(Okuno et al., 2001). Intersecting genome-wide analysis
of histone modifications, ORC binding sites and actual
origins will be required to determine the interplay be-
tween histone modifications and ORC binding in the
specification of origins (MacAlpine et al., 2004).

In addition to histone modifications, nucleosome re-
positioning is involved in general chromatin remodeling
events. One of the ATP-dependent chromatin remodel-
ing complexes, ACF1-SNF2h, is localized to pericentro-
meric heterochromatin during its replication in late S
phase (Collins et al., 2002). Cells depleted of ACF1 de-
lay progression of replication in late S phase, indicating
that ACF1-SNF2h is required for DNA replication at het-
erochromatin. The replication defect of ACF1-depleted
cells was rescued by 5-aza-2-deoxycytidine treatments,
which causes decondensation of heterochromatin by
inhibition of DNA methylation. Therefore, it seems ACF1-
SNF2h remodel heterochromatin for replication. Al-
though it is not known whether SNF2h plays a role in
chromatin remodeling at replication origins or forks, it
is worth noting that SNF2h is also recruited to remodel
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chromatin at the Epstein-Barr virus origin where host
cell initiation machinery is utilized (Zhou et al., 2005).

Although open chromatin is generally associated
with early replication in both metazoans and yeast, it
would be overreaching to draw definitive comparisons
between the two groups because the molecules and
enzymes involved have not been worked out in suffi-
cient detail. In S. cerevisiae, molecules equivalent to
ACF1-SNF2h or HBO1 have not been implicated in rep-
lication initiation, but the nucleosome rearrangement
around an origin by ORC has been shown to facilitate
pre-RC formation (Lipford and Bell, 2001). Considering
that metazoan ORC does not have a specific DNA bind-
ing sequence, a similar role of ORC-dependent nucleo-
some rearrangement in pre-RC formation may have
been missed in metazoans up to now. In addition, a
histone acetyl transferase of the MYST family, Sas2,
has been genetically linked to ORC, although it is not
clear yet whether it plays a role in regulating replication
initiation (Ehrenhofer-Murray et al., 1997).

Replication Timing
Although S phase-promoting kinases (Cdk2 and Cdc7)
are highly active after S phase entry, activation of those
kinases does not trigger all origins immediately. Origins
instead fire at different times during S phase. Yeast re-
leased from a hydroxyurea block can complete the rep-
lication of the entire genome under conditions where
the late-firing origins do not fire. In contrast, the larger
size of metazoan genomes, makes it very unlikely that
all late-firing origins will be completely dispensable for
the complete replication of metazoan chromosomes.
Recent large scale profiling of replication in Drosophila
and human cells provides insight into how replication
timing is determined in vivo. Replication timing corre-
lates with a range of genomic features. Chromosomal
regions that are gene-rich, and rich in GC or alu repeat
sequences replicate earlier (Jeon et al., 2005; White et
al., 2004; Woodfine et al., 2004). In contrast, gene-poor
regions, heterochromatin and regions with high con-
centrations of LINE repeats tend to replicate late (Jeon
et al., 2005; Schubeler et al., 2002; Woodfine et al.,
2004). Although heterochromatin replicates in late S
phase, it is not yet clear whether this is because repli-
cation timing is influenced by heterochromatin or
whether heterochromatin is a consequence of late-rep-
lication. Mutation of the histone deacetylase (HDAC)
Rpd3 in Drosophila induces genome-wide hyper-acety-
lation and stimulates origin activity (Aggarwal and
Calvi, 2004), supporting the notion that heterochroma-
tin can suppress replication. The second model, in
which late-replication plays a role in heterochromatin
formation, was proposed based on the observation that
HDAC is recruited to replication foci only during late S
phase (Rountree et al., 2000). In this model, late-repli-
cating chromosomal regions form heterochromatin
simply because heterochromatin is the only type of
chromatin that is assembled in late S phase. Consistent
with this idea, DNA injected in early S phase is pack-
aged into acetylated histones and transcriptionally
active, whereas DNA injected in late S phase harbors
deacetylated histones and is transcriptionally inactive
(Zhang et al., 2002). Both these possibilities may be

c
i
b
h
s
s
w
f
r
a

t
s
e
T
t
t
2
t
i
s
s
a
g
s
O
O
i
r
R
m
t
N
f
w
c
p
s
v
t
s

f
c
t
b
c
w
c
2
d
t
(
g
c
c
c
r
p
c
t
d

t

orrect; heterochromatin may make itself replicate late
n S phase when heterochromatin is normally assem-
led. By this mechanism, heterochromatin persists as
eterochromatin through multiple cell divisions until a
ignal comes to form open chromatin (such as tran-
criptional activation). It will be interesting to see
hether a late-replicating region can be experimentally

orced to replicate early in S phase and whether such
eplication forces the region to become open chromatin
nd replicate early in the next cell cycle.
There is a positive correlation between replication

iming and the probability of gene expression in Dro-
ophila and humans (MacAlpine et al., 2004; Schubeler
t al., 2002; White et al., 2004; Woodfine et al., 2004).
his is in contrast to replication profiling in yeast where
here is no correlation between replication timing and
he likelihood of gene expression (Raghuraman et al.,
001). Similarly, conflicting results relate replication
ime with level of gene expression, with one group find-
ng some correlation between increased gene expres-
ion and early replication, whereas others fail to ob-
erve this correlation (Jeon et al., 2005; Schubeler et
l., 2002; Woodfine et al., 2004). Superimposition of the
enome-wide distribution of origins and ORC binding
ites in Drosophila revealed significant colocalization of
RC and RNA polymerase II (MacAlpine et al., 2004).
n the other hand, many of the origins mapped so far

n humans are located in intergenic regions. The two
esults might agree with each other if most of the bound
NA pol II in ChIP-on-chip studies is stalled near pro-
oters. Together, these results suggest that transcrip-

ion can dictate both origin choice and initiation timing.
evertheless, it is still not clear whether transcription

actors help recruit initiation factors to chromatin or
hether open chromatin at active genes increases the
hance of loading initiation factors. In any case, the
ositive effect of transcription on replication timing is
een over large domains (>100 kb) rather than with indi-
idual genes (MacAlpine et al., 2004), suggesting that
he effect is mediated through large scale chromatin
tructure changes.
Since the gene expression pattern is different in cells

rom different tissues, one might predict that the repli-
ation profile also differs between cells from different
issues. However, recent comparison between lympho-
last and fibroblast cells showed that >99% of the
hromosome regions examined in the study replicated
ith similar timing, although the study was limited to
hromosome 22, which is early replicating (White et al.,
004). Furthermore, comparison of replication timing of
ifferentially expressed genes did not detect a correla-
ion between gene expression and replication timing
White et al., 2004). Therefore, it seems that changes in
ene expression are associated with changes in repli-
ation timing only in restricted loci like the β-globin lo-
us. Indeed, differentiation-induced replication time
hanges tend to be restricted to either AT-rich or LINE-
ich regions (Hiratani et al., 2004). Since AT-rich (GC-
oor) and LINE-rich sequences are related to late repli-
ation, it seems that when transcription is activated in
hese regions, they replicate early instead of replicating
uring the default state in late S phase.
However, not all regions of chromosomes follow

hese trends. There are early-replicating heterochroma-
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tin regions and highly transcribed but late-replicating
regions (Hiratani et al., 2004; White et al., 2004). Fur-
thermore, a significant percentage of chromosomal re-
gions in a cancer cell line actually do not even show a
defined replication time in S phase (Jeon et al., 2005).
It is not known whether this pan-S phase pattern of
replication is because many origins on different alleles
fire at random times in S phase (inter-allelic variation),
or because the sharply defined replication time of a
gene differs from cell to cell (inter-cellular variation).
Either way, these results suggest that there is signifi-
cant flexibility in origin usage and replication timing.

Recent studies suggest that the ATM/ATR-mediated
checkpoint regulates origin firing even in unperturbed
metazoan cells (Shechter et al., 2004). Abrogation of
the checkpoint pathway stimulates Cdc45 loading and
origin firing in Xenopus egg extract and human cells
(Marheineke and Hyrien, 2004; Shechter et al., 2004;
Syljuasen et al., 2005). Thus, ATR, which is probably
activated by ssDNA at normal replication forks, sup-
presses other unfired origins through the intra-S-phase
checkpoint pathway. Chances are that factors such as
chromatin structure determine which origins fire early
and efficiently, and then checkpoint pathways suppress
inefficient origins once efficient ones fire. Increasing the
number of nuclei in Xenopus extracts prolongs S
phase, which is partially reversed by inhibition of the
checkpoint, suggesting that the number of firing origins
is restricted by checkpoint pathways (Marheineke and
Hyrien, 2004; Shechter et al., 2004). Why do cells need
a mechanism to prevent firing of too many origins at the
same time? One reason is that firing too many origins is
deleterious to cells because it causes fork stalling and
dsDNA breaks (Marheineke and Hyrien, 2004; Syljuasen
et al., 2005). Checkpoint pathways could restrict the
number of origins that fire in a given time-interval so
that fork density is maintained at an optimal level.

New Directions
DNA replication is tightly coupled to the progression of
the cell cycle, partly because of the requirement of
Cdk2 activity for origin firing. How do cells know the
right time for Cdk2 activation? Since pre-RC formation
is inhibited once Cdk2 is activated, theoretically Cdk2
activation should happen only after enough pre-RCs
are formed, so that replication is not initiated with too
few licensed origins. Cdk2 activation is indeed some-
how coupled to replication initiation (Machida and
Dutta, 2005). For example, depletion of Orc2 in human
cells arrests the Cdk cycle before S phase due to inhibi-
tion of cyclin E-Cdk2 (Machida et al., 2005). Overex-
pression of a stable form of geminin also arrests cells
with hypo-phosphorylated pRB (suggesting low Cdk
activity). Degradation of a Cdk inhibitor is coupled to
replication initiation in Xenopus egg extracts. Further
investigation is needed to find the molecular link be-
tween initiation factors and Cdk2. In addition, other
studies implicate replication initiator proteins in other
cell cycle events. Pre-RC is required for cohesin load-
ing on chromatin in G1 (Gillespie and Hirano, 2004; Ta-
kahashi et al., 2004). ORC subunits are also involved in
chromatin condensation, cytokinesis and/or hetero-
chromatin formation (Chesnokov et al., 2003; Prasanth
et al., 2004, 2002). It will be interesting to determine
whether the processes of chromatin cohesion, conden-
sation, cytokinesis or heterochromatin formation are
extensively linked with replication initiation through the
use of shared proteins.

Studying regulation of DNA replication is also impor-
tant for understanding human disease and its treat-
ment. Deregulation of replication initiation could be in-
volved in gene amplification seen in tumor cells. In
addition, some viruses utilize host initiation proteins for
their replication (Dhar et al., 2001; Stedman et al., 2004).
These viruses could not easily evolve resistance to a
drug designed to target the replication step. As a po-
tential complication, the drug would need to limit virus
replication at concentrations that allow host cell chro-
mosomal replication. However, Geminin provides a
good model for such a drug because overexpression of
wild-type geminin does not affect host cell replication
but does affect virus origin replication (Wohlschlegel et
al., 2002). As seen with geminin, structural studies on
replication initiator proteins should give new insights
into the basic mechanism of DNA replication and may
provide new targets for drug development.

Although much has been learned about replication
initiation from studies in yeast, parallel studies in meta-
zoans reveal sufficient similarities and dissimilarities in
the process to encourage the continued pursuit of repli-
cation initiation in all species. Last year, we witnessed
the first landmark in 21st century biology, the completed
sequence of the human genome. The advent of ge-
nome tiling array technology will likely provide an addi-
tional boost to our understanding of replication initia-
tion in mammalian cells, allowing us to correlate the
replication dynamics of human chromosomes with other
features such as DNase hypersensitive sites, chromo-
some domains, translocation and amplification break-
points, fragile sites, recombination hot-spots, and other
aspects of chromosome biology directly relevant to hu-
man disease.
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