Xicl degradation in Xenopus egg
extracts is coupled to initiation

ot DNA replication
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CDK2 activity is regulated by phosphorylation/dephosphorylation, subcellular localization, cyclin levels, and
cyclin dependent kinase inhibitors (CKIs). Using Xenopus egg extracts, we find that degradation of Xicl, a
Xenopus p21°P!/p27%P! family member, is coupled to initiation of DNA replication. Xicl turnover requires
the formation of a prereplication complex (pre-RC). Additionally, downstream initiation factors including
CDK2, Cdc7, and Cdc45, but not RPA or DNA polymerase «, are necessary for activating the degradation
system. Xicl degradation is attenuated following completion of DNA replication. Unlike degradation of
p27%®! in mammalian cells, CDK2 activity is not directly involved in Xicl degradation and interactions
between Xicl and CDK2/cyclin E are dispensable for Xicl turnover. Interestingly, a C-terminal region
(162-192) of Xicl is essential and apparently sufficient for triggering Xicl ubiquitination prior to degradation.
These observations demonstrate that a direct link exists between DNA replication and CKI degradation.
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Cell cycle transitions are driven by the activity of a set of
distinct cyclin-dependent kinases (CDKs). To ensure ge-
nome integrity, CDKs are only activated during appro-
priate windows of the cell cycle. CDK activity is post-
translationally regulated at multiple levels, including
phosphorylation/dephosphorylation and association
with positively regulating cyclins and negatively regu-
lating CKIs (Morgan 1997; Sherr and Roberts 1999).
Although the complete molecular details of its func-
tions are not clear, CDK2 activity is essential for the
initiation of DNA replication and progression through S
phase in metazoans (Morgan 1997). Initiation of DNA
replication involves the stepwise assembly of a set of
initiation factors at origins of replication (Stillman 1996;
Dutta and Bell 1997). The assembly process is under
strict control ensuring the genome is replicated only
once in each cell cycle (Diffley 1996). In G,, prereplica-
tion complexes (pre-RCs), composed of ORC, Cdc6,
Cdtl, and MCM, are assembled on chromatin (Coleman
et al. 1996; Hua et al. 1997; Maiorano et al. 2000). At the
G, /S transition, Cdc45 is loaded onto chromatin to form
a pre-initiation complex (pre-IC) (Zou and Stillman
1998). This requires the activity of at least two kinases,
CDK2/cyclin E and Cdc7/Dbf4 (Owens et al. 1997;
Mimura and Takisawa 1998; Zou and Stillman 1998,
2000). Subsequently, RPA, which facilitates DNA un-
winding, and DNA polymerase «, which is responsible
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for synthesis of RNA-DNA primers, associate with chro-
matin (Tanaka and Nasmyth 1998; Walter and Newport
2000). Following this, a proliferating cell nuclear antigen
(PCNA)-dependent polymerase switch step is necessary
for the loading of DNA polymerase 8, which then syn-
thesizes DNA in a processive manner (Tsurimoto and
Stillman 1989; Lee and Hurwitz 1990; Burgers 1991; Lee
et al. 1991; Podust et al. 1992). In somatic cells, replica-
tion initiation is asynchronous. Recent studies in yeast
indicate that Cdc7, Cdc45, and S phase CDKs (e.g.,
Cdk1/Clb5) are all required for the activation of late ori-
gins (Bousset and Diffley 1998; Donaldson et al. 1998a,b;
Tercero et al. 2000). Additionally, recent studies reveal
that CDK2/cyclin E is involved in the duplication of cen-
trosomes (Hinchcliffe et al. 1999; Lacey et al. 1999; Mat-
sumoto et al. 1999; Meraldi et al. 1999) and the replica-
tion-dependent transcription of histone genes during S
phase (Ma et al. 2000).

Genetic and biochemical data in budding yeast indi-
cate that an inhibitor of the S phase CDK, SICI, is de-
graded at the G, /S transition through the ubiquitin-pro-
teasome pathway (Sheaff and Roberts 1996; Deshaies
1997). Abrogation of the degradation prevents entry into
S phase (Schwob et al. 1994; Schneider et al. 1996; Tyers
1996). Ubiquitination and subsequent degradation of
SIC1 requires CDC34 and the SCF*** complex includ-
ing CDC53, Skpl, CDC4, and Rbx1/Rocl/Hrtl(Skowyra
etal. 1997; Verma et al. 1997a,b; Kamura et al. 1999; Seol
et al. 1999; Skowyra et al. 1999). A feature of this degra-
dation system is that it is phosphorylation-dependent
(Skowyra et al. 1997; Verma et al. 1997a; Nishizawa et al.
1998). It has been proposed that G, CDKs phosphorylate
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SICI, thereby, generating a substrate that is recognized
by the F-box protein, CDC4 (Tyers 1996). Recent work
shows that ubiqutination and degradation of p27<*! also
require components of the mammalian SCF complex
(Tsvetkov et al. 1999; Nakayama et al. 2000). In S phase,
p27%P! turnover is dependent on phosphorylation on
threonine 187 (Thr 187) by CDK2 and the interaction
between p275iP! and CDK2 (Vlach et al. 1997; Montag-
noli et al. 1999; Nguyen et al. 1999; Tsvetkov et al. 1999;
Malek et al. 2001). However, p27<"! can also be degraded
independently of T187 phosphorylation, which appar-
ently occurs in G, phase of the cell cycle (Malek et al.
2001). Although there have been efforts to understand
the downstream factors required for the degradation of
CKlIs, little is known about the regulators that initiate
this during the cell cycle.

It has been shown that Xicl, a member of the p21¢*!/
p27%iP! CKI family in Xenopus, is degraded in a nucleus
and Cdc34 dependent process by the ubiquitin-protea-
some pathway in Xenopus extracts (Yew and Kirschner
1997; Swanson et al. 2000; Chuang and Yew 2001). In
this study, we have investigated the cell cycle regulated
degradation of Xicl. Specifically, we have characterized
the relationship between initiation of DNA replication
and degradation of Xicl using extracts derived from
Xenopus eggs. Our results indicate that Xicl degradation
is coupled to initiation of DNA replication. The degra-
dation of Xicl requires the assembly of pre-RCs. Further-
more, initiation factors such as CDK2, Cdc7 and Cdc45,
but not RPA or DNA polymerase «, are necessary for
Xicl turnover. These observations indicate that during
initiation a Xicl degradation signal is generated after the
recruitment of Cdc45 to chromatin but before the asso-
ciation of RPA. In addition, we have found that Xicl is
stable following completion of DNA replication. Our
analysis has revealed that CDK2/cyclin E activity is not
directly involved in Xicl turnover. The conserved CDK
phosphorylation site in the C terminus of Xicl is not
essential, and the interactions between Xicl and CDK2/
cyclin E are dispensable for Xicl elimination. Impor-
tantly, we have found that a region (162-192) in the C-
terminal part of Xicl may trigger Xicl ubiquitination,
probably through its interaction at the replication fork.

Results

Xicl is degraded in egg extracts
in a DNA-dependent manner

To investigate the regulation of Xicl during the cell
cycle, we used Xenopus egg extracts and in vitro trans-
lated [>*S]methionine-labeled Xicl. When purified mem-
brane vesicles and demembranated sperm chromatin are
added to egg cytosol, nuclei form (Newport 1987; Shee-
han et al. 1988). Following nuclear assembly, a single,
complete round of semiconservative DNA replication
takes place (Blow and Laskey 1986; Newport 1987).
When isolated sperm chromatin was incubated with egg
cytosol and membranes in the presence of a trace
amount of labeled Xicl, nuclei formed (Fig. 1A) and, as
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Figure 1. Degradation of Xicl in Xenopus egg extracts requires
chromatin and a nuclear environment. (A) Nuclei assembled in
extracts with in vitro translated Xicl were stained with Hoechst
and visualized by fluorescence microscopy. (B) Radiolabeled
Xicl was incubated with extracts with or without nuclei for the
indicated times. Xicl remaining in extracts was analyzed by
SDS-PAGE followed by autoradiography. (C) Radiolabeled Xicl
was incubated with cytosol supplemented with 3000/uL sperm
chromatin, 5 ng/pL pBluescript plasmid DNA, or ELB buffer.
Subsequently, 2 volumes of NPE was added. Reactions were
terminated at indicated times after the addition of NPE and
Xicl was visualized as in B.

reported previously (Yew and Kirschner 1997; Swanson
et al. 2000; Chuang and Yew 2001), Xicl was degraded
more than 80% within 1 h (Fig. 1B). Xicl translated in a
bacterial lysate (Novagen, EcoPro transcription/transla-
tion system) was also degraded in the egg extract under
the same conditions (data not shown). Importantly,
when sperm chromatin was not added to the egg extract,
nuclei were not assembled (Fig. 1A) and Xicl was stable
(Fig. 1B). Thus, Xicl is degraded in a nucleus-dependent
manner in complete Xenopus egg extracts.

To further investigate this nucleus-dependent Xicl
degradation, we asked whether the assembly of a nuclear
envelope around sperm chromatin is a prerequisite for
Xicl degradation. To address this issue, we used a
nucleus-free DNA replication system (Walter et al.
1998), which does not require the addition of a purified
membrane fraction. To do this, sperm chromatin, plas-
mid pBluescript DNA, or ELB buffer was incubated with
egg cytosol containing labeled Xicl for 30 min. Subse-
quently, 2 volumes of a concentrated solution of nuclear
proteins, NPE, was added to each reaction. As shown in
Figure 1C, when NPE was added, Xicl was degraded ef-
ficiently in the presence of sperm chromatin or plasmid
DNA. However, in the absence of DNA, Xicl was stable
(Fig. 1C). These observations demonstrate that the
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nuclear envelope is not essential for Xicl degradation.
Rather, DNA within nuclei or DNA in a nuclear-like
environment (NPE) is required for triggering Xicl degra-
dation.

Xicl degradation requires chromatin-bound MCM?7

Because CKI degradation typically occurs at the onset of
S phase we investigated the relationship between DNA
replication and Xicl degradation. Initiation of DNA rep-
lication can be separated into two distinct steps. In the
first step, ORC, Cdc6, Cdtl, and MCM proteins sequen-
tially bind to chromatin to assemble pre-RCs (Coleman
et al. 1996; Hua et al. 1997; Maiorano et al. 2000). This
step does not depend on CDK2. In the second step, down-
stream initiation factors are recruited to pre-existing pre-
RCs to form pre-ICs and activate DNA replication. This
second step requires the activity of CDK2/cyclin E and
Cdc7/Dbf4 kinases (Stillman 1996; DePamphilis 1998;
Leatherwood 1998). In Xenopus extracts, pre-RCs form
on DNA added to cytosol alone. These preformed pre-
RCs are then activated to initiate replication when ei-
ther membranes are added to induce nuclear formation
or when NPE is added to the cytosol (Walter et al. 1998).

To examine a potential role for replication compo-
nents in Xicl degradation we inhibited pre-RC formation
by removing MCM from cytosol prior to addition of
DNA. To do this, cytosol was treated with protein A
beads coupled with either MCM7 antiserum or pre-im-
mune serum. Western blotting results showed that more
than 99% of MCM7 was removed from the cytosol
treated with MCM7 antiserum, while in the pre-im-
mune serum treated cytosol MCM7 was present at nor-
mal levels (Fig. 2A). Sperm chromatin and labeled Xicl
were added to the treated cytosol for 30 min to allow the
assembly of pre-RCs. Subsequently, two volumes of NPE
was added to each reaction. Xicl stability and DNA rep-
lication were then measured.

As expected, Xicl degradation (Fig. 2B) occurred effi-
ciently in the mock-depleted extract. However, when
MCM?7 was depleted from cytosol, both Xicl degradation
(Fig. 2B) and DNA replication (data not shown) were in-
hibited. Removal of MCM7 from cytosol prevents the
functional assembly of pre-RCs on chromatin. Although
MCM proteins are also present in NPE, an activity in
NPE, probably CDK2/cyclin E, blocks further binding of
MCM to chromatin and pre-RCs are not formed after the
addition of NPE (Hua et al. 1997; Walter et al. 1998).
Taken together, these data indicate that chromatin
bound MCM?7 (but not free MCM?7) is required for acti-
vating the Xicl degradation system. As MCM loading is
presumably the last step of pre-RC assembly on DNA, it
is clear that pre-RC formation is a prerequisite for trig-
gering Xicl degradation.

Xicl degradation requires CDK2, Cdc7, and Cdc45

The data above demonstrate that pre-RCs are essential
for activating Xicl degradation. To determine whether
downstream initiation factors are also required, CDK2,
Cdc7, or Cdc45 was depleted from extracts, and then
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Xicl degradation was assayed. Depletion of CDK2 (Fig.
2C), Cdc7 (Fig. 2E), or Cdc45 (Fig. 2G) did not affect the
kinetics or efficiency of nuclear formation (data not
shown). However, Xicl was stable in each of the depleted
extracts (Fig. 2D,F,H). Addition of recombinant histi-
dine-tagged Cdc45 to the Cdc45-depleted extract re-
stored degradation of Xicl (Fig, 2H). These results indi-
cate that CDK2, Cdc7, and Cdc45 are all necessary for
activating degradation of Xicl. Loading of Cdc45 onto
chromatin requires MCM, CDK2, and Cdc7 (Owens et
al. 1997; Mimura and Takisawa 1998; Walter and New-
port 2000) and has been proposed to be the critical switch
for converting a pre-RC to a pre-IC (Zou and Stillman
2000). Therefore, our data strongly indicate that the for-
mation of pre-ICs is necessary for activating Xicl turn-
over.

RPA and DNA polymerase o are not required
for Xicl degradation

When Cdc45 associates with pre-RCs to form pre-ICs,
the MCM helicase complex is activated and begins mov-
ing along and unwinding DNA. This movement and un-
winding occurs even in the absence of RPA (Walter and
Newport 2000). However, if RPA is present, it associates
with the unwound DNA generated by MCM to form a
stable single-stranded DNA (ssDNA| complex. To deter-
mine whether MCM activation alone was sufficient for
Xicl turnover, or whether an RPA-ssDNA complex was
needed, we assayed Xicl degradation in the absence of
RPA. To do this, RPA was immunodepleted from cytosol
(Fig. 3A). Treated cytosol was then used to form nuclei in
the presence of labeled Xicl. No RPA was observed to
bind to chromatin in the depleted extract (Fig. 3B). As
shown in Figure 3C, removal of RPA reduced DNA rep-
lication more than 98.5%. However, Xicl degradation
still occurred very efficiently in these RPA-depleted ex-
tracts (Fig. 3D). This result shows that Xicl degradation
is activated at an intermediate initiation step, which oc-
curs after cde45 forms pre-ICs but before generation of an
RPA-ssDNA complex by active MCM helicase.

In the absence of RPA, DNA polymerase o cannot load
onto chromatin (Walter and Newport 2000). As such, one
would expect that DNA polymerase « is not required for
activation of Xicl degradation. To determine whether
this is the case, SJK132, an inhibitory monoclonal anti-
body against DNA polymerase a was employed. As
shown in Figure 3E, SJK132 antibody inhibited DNA rep-
lication to 91% of control. However, Xicl was still de-
graded under these conditions (Fig. 3F). Similar results
were obtained when DNA polymerase a was immuno-
depleted from extracts (data not shown). Therefore, al-
though initiation is required to activate Xicl degrada-
tion, ongoing DNA replication is not.

Xicl degradation is attenuated after the completion
of DNA replication

MCM and Cdc45 remain associated with DNA during
replication and then dissociate following completion of
replication (Aparicio et al. 1997; Mimura et al. 2000). If a
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Figure 2. Xicl degradation requires the association of MCM7 with chromatin, CDK2, Cdc7, and Cdc45. (A) Western blots of MCM7
and ORC2 in the MCM7-depleted or the mock-depleted cytosol. (B) Chromatin and Xicl were mixed with the treated cytosol depicted
in A for 30 min. Subsequently, 2 volumes of untreated NPE was added to each reaction. Xicl degradation was measured after the
addition of NPE. (C,E,G) Western blots of CDK2, Cdc7, Cdc45, and RPA in CDK2-, Cdc7-, and Cdc45-depleted and mock-depleted
cytosol. Recombinant histidine-tagged Cdc45 protein (75 ng/uL) was added to rescue activities of the Cdc45-depleted extract. (D,F,H)
Xicl degradation was determined in the treated extracts containing nuclei.

MCM-Cdc45 complex is key to the Xicl degradation
pathway, it would be expected that Xicl degradation
would persist during replication and then attenuate once
MCM and Cdc45 dissociate from DNA at the end of
replication. To address this issue, cytosol was incubated
with sperm chromatin for 30 min followed by the addi-
tion of 2 volumes of NPE with or without a replication
elongation inhibitor, aphidicolin. Aphidicolin inhibits
the activity of DNA replication polymerases but still
allows initiation to occur. Sixty minutes after the addi-
tion of NPE, labeled Xicl was added to each reaction. As
shown in Figure 4A, in the absence of aphidicolin, DNA
replication was complete before Xicl addition. In this
reaction added Xicl was stable (Fig. 4B). The stabiliza-
tion of Xicl after DNA replication was not due to the

inactivation of extracts, as Xicl continued to be degraded
in the reaction containing aphidicolin (Fig. 4B). These
results show that following the dissociation of MCM and
Cdc45 from DNA at the end of replication, the Xicl deg-
radation pathway is inactivated. Thus, activation and in-
activation of both the Xicl degradation system and
MCM helicase activity are temporally coincident, sug-
gesting that a mechanistic link exists between these two
processes at the molecular level.

CDK2 activity is not directly required
for Xicl degradation

Depletion of CDK2 blocks Xicl degradation (Fig. 2D),
indicating that CDK2 is necessary for Xicl turnover.
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Figure 3. RPA and pol « are not required for Xicl degradation.
(A) Western blots of RPA and ORC2 in the RPA-depleted or the
mock-depleted extract. (B) Chromatin-bound RPA and ORC2 in
the RPA-depleted or the mock-depleted extract containing nu-
clei. (C) DNA replication in the RPA-depleted or mock-depleted
extracts containing nuclei. (D) Xicl degradation in extracts de-
picted in C. (E) DNA replication in the extract containing nuclei
with 1 mg/mL monoclonal antibody SJK132 or 1 mg/mL non-
specific mouse IgG. (F) Xicl degradation in the extracts depicted
in E.

CDK2 could act directly on Xicl by phosphorylation.
Alternatively, if initiation of replication activates Xicl
degradation, then the role of CDK2 in Xicl degradation
could be indirect and mediated through its role in the
initiation process. For example, it is possible that the
role of CDK2 is to simply facilitate the recruitment of
Cdc45 to pre-RC, and it is this recruitment that activates
Xicl degradation (Fig. 2H).

To examine the direct involvement of CDK2/Cyclin E
in Xicl degradation, we first determined whether phos-
phorylation of Xicl by CDK2 is required for Xicl turn-
over. Because CDK2 is required for loading of Cdc45 at
pre-RCs, we determined the stability of Xicl after initia-
tion (post Cdc45 loading). To do this, replication was
initiated in the presence of aphidicolin by first incubat-
ing chromatin in cytosol and then adding NPE. After 90
minutes in NPE, human p21?!, which unlike Xicl is
stable in egg extracts (Z. You and J. Newport, unpubl.),
was added to the reaction to inhibit CDK2 activity. Fol-
lowing this, labeled Xicl was added and its stability mea-
sured. To our surprise, in the presence of p21<P!, Xicl
was destroyed at the same rate as a control reaction lack-
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ing p21<P! (Fig. 5A, lanes 1-4 and 5-8). In contrast, if
CDK2 activity was inhibited by p21¢*! prior to initia-
tion of replication (p21°"*! added before NPE addition),
Xicl was not degraded (Fig. 5A, lanes 9-12). These re-
sults suggest that the role of CDK2 in Xicl degradation is
indirect and mediated through its role in activating ini-
tiation.

Further evidence that Xicl degradation is independent
of direct phosphorylation by CDK2 is the observation
that addition of the CDK2 kinase inhibitior, 6-DMAP, to
extracts following initiation of replication does not
block Xicl degradation (data not shown). Moreover, Xicl
mutants lacking the CDK2 phosphorylation consensus
site are degraded normally. Substitution of Thr 204 with
alanine has no affect on the kinetics of Xicl turnover
(Fig. 5B; Chuang and Yew 2001). Similarly, a Xicl dele-
tion mutant [Xicl(1-192)] lacking the C-terminal 18
amino acids, which includes the CDK phosphorylation
consensus site, is also degraded in a nucleus-dependent
manner (Fig. 5B). Together, these results strongly suggest
that Xicl degradation is independent of phosphorylation
by CDK2.

Interactions between Xicl and CDK2/cyclin E
are dispensable for Xicl degradation

Next, we examined whether interactions between Xicl
and CDK2/cyclin E, rather than phosphorylation, are es-
sential for Xicl degradation. As shown in Figure 5A
(lanes 1-4), addition of competing concentrations of
p21<P! after initiation did not inhibit Xicl degradation,
suggesting that interactions between Xicl and CDK2/
cyclin E might not be essential. To examine this further,
a Xicl mutant, Xicl(ck-), was generated. In Xicl(ck-),
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Xic1 added
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(arbitrary units)

25 4

—t + * + +aphidicolin
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time (min in NPE)
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Figure 4. Xicl is stable after the completion of DNA replica-
tion. (A) Chromatin was incubated with cytosol for 30 min fol-
lowed by the addition of 2 volumes of NPE with aphidicolin or
without aphidicolin. DNA replication was measured in both
reactions. (B) To the reactions depicted in A Xicl was added
after 60 min incubation in NPE. Xicl degradation was examined
in both reactions. Time points are hours after Xicl addition.
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Arg 33 and Leu 35 in the conserved cyclin-binding motif,
and Pro 65 and Pro 67 within the CDK binding motif are
replaced with alanines. Coimmunoprecipitation experi-
ments using a CDK2-specific antibody showed that wild-
type Xicl bound to CDK2/cyclin E efficiently in both
NPE and cytosol (Fig. 5C). However, mutation of both
the CDK and cyclin-binding sites in Xicl(ck-) com-
pletely abolished the association of Xicl with CDK2/
cyclin E in both NPE and cytosol (Fig. 5C).

Degradation of Xicl and Xicl(ck-) was determined in
extracts in the presence and in the absence of nuclei. In
the absence of nuclei, both wild-type Xicl and Xicl(ck-)
were stable (Fig. 5D, bottom), indicating that nonspecific
degradation of the mutant did not occur. Destruction of
both CDK and cyclin-binding sites in Xicl only partially
inhibited Xicl turnover (Fig. 5D, top). In the presence of
aphidicolin, wild-type Xicl and Xicl(ck-) were degraded
to the same degree as seen in untreated extracts albeit
with slower kinetics (see Fig. 5A; data not shown).

The modest inhibition of degradation observed with

the Xicl(ck-) mutant might suggest that CDK2/cyclin E
interactions are, at least partially, involved in Xicl deg-
radation. However, it has been observed recently that
interactions between Xicl and CDK2/cyclin E facilitate
transport of Xicl into the nucleus (Chuang and Yew
2001). Therefore, disruption of these interactions could
slow nuclear import of Xicl, which in turn would appear
as an inhibition of Xicl degradation. Indeed, we found
that both wild type and mutant Xicl(ck-) were degraded
at the same rate in the nucleus-free replication system
that does not require nuclear transport (Fig. 5E). To-
gether, our results indicate that interactions between
Xicl and CDK2/cyclin E are not essential for the initia-
tion-coupled degradation of Xicl.

A C-terminal region (162-192) in Xic1 is essential
and sufficient for triggering Xic1l ubiquitination

Previous observations have demonstrated that three ly-
sine residues (Lys 180, Lys 182, Lys 183) in the C-termi-
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nal part of Xicl are needed for Xicl degradation (Chuang
and Yew 2001). Interestingly, we have found that a C-
terminal region in Xicl is both necessary and sufficient
for triggering Xicl ubiquitination. A C-terminal 40-
amino-acid truncation mutant of Xicl, Xicl(1-170), as-
sociates with CDK2 in both NPE and cytosol (Fig. 6A).
However, this mutant is neither ubiquitinated nor de-
graded (Fig. 6B). This indicates that the C-terminal part
of Xicl is essential for its ubiquitination and degrada-
tion. To test this possibility we constructed a fusion pro-
tein consisting of this C-terminal segment (162-192)
fused to the fluorescent protein GFP. This fusion protein
did not interact with CDK2 (Fig. 6A). Importantly, upon
addition to extract, the fusion was modified in a pre-RC
dependent generating a ladder of slow migrating forms
(Fig. 6B). GFP protein was not modified in the extract in
this way (data not shown). That this ladder of slow mi-
grating proteins is the result of ubiquitination is sup-
ported by the observation that ubiquitin aldehyde, an
inhibitor of de-ubiquitination, increased the fraction of
protein in the ladder (data not shown).

These results suggest that the C-terminal region may

facilitate Xicl ubiquitination prior to its degradation. To
determine if this is true, we tested whether the addition
of bacterially expressed GFP-Xic1(162-192) could com-
petitively inhibit Xicl ubiquitination and degradation in
a dominant-negative manner. Indeed, we found that GF-
P-Xic1(162-192], but not GFP (Fig. 6CJ, inhibited both
degradation (Fig. 6D) and ubiquitination (Fig. 6E) of full-
length Xicl. In this experiment the concentration of
Xicl is low relative to CDK2. Therefore, neither GFP-
Xic1(162-192) nor GFP alone had any effect on DNA
replication (Fig. G6F). Taken together, these results
strongly suggest that the region (162-192) in Xicl facili-
tates Xicl ubiquitination prior to its degradation. The
fact that GFP-Xic1(162-192) is degraded slowly suggests
that additional sequences are required for efficient Xicl
proteolysis after ubiquitination.

S phase-specific association of GFP-Xic1(162-192)
with chromatin requires Cdc45

The coupling of Xicl degradation and initiation of DNA
replication led us to consider whether Xicl is ubiquiti-

A B cytosol cytosol cytosol cytosol
(MCMT) (-mock) (-MCMT7) (-mock)
i K v
o 'S;V o Nq;.' NPE NPE NPE NPE
*{\*5\ & .;“-\S\O* hourinNPE: 02 0 2 0 2 0 2
S — P
- - —
o -—:— _— input “
CDK2 co-IP CDK2 co-IP .“-
Figure 6. A C-terminal region (162-192) InNPE in cytosol X170 GX(162-192)
of Xicl is essential for its ubiquitination
and degradation. (A) Coimmunoprecipita-
tion of labeled Xicl, Xicl(1-170), and &
GFP-Xicl(161-192) in cytosol or NPE Cc @.'\ D
with anti-CDK2 antibody. (WT) Wild-type £ & e
Xicl; (X170) Xicl(1-170); [GX(162-192]]
GFP-Xicl(162-192). (B) Degradation as- : m GFP GX(162-192)
says of Xicl(1-170) and GFP-Xicl(162- - 50 hour in NPE:
192) in the nucleus-free replication system 54 rn 2 0 08 4 2 0 05 4 2
in the presence or absence of pre-RC. Re- e | 53
actions were assembled as depicted in Fig-
ure 2B. Chromatin and Xicl(1-170) or — | 3T Xicl | ww — - — — -
GFP-Xicl(162-192) were mixed with -_— |22
MCM7-depleted or mock-depleted cytosol
for 30 min. Subsequently, 2 volumes of o)
untreated NPE was added to each reaction. E & F
Reactions were terminated at the desig- 06 é}'} M
nated times after the addition of NPE. (C) — & ,@;
Bacterially expressed and purified recom- (<) (;\s“
binant GFP and GFP-Xicl(162-192). (D)
Degradation assays of Xicl in the nucleus- Xic1{Ub)n
free replication system containing 100 ng/
pL of GFP or GFP-Xic1(162-192). (E) Same ——
as depicted in D except 100 pM MG132 -
was added to each reaction. (F) DNA rep- e |
lication in the extracts as depicted in D. Xic1 g S
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nated and/or degraded on chromatin. While this article
was in preparation, Furstenthal et al. (2001) reported evi-
dence from which it was concluded that Xicl is recruited
to chromatin through interaction with CDK2/cyclin E.
In contrast, our observation that Xicl(ck-), which is de-
ficient in CDK2/cyclin E binding, is still degraded with
the same kinetics as Xicl (Fig. 5E) suggests that other
site(s) in Xicl are required for this association.

As shown above, the C-terminal region (162-192) of
Xicl is required for Xicl ubiquitination and degradation.
In addition, fusion of GFP with this 31-amino-acid seg-
ment is sufficient to trigger the pre-RC-dependent ubig-
uitination of the fusion protein. Therefore, this segment
seems to be a possible candidate for the site that recruits
Xicl to chromatin.

To investigate this possibility, we examined the asso-
ciation of GFP-Xic1(162-192) with chromatin in nuclei
by fluorescence microscopy. We found that GFP-
Xic1(162-192), but not GFP (data not shown), was im-
ported into nuclei efficiently. Further, GFP-Xicl(162—
192) protein associated with chromatin during DNA rep-
lication (Fig. 7A, top, 80 min). Following completion of
replication it dissociated from DNA (Fig. 7A, top, 145
min), consistent with the observation that Xicl degrada-
tion occurs during replication and then attenuates after
completion of replication (Fig. 4). Further, when initia-
tion of replication is blocked by addition of p27%iP?,
GFP-Xic1(162-192) failed to associate with DNA (Fig.
7A, middle). Importantly, depletion of Cdc45 also inhib-
ited association of GFP-Xic1(162-192) protein with
chromatin, and this inhibition was rescued by addition
of recombinant Cdc45 to the depleted extract (Fig. 7A,
bottom). Together these results show that association of
GFP-Xic1(162-192) with chromatin requires Cdc45 and
initiation of replication and that the fusion protein, like
Cdc45, remains bound to chromatin during the course of
replication.

Interestingly, in the absence of Cdc45, the level of
CDK2 bound to chromatin was normal (Fig. 7B). Simi-
larly, chromatin-bound level of CDK2 was normal in the
presence of p27%P1, However, despite normal CDK2 lev-
els, GFP-Xic1(162-192) failed to bind to chromatin. This
observation is consistent with data showing that GFP-
Xic1(162-192) does not interact with CDK (Fig. 6A).
Taken together, our results suggest that the C-terminal
region (162-192) of Xicl, rather than the N-terminally
located CDK and cyclin-binding sites, directly facilitates
the association of Xicl with chromatin during DNA rep-
lication and that this interaction may facilitate ubiqui-
tination of Xicl prior to its degradation.

Discussion

A Xicl degradation signal is generated during
initiation of DNA replication

Regulated protein degradation is essential for multiple
steps during the cell cycle including entry into mitosis,
sister chromatid separation, and initiation of DNA rep-
lication (King et al. 1996). Because of its irreversible na-
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Figure 7. Chromatin association of GFP-Xic1(162-192) re-
quires Cdc45. (A, top) Sperm chromatin was incubated with
cytosol and membranes for 10 min. After this, recombinant
GFP-Xic1(162-192) (10 ng/uL) was added to the reaction. GFP
signal and chromatin signal (stained with Hoeschst, data not
shown) were detected during replication (80 min) and after rep-
lication (145 min) by fluorescence confocal microscopy (Nikon,
PCM200 confocal microscope). (Middle) Reactions were as-
sembled as depicted in A except buffer or p27'*! was added to
cytosol. GFP and chromatin signals were examined after 80 min
incubation. (Bottom) Reactions were assembled as depicted in A
except cytosol was pretreated with either Cdc45 antiserum or
pre-immune serum coupled beads. In another reaction, histi-
dine-tagged Cdc45 was added to Cdc45-depleted cytosol. (B) Ef-
fects of p27XiP! addition or Cdc45 depletion as depicted in A on
the chromatin association of CDK2, Cdc45, and RPA.

ture, proteolysis is under tight regulatory control ensur-
ing that it occurs only during appropriate stages of the
cell cycle. Our results indicate that in Xenopus egg ex-
tracts, degradation of the CKI, Xicl, is dependent on ini-
tiation of DNA replication. Degradation of Xicl requires
not only the assembly of pre-RCs on chromatin, but also
the origin activating kinases CDK2 and Cdc7, as well as
the initiation protein Cdc45 (Fig. 2). The requirement for
CDK2 and Cdc7 may be indirect in that loading of Cdc45
onto chromatin during initiation requires the activity of
both of these kinases (Owens et al. 1997; Mimura and
Takisawa 1998; Walter and Newport 2000). Supporting
this conclusion is the observation that inhibition of
CDK2 activity following initiation has little effect on
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Xicl degradation (Fig. 5A, see below). Recently, Fursten-
thal et al. (2001) proposed that Xicl is degraded in a pre-
RC-dependent manner prior to initiation of DNA repli-
cation. However, based on our results, we believe that
Xicl degradation is a post-initiation event.

During initiation of replication the MCM helicase
complex is activated and then RPA and DNA polymer-
ase a are sequentially loaded onto DNA (Walter and
Newport 2000). Strikingly, depletion of either of these
two late initiation proteins had little, if any, effect on
activation of the Xicl degradation system (Fig. 3). These
results demonstrate that initiation-coupled Xicl degra-
dation occurs following recruitment of Cdc45 to gener-
ate pre-ICs and activation of the MCM helicase. Follow-
ing completion of DNA replication, MCM and Cdc45
dissociate from chromatin (Aparicio et al. 1997; Mimura
et al. 2000). Our data suggest that it is this dissociation
that causes attenuation of the Xicl degradation pathway
(Fig. 4). Overall, our results are consistent with a model
whereby Cdc45-dependent activation of the MCM heli-
case late in the initiation sequence activates the Xicl
degradation system. Physical interaction between Xicl
and Cdc45 have not been observed (data not shown), sug-
gesting that MCM activation is directly responsible for
activation of the degradation pathway.

It has been shown that Xicl is degraded by the protea-
some complex in frog egg extracts (Yew and Kirschner
1997). We have found that neither calpain inhibitors
(NCO-700 and EST) nor caspase inhibitors have any ob-
vious effects on Xicl turnover (data not shown). Addi-
tionally, the ATM/ATR checkpoint kinase inhibitor,
caffeine, had no effect on Xicl degradation (data not
shown), suggesting that Xicl degradation is not simply a
consequence of the activation of cell cycle checkpoints.

CDK?2 is not directly involved in Xicl degradation

Our results indicate that CDK2 is not directly involved
in Xicl turnover. This conclusion is supported by the
following observations. (1) The conserved CDK phos-
phorylation site in Xicl is not necessary for Xicl turn-
over (Fig. 5B). (2) CDK2 activity is not required for Xicl
degradation after initiation of DNA replication (Fig. 5A).
(3) Disruption of binding interactions between Xicl and
CDK2/cyclin E in Xicl(ck-) did not affect the kinetics of
Xicl turnover (Fig. 5E). (4) A Xicl mutant, Xicl(1-170),
associates with CDK2/cyclin E, but is not degraded (Fig.
6B). (5) A C-terminal region (162-192) of Xicl, which
does not interact with CDK2, is essential and apparently
sufficient for triggering Xicl ubiquitination and associa-
tion with chromatin (Figs. 6 and 7). Taken together,
these results strongly suggest that although Xicl may
interact with chromatin through CDK2/cyclin E, this
interaction is not essential for Xicl degradation. Rather,
because both Xicl degradation (Fig. 2H) and the associa-
tion of GFP-Xic1(162-192) (Fig. 7A) with chromatin re-
quires Cdc45, it is likely that the role of CDK2/cyclin E
in Xicl degradation is indirect and occurs through its
role in loading Cdc45 onto chromatin during initiation.

1190 GENES & DEVELOPMENT

A C-terminal region (162-192) in Xic1 is essential
for Xicl ubiquitination and subsequent degradation

Degradation assays for Xic1(1-192) (Fig. 5B) and Xic1(1-
170) (Fig. 6B) indicate that the C-terminal region (170-
192)in Xicl is essential for its destruction. Interestingly,
fusion of the region (162-192) in Xicl with GFP triggers
ubiquitination of the fusion protein in a pre-RC-depen-
dent manner (Fig. 6B). Moreover, excess GFP-Xicl (162—
192) has a dominant-negative effect inhibiting both Xicl
ubiquitination and degradation (Fig. 6D,E). Fluorescence
experiments show that this 31-amino-acid segment re-
cruits GFP-Xic1(162-192) to chromatin in a Cdc45-de-
pendent manner (Fig. 7A). Taken together, these obser-
vations strongly suggest that the C-terminal region (162—
192) of Xicl facilitates its association with chromatin
and subsequent ubiquitination.

This C-terminal region contains a PCNA-binding site
(Su et al. 1995). However, it is unlikely that interaction
of this region with PCNA contributes to Xicl degrada-
tion as p21°*! and Xicl chimeric proteins, in which the
PCNA binding sites are exchanged, associate with
PCNA but are not degraded (Z. You and J. Newport, un-
publ.).

It appears that negative charges on three lysine resi-
dues (Lys 180, Lys 182, Lys 183) in the C-terminal region
are necessary for Xicl degradation. Mutation of these
lysine residues to alanine abrogated Xicl degradation.
However, Xicl degradation was retained when these ly-
sine residues were mutated to arginine (data not shown;
Chuang and Yew 2001). It is possible that the negative
charges of these three lysine residues play a role in the
interaction between the C-terminal region (162-192) in
Xicl and an unknown factor that facilitates ubiquitina-
tion of Xicl.

Possible roles of the initiation coupled degradation
of Xicl

There are several reasonable explanations for the exis-
tence of an initiation-coupled Xicl degradation system.
Firstly, because replicon size is established by the dis-
tance between adjacent pre-RCs it is essential that a suf-
ficient number of pre-RCs be formed along the chromo-
some during G, of the cell cycle, when CDK2 activity is
low. If an insufficient number of pre-RCs form during
G,, the average replicon size would be very large and, as
a result, S phase would be excessively long. Therefore, a
process that ensures formation of a threshold number of
pre-RCs during G, could contribute to defining the du-
ration of S phase. An initiation-dependent Xicl degrada-
tion system may contribute to defining this threshold
number. For example, it is possible that once a threshold
number of pre-RCs have formed, a small subset of these
might become activated by trace amounts of active
CDK2. This, in turn, would cause Xicl degradation,
thereby, initiating an autocatalytic loop resulting in ac-
tivation of the remaining CDK2 and suppression of fur-
ther pre-RC formation (Dahmann et al. 1995; Hua et al.
1997). Such a loop could also serve to activate CDK2
rapidly at the G,/S transition. During G, the CDK2/cy-



clin E complex remains inactive because of the presence
of Xicl. However, once the concentration of CDK2/cyc-
lin E exceeds Xicl levels because of the synthesis of cy-
clin E, some pre-RCs would be activated and initiation-
coupled degradation of Xicl would ensure rapid activa-
tion of all CDK2/cyclin E kinase present.

Alternatively, coordination of replication initiation
with degradation of a CDK inhibitor may ensure unin-
terrupted CDK2 activity for the duration of S phase.
Though CDK2 may be subsequently regulated by other
mechanisms, such as phosphorylation, regulation at
these other levels would be rapid and reversible in na-
ture. For instance, in somatic cells of metazoans, such
regulation during S phase would allow the CDK2-depen-
dent duplication of centrosomes (Hinchcliffe et al. 1999;
Lacey et al. 1999; Matsumoto et al. 1999; Meraldi et al.
1999) as well as the replication-dependent transcription
of histone genes in S phase (Zhao et al. 2000). Further-
more, we believe that the initiation-coupled degradation
system may also provide a mechanism to block re-repli-
cation in S phase attributable to the accumulation of
active CDK2, which is inhibitory for de novo pre-RC
assembly (Dahmann et al. 1995; Hua et al. 1997).

Recent work reveals that mammalian p27<®! is de-
graded by two distinct pathways (Malek et al. 2001). One
pathway is dependent on the phosphorylation of T187 by
CDK2 whereas the other is T187 independent. The phos-
phorylation-independent pathway is active in cultured
mouse embryonic fibroblasts (MEFs) 12-19 h after serum
stimulation. About 5% of MEFs entered S phase 16 h
after serum stimulation (Malek et al. 2001). We suspect
that the initiation-coupled degradation of Xicl may
mimic this T187 independent p27<"' degradation path-
way. Like Xicl, p27%i! degradation by this pathway de-
pends on components of the SCF complex (Malek et al.
2001). Also like Xicl, p275"! can be degraded in the
nucleus (Rodier et al. 2001).

In egg extracts, when initiation of replication is
blocked, Xicl is stable even if high CDK2 activity is
present. Therefore, the CDK2 phosphorylation-depen-
dent p27%iP! degradation pathway present in somatic
cells appears to be absent from egg extracts. The absence
of a phosphorylation-dependent pathway in embryos
could be due to cyclin dependent changes in CDK2 sub-
strate specificity. In somatic cells CDK2-associated cyc-
lin E is degraded shortly after S phase starts and is re-
placed by cyclin A. In contrast, in early frog embryos,
cyclin E is not degraded during the cell cycle and cyclin
A is exclusively associated with Cdc2 and is not required
for DNA replication (Walker and Maller 1991; Howe and
Newport 1996; Strausfeld et al. 1996). Therefore, if phos-
phorylation-dependent Xicl degradation occurs through
the action of CDK2/cyclin A kinase, this pathway
should be absent from embryos.

Materials and methods

Preparation of Xenopus egg extracts

Interphase cytosol, demembranated sperm chromatin, and pu-
rified membranes were prepared essentially as described previ-
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ously (Smythe and Newport 1991). NPE was prepared by isolat-
ing nuclei assembled in low-speed egg extract in the presence of
3.3 ng/mL nocodazole, according to a detailed protocol (Walter
et al. 1998).

Plasmids, mutagenesis, and in vitro transcription
and translation

Open reading frames from ¢cDNAs encoding WT Xicl, its mu-
tants, and GFP-Xic1(162-192) were subcloned into pET28a(+)
(Novagen) at BamHI and EcoRI sites. Mutations were generated
using a standard PCR-based oligonucleotide-directed mutagen-
esis protocol. Sequences of the primers are available on request.
All of the mutants were verified by sequencing.

Messager RNAs of Xicl, its deletion and point mutation mu-
tants, and GFP-Xic1(162-192) were in vitro-transcribed with T7
RNA polymerase (Ambion, mMESSAGE mMACHINE kit). Af-
ter the DNA templates were digested, mRNAs were recovered
and translated in nuclease-treated rabbit reticulocyte lysate
(Promega) or the Escherichia coli S30 extract (Novagen, EcoPro
T7 System) in the presence of [**S|methionine.

Inhibitors, antibodies, and recombinant proteins

Aphidicolin (Sigma, A0781) and nocodazole (Sigma, M1404)
were dissolved in DMSO and used at 50 pg/mL, 3.3 ng/mL,
respectively.

MCMY7 and Cdc7 antibodies were generously provided by Dr.
Li Sun. These antibodies were raised in rabbits against the C-
terminal 176 amino acids of Xenopus MCM7 protein and the
full length of Xenopus Cdc7 protein, respectively. CDK2,
ORC2, RPA, and Cdc45 antibodies were obtained as described
previously (Walter and Newport 2000; Fang and Newport 1991).
Monoclonal antibody against human DNA polymerase «,
SJK132, was purified from cell culture supernatant (ATCC no.
CRL-1640).

Recombinant histidine-tagged Cdc45 was used to rescue the
activities of the Cdc45-depleted extract at 75 pg/mL (Walter and
Newport 2000). Recombinant histidine-tagged human p21¢®!
was described previously (Guadagno and Newport 1996). Re-
combinant GST-fused human p275®! and histidine-tagged GFP,
GFP-Xic1(162-192) were expressed in E. coli and affinity puri-
fied from glutathione sepharose 4B column (Amersham Pha-
marcia Biotech AB) and Ni-NTA agarose column (QIAGEN),
respectively.

Immunodepletion, immunoprecipitation, and chromatin
binding assay

To remove specific proteins from egg cytosol, three consecutive
immunodepletions were carried out as described previously
(Walter and Newport 1999). Briefly, protein A sepharose 4B fast
flow beads were incubated with specific antisera or the corre-
sponding pre-immune sera for 30 min at room temperature.
After washing 3 times with ELB (250 mM sucrose, 2.5 mM
MgCl,, 50 mM KCI, 10 mM HEPES, 1 mM DTT at pH 7.7), the
beads were split into three aliquots of equal volume. Extracts
were then consecutively incubated with the three bead aliquots
in the presence of 3.3 ng/mL nocodazole at 4°C for 1 h with
constant rotation. The mixture was then centrifuged (5000 rpm,
2 min) to remove beads. The ratio of the volume of beads, an-
tibody, and cytosol was optimized for the depletion of each
protein. Western blotting results showed the protein levels of
each specific factor were reduced to <1% after depletion.
Immunoprecipitation was done by first incubating 10 uL pro-
tein A beads with 30 pL of a CDK2 antiserum or its pre-immune
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serum for 30 min; after washing 3 times with ELB, beads were
then incubated with 20 pL cytosol or NPE containing labeled
Xicl, Xicl(ck-), Xicl(1-170), GFP-Xic1(162-192) for 1 h at room
temperature with constant rotation. Subsequently, beads were
pelleted by low-speed centrifugation (5000 rpm, 2 min) and
washed 5 times with washing buffer (50 mM HEPES, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT, 0.1% Tween 20 at pH 7.5). The
bound proteins were then analyzed by SDS-PAGE followed by
autoradiography.

Chromatin binding assays were essentially performed as de-
scribed previously (Walter and Newport 1999). In Figure 3B,
nuclei formed in RPA-depleted or mock-depleted cytosol were
isolated by centrifugation through a 0.5 M sucrose ELB cushion
and then soloubilized with 0.6% Trition X-100 in ELB. Chro-
matin fractions were then isolated by centrifugation through a
0.5 M sucrose ELB cushion. Chromatin-bound proteins were
then subjected to Western blot analysis.

Xicl degradation and DNA replication assays

Before use, cytosol was supplemented with 3.3 pg/mL noco-
dazole and an ATP regenerating system (2 mM ATP, 20 mM
phosphocreatine, 5 pg/mL creatine phosphokinase). The ATP
regenerating system was also added to NPE. Typical reactions in
various replication systems were performed as follows. Varia-
tions of the reactions are specified in Figure legends 2-6.

In cytosol + membrane Cytosol (20 pL) was mixed with puri-
fied membranes (2 pL) and sperm chromatin (3000/uL final con-
centration from a 50,000/uL stock). Next, 1 uL of labeled Xicl
was added, and reactions were generally split into two parts.
One part was used for determining Xic1 degradation. Aliquots (3
pL) were taken at appropriate time points and the reactions
were stopped by adding 10 uL SDS sample buffer. Proteins were
separated by 12% SDS-PAGE followed by analysis with Phos-
phorlmager (Molecular Dynamics) or autoradiography. To the
other half of the reaction ~0.1 nCi/pL [a-3>P]dATP was added to
measure DNA replication. Again, 3 pL aliquots were withdrawn
and quenched at appropriate time points by adding 5 pL stop
solution (8 mM EDTA, 0.13% phosphoric acid, 10% ficoll, 5%
SDS, 0.2% bromophenol blue, 80 mM Tris at pH 8.0). DNA
replication was analyzed using 0.8 % agarose gel electrophoresis
and quantified after Phosphorlmaging.

In cytosol - NPE Sperm chromatin (3000 sperms/uL) or
pBluecript plasmid DNA (5 ng/uL) and 1 pL of labeled Xicl were
incubated with 6 pnL of membrane-free cytosol for 30 min at
room temperature. Subsequently, 12 pL of NPE was added. As
described above, reaction samples were split in half and Xicl
degradation and DNA replication were measured in parallel.
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