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Using a cytological assay to monitor the successive chromatin association of replication proteins
leading to replication initiation, we have investigated the function of fission yeast Cdc23/Mcm10
in DNA replication. Inactivation of Cdc23 before replication initiation using tight degron muta-
tions has no effect on Mcm2 chromatin association, and thus pre-replicative complex (pre-RC)
formation, although Cdc45 chromatin binding is blocked. Inactivating Cdc23 during an S phase
block after Cdc45 has bound causes a small reduction in Cdc45 chromatin binding, and replication
does not terminate in the absence of Mcm10 function. These observations show that Cdc23/
Mcm10 function is conserved between fission yeast and Xenopus, where in vitro analysis has
indicated a similar requirement for Cdc45 binding, but apparently not compared with Saccharo-
myces cerevisize, where Mcm10 is needed for Mcm?2 chromatin binding. However, unlike the
situation in Xenopus, where Mcm10 chromatin binding is dependent on Mcm?2-7, we show that the
fission yeast protein is bound to chromatin throughout the cell cycle in growing cells, and only
displaced from chromatin during quiescence. On return to growth, Cdc23 chromatin binding is
rapidly reestablished independently from pre-RC formation, suggesting that chromatin associa-
tion of Cdc23 provides a link between proliferation and competence to execute DNA replication.

INTRODUCTION

Eukaryotes share a common mechanism that coordinates the
initiation of DNA replication from a large number of chro-
mosomal origins (reviewed in Bell and Dutta, 2002; Taki-
sawa et al., 2000; Blow and Hodgson, 2002; Diffley and Labib,
2002). Initiation involves the origin recognition complex
(ORC), which in yeasts is associated with DNA throughout
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the cell cycle (Aparicio et al., 1997; Lygerou and Nurse,
1999). Additional proteins associate with ORC during late
mitosis/G1, thus establishing competence for initiation dur-
ing the subsequent S phase. This process, called licensing or
pre-replicative complex (pre-RC) formation, involves the
initial association of Cdtl and Cdc6/Cdc18 with ORC and
the subsequent assembly of Mcm2-7 proteins onto chroma-
tin (Donovan et al., 1997; Tanaka et al., 1997; Maiorano et al.,
2000; Nishitani ef al., 2000). S phase initiation itself is trig-
gered by activation of two protein kinases, Cdc7 and cyclin-
dependent kinase (CDK). A likely target of Cdc7 is the
Mcem2-7 complex (reviewed in Masai and Arai, 2002;
Sclafani, 2000), which probably provides helicase activity
during replication (Ishimi, 1997), but the targets of CDK
remain to be identified.

During replication initiation, further proteins needed for
the elongation step of DNA replication, such as Cdc45/S1d3
(Mimura and Takisawa, 1998; Zou and Stillman, 2000; Ka-
mimura et al., 2001; Nakajima and Masukata, 2002) and
DNA polymerases a and € (Mimura and Takisawa, 1998;
Mimura et al., 2000), associate with initiation sites and, to-
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gether with Mcm2-7 proteins, move away from origins
(Aparicio et al., 1997; Diffley and Labib, 2002). As S phase
progresses, Mcm2-7 proteins dissociate from chromatin and
their reassociation with already replicated DNA is blocked,
thus restricting replication to a single round per cell cycle.
This block to reinitiation is effected by CDK, which blocks
the chromatin binding of Mcm2-7 proteins by multiple
mechanisms (Nguyen et al., 2001), and by geminin, which
inhibits Cdtl function in Metazoa (McGarry and Kirschner,
1998; Wohlschlegel et al., 2000; Tada et al., 2001).

Fission yeast Cdc23 (homologous to Saccharomyces cerevi-
size Mcm10/Dna43) is another essential replication protein
(Nasmyth and Nurse, 1981; Aves et al., 1998). This factor was
identified using screens for mutants affected in DNA repli-
cation (Dumas et al., 1982; Solomon et al., 1992) and
minichromosome maintenance (Maine et al., 1984). Mcm10
mutants show a reduced efficiency of origin use and repli-
cation elongation across origins is impeded (Merchant et al.,
1997; Homesley et al., 2000). Mcm10/cdc23 alleles show ge-
netic interactions with a wide range of other replication
mutations, suggesting that this factor is involved in both the
initiation and elongation steps of DNA replication. These
include mutations affecting ORC, Mcm2-7, SpCdc24,
ScCdc45, ScDpb11, and subunits of DNA polymerases 8 and
€ (Tanaka et al., 1999; Homesley et al., 2000; Kawasaki et al.,
2000; Liang and Forsburg, 2001; Hart et al., 2002). Physical
interactions between Mcm10/Cdc23 and ORC or Mem2-7
proteins have also been detected (Merchant et al., 1997;
Homesley et al., 2000; Izumi et al., 2000; Kawasaki et al., 2000;
Hart et al., 2002) and in vivo cross-linking has shown Mcm10
to be associated with DNA at an S. cerevisiae replication
origin (Homesley et al., 2000).

Mcem10 shows functional conservation as the S. cerevisine
MCM10 gene can complement a fission yeast cdc23 mutant
(Aves et al., 1998), but S. cerevisiae and vertebrate Mcm10
proteins have different properties. Most notably, budding
yeast Mcm10 is needed for Mcm2-7 chromatin association
(Homesley et al., 2000), whereas in Xenopus, Mcm10 deple-
tion affects a later step in replication initiation, blocking the
chromatin association of Cdc45 (Wohlschlegel et al., 2002).
To clarify these differences, we have characterized in greater
detail the fission yeast Cdc23 homologue. We show that, as
in Xenopus, Cdc23 is required for chromatin association of
Cdc45 and does not affect earlier stages of replication initi-
ation. Cdc23 is distinct from vertebrate Mcm10, however, in
terms of its cell cycle pattern of chromatin association, re-
flecting differences in how this protein interacts with repli-
cation complexes.

MATERIALS AND METHODS

Fission Yeast Strains and Methods

Strains used are shown in Table 1. Media and growth conditions
and standard genetic methods were as described by Moreno et al.
(1991). Thiamine at 5 ug/ml was used to repress the nmtl promoter
and hydroxyurea (HU) was used at 12 mM. Nitrogen starvation was
carried out using EMM medium lacking NH,Cl.

Construction of CFP- and YFP-tagged Strains

Oligonucleotide primers used in plasmid construction are shown in
Table 2. Cyan fluorescent protein (CFP) or yellow fluorescent pro-
tein (YFP)-encoding DNA fragments were amplified from either
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pECFP-C1 or pEYFP-C1 (Clontech, Palo Alto, CA) using oligos
5'HindIIIATG-CYFP and 3'SacSTOPBamSal-CYFP and inserted into
HindIll- and BamHI-cleaved pSMUG2+ (Lindner et al., 2002) to give
either

pSMUC2+ (for CFP tagging) or pSMUY2+ (for YFP tagging). Se-
quences of these plasmids are available at users.ox.ac.uk/~
kearsey /plasmids.

Cdc23 was C-terminally tagged with CFP by amplifying a cdc23*
fragment with oligos 5’ Apal-mcm10C and 3'Smal-mcm10C and in-
serting the fragment into Apal- and Smal-cut pSMUC2+ to give
pSMUC2+cdc23. This plasmid was cut with Spel to tag the endog-
enous cdc23* gene with CFP. Cdc45 was tagged with YFP by am-
plifying a fragment using oligos 5'Xhol-sna41 and 3'Smal-sna4l,
and the resulting fragment was inserted into Xhol- and Smal-cut
pSMUY2+ to give pSMUY2+cdc45. pPSMUY2+cdcd5 was cut with
Hpal to direct integration into the cdc45* (sna41™") locus. Orc6 was
tagged with CFP by amplifying a fragment with oligos 5’ Apal-orc6
and 3'Xhol-orc6 and this PCR product was inserted into Apal- and
Xhol-cut pSMUC2+ to give pSMUC2+orc6. This was cleaved with
Spel to direct integration into the orc6™ locus. Mcm?2 was tagged by
using the oligos 5'Xhol-mem?2 and 3'Smal-mcm2, and the resulting
PCR fragment was cloned into Xhol- and Smal-cleaved pSMUC2+
or pSMUY2+. The resulting plasmids were cut with BgIII to direct
integration into the mcm2* locus. Mcm7 was tagged with CFP by
amplifying the 3’ end of the gene with the oligos 5’ Apal-mcm?7 and
3'Smal-mcm7, and this fragment was inserted in to Apal- and Smal-
cut pSMUC2+ to give pSMUC2+mcm?. This plasmid was linear-
ized with MIul to tag the endogenous mcm7* gene. Cdtl was tagged
by amplifying a cdt1* fragment with oligos 5’ Apal-cdtl and 3'Smal-
cdtl, and this was cloned into Apal- and Smal-cut pPSMUC2+. The
resulting pSMUC2+cdt1 plasmid was cut with EcoRI to tag the
endogenous cdt1* gene.

For tagging the cdc45" gene in the background of the cyclin B shut
off strain (nmt1(41X)-cdc13, cdc13A ciglA cig2A; Fisher and Nurse,
1995), we replaced the ura4™ marker in pSMUY+cdc45 with an
NgoM 1V fragment containing the kanMX6 (kan) marker to give
PSMRY +cdc45-YFP. This was linearized with Hpal to direct inte-
gration at the cdc45* locus, thus generating strain P1276. All con-
structs were verified by sequencing.

Construction of Degron cdc23 Alleles

The cdc23tstd degron allele was constructed by amplifying the N-
terminus—encoding part of the cdc23™ gene using the oligos 5’ Xhol-
mcm10ATG and 3'Smal-mcm10N, and this was inserted into a
plasmid expressing the DHFR degron from the mcm4*/cdc21* pro-
moter (Xhol- and Smal-cut pPSMUG2+ degron [ura4*-containing] or
PSMRG2+degron [kanMX6-containing; Lindner et al., 2002]) to gen-
erate pSMUG2+degron+cdc23 or pSMRG2+degron+cdc23. Bg/II
linearization was used for integration of these plasmids at the
cdc23* locus.

To derive a plasmid where the mcm4™ promoter was replaced
by the nmt1 thiamine-regulatable promoter, the mcm4* promoter
of pSMUG2+degron or pSMRG2+degron plasmids was re-
moved by EcoRI and Apal digestion and replaced with an atten-
uated nmtl promoter, amplified using the oligos 5'EcoRI-nmtl
and 3'Apal-nmtl, using pREP41X as template (Basi et al., 1993),
thus generating pSMUG2+nmt4ldegron (ura4*-containing) or
PSMRG2+nmt41degron (kanMX6-containing) plasmids. The N-ter-
minus of Cdc23 was removed as a Xhol-Smal fragment from the
pSMUG2 +degron+Cdc23 plasmid and inserted into the Xhol/Smal
sites of pSMUG2+nmt41+degron or pSMRG2+nmt41+degron
plasmids. BgIII linearization was used for integration. All constructs
were verified by sequencing.

In Situ Chromatin-binding Assay

The chromatin-binding assay was carried out using the procedure
in Kearsey ef al. (2000) with the modifications in Lindner et al. (2002).
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Table 1. Yeast strains used

P1046 mem2-YFP::ura4™ ade6-M210 leul-32 ura4-D18 h~

P1051 mcem2*-CFP::ura4™ ade6-M210 leul-32 ura4-D18 h~

P1054 mem7 " -CFP::ura4™ ade6-M210 leul-32 ura4-D18 h~

P1082 cdc23"-CFP::ura4™ ade6-M210 leul-32 ura4-D18 h~

P1083 sna41* (cdc45)-YFP::ura4™ ade6-M210 leul-32 ura4-D18 h~

P1098 mem2*-CFP::ura4™ cdc23-1E2-td ::kan” (cdc23tstd)

P1100 sna41* (cdc45)-YFP::ura4 cdc23-1E2-td ::kan" (cdc23tstd) h~

3830 leu1-32 ura4-D18 ade6-210 ars1(Mlul)::pRep3X-GFP-atb2::LEU2 h* Ding and Smith (1998),
Pidoux et al. (2000)

P1122 cdc23*-CFP::ura4™

P1128 mem2-YFP::ura4™ cdc23"-CFP::ura4™

P1134 orc6*-CFP::ura4™ leul-32 ade6-M210 ura4-D18

P1156 ars1(Mlul)::pRep3X-GFP-atb2:: LEU2 sna41™*(cdc45)-YFP::ura4* mcm7*-CFP::ura4* ura4- Derived from 3830

D18 ade6 h~

P1162 memdts(cdc21-M68)-td - ura4d™ mem2*-CFP::urad4™ sna4l*(cdc45)-YFP::ura4™ ade6 leul-32 Derived from P1023
(Lindner et al., 2002)

P1166 cdc10-129 cdc45*-yfp::ura4*

P1184 hsk1-89::urad™ leul-32 ura4-D18 mem7*-cfp::iurad™ cdc45*-yfp::urad™ Derived from NI359
(Takeda et al., 2001)

P1214 cdt1*-CFP::ura4™ ura4-D18 h™*

P1220 mem2-CFP::ura4™ nmt41X-cdc23-1E2-td::kan” (nmt-cdc23tstd)

P1221 sna4l™ (cdc45)-YFP::urad™ nmt41X-cdc23-1E2-td::kan" (nmt-cdc23tstd)

P1226 nmt41X-cdc23-1E2-td : kan" (nmt-cdc23tstd) cdt1*-CFP::ura4™

P1266 cdc23"-CFP::ura4d™ mcm4(cdc21)tstd :: ura4d™

P1276 sna41™* (cdc45)-YFP::kan" nmt1(41X)-cdc13:: LEU2 ciglA::ura4™ cig2A::urad™ Derived from Fisher and

cdc13A:ura4™ ura4-D18 leul-32 ade6-M210 h~ Nurse (1995)

P1357 cdc25-22 ¢dc23*-CFP::urad+

P1358 cdc22-M45 cdc23"-CFP::ura4™

P1360 nda3-311 cdc23*-CFP::ura4™* ura4-D18

P1362 cdc10-V50 cdc23*-CFP::ura4™ ade6 ura4-D18

For Cdc23-CFP strains, extractions were carried out at 4°C. Images
were collected as before (Lindner et al., 2002); at least 100 cells were
counted for each data point, and error bars show the range of two
experiments. Fluorescence intensities of nuclei were quantitated
using a modification of NIH Image macros developed by Dr. Joel
Huberman, available at: http:/ /saturn.roswellpark.org/huberman/
Quant_Flu_Microscopy/Quant_Flu_Micro.html. Micrococcal nucle-
ase (Sigma, St. Louis, MO) digestion was at a concentration of 2.5
U/ml in an extraction buffer containing 2 mM CaCl, and 1% Triton

X-100. In control reactions, the nuclease was inhibited by adding
EGTA to 10 mM. Flow cytometric analysis of samples was carried
out as described in Lindner et al. (2002). Filter sets for YFP (41028)
and CFP (31044 v2) were from Chroma Inc. (Brattleboro, VT).

Protein Analysis

Protein extracts were made by TCA extraction and analyzed by
Western blotting as described previously (Grallert et al., 2000).

Table 2. Oligos used

5'HindIITATG-CYFP
3'SacSTOPBamSal-CYFP
5' Apal-mem10C
3'Smal-mcm10C
5'Xhol-sna41
3'Smal-sna4l
5'Xhol-mecm10ATG
3'Smal-mcm10N

tttaagctttaat ggt gagcaagggcgaggage
tttgagctctttaggatccgt cgacctt gtacagcet cgt ccat gceg
ttt gggcccgaaccaagaaaggaagaggagcegat
tttcccgggagggaact attt ctaagt catcctca

agagct cgaggagaagt t t gaaaat gct ca

cctccccgggct aat agt gt t t t gaaggacag

tttctcgagt at gcat gat cccttcatt gcagaag
tttcccgggaggecectttt cct aat gaaacat ct

5'EcoRI-nmt1 tttgaattcggtcgat cgact ct agaggat caga
3'Apal-nmtl tttgggccccat at gat t t aacaaagcgact at aag
5' Apal-orc6 tttgggccctggaaaccattacttatctttgtacc
3'Xhol-orc6 tttctcgagt gaagcagtaccatctttttcaagcetg
5'Apal-mcm?7 caagt gggcccgccgcect gcgaaccccttata
3'Smal-mcm7 cttaccccgggcattct ccat at gt aaat ccg
5'Xhol-mcm?2 acgact cgagacact acaattccttttaatc
3'Smal-mcm?2 ccaccccgggcaat aagat atttagcaaatgttc
5'Apal-cdtl tttgggcccgctattaccccatgttttactattc
3'Smal-cdtl tttcccgggt agaat t t gaaagaat agt gat gct a
3878 Molecular Biology of the Cell
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Figure 1. Cdc23 is chromatin bound throughout the cell cycle. (A) Cdc23 is constitutively located in the nucleus before and after detergent
washing. Top and middle panels: an asynchronous log phase culture of strain P1082, permeabilized by zymolyase digestion and either
directly fixed (—Triton) or detergent washed and then fixed (+Triton). Bottom panels: strain P1128 (Mcm2-YFP, Cdc23-CFP) permeabilized
by zymolyase digestion and detergent washed; Mcm?2 is chromatin associated in only binucleate cells (in late M/G1/S), whereas Cdc23 is
refractory to detergent extraction in all stages of the cell cycle. Bar, 10 um. (B) Quantitation of data shown in A. Bin, binucleate (G1/S phase)
cells; Unin, uninucleate (G2 phase) cells. (C) Digestion of DNA with micrococcal nuclease releases Cdc23, implying that Cdc23 that is
refractory to detergent extraction is bound to chromatin. Cells prepared as in A were either detergent washed only (—MNase), treated with
detergent and micrococcal nuclease (+MNase), or treated with detergent and micrococcal nuclease in the presence of EGTA (+MNase,
+EGTA). Graphs show the percentage of cells with nuclear Cdc23 or DNA. (D) Cdc23 is chromatin associated in cells arrested at different
cell cycle stages. Strains mutant in cdc10 (P1362), cdc22 (P1358), cdc25 (1357), or nda3 (1360) genes were shifted to the restrictive temperature
(20°C for nda3, otherwise 36°C) for 3 h, and chromatin binding of Cdc23 was assessed by detergent washing as in A. The wild-type control
strain used was P1082. (E) Cdc23 is not chromatin associated in cells arrested in G1 by nitrogen starvation. Log phase cells of strain P1122
was transferred to EMM-nitrogen medium for 16 h at 25°C after which cells were processed as in A and fixed either without (—T) or after
detergent washing (+T). Bar, 10 um. (F) Comparison of Cdc23-CFP levels with other CFP-tagged replication proteins by Western blotting.
Strains used were P1122 (Cdc23), P1134 (Orc6), P1051 (Mcm?2), and P1054 (Mcm?). Also shown are yellow fluorescent protein (YFP)-tagged
Cdc45 (P1083) and Mcm2 (“Mcm?2-Y,” P1046) and a wild-type strain (“no tag”). a-Tubulin is shown as a loading control. From quantitative
analysis of Western blots with diluted Orc6, Mcm2, and Mcm7 samples, the relative abundance of the proteins is estimated at 1:2:15:15 for
Cdc23:0rc6:Mcm2:Mcm? (unpublished data).

Cdc23 was detected either using monoclonal 3E1 anti-GFP anti- It is not clear how fission yeast Cdc23 compares with these
body, or rabbit polyclonal anti-Cdc23. Rabbit polyclonal antibody  situations, because a previous report described the protein
was raised against N-terminal histidine-tagged full-length Cdc23, as being associated with nuclease-resistant nuclear struc-

produced using expression vector pET-19b in Escherichia coli expres-
sion host BL21 (DE3) pLysS, and purified over nickel-charged His-
Bind resin (Novagen, Madison, WI). a-Tubulin was detected using

tures (Liang and Forsburg, 2001), and the possibility of
changes in nuclear association during the cell cycle has not

Sigma T5168 at a dilution of 1/10,000. been examined.
To extend this work we used an “in situ” chromatin-
RESULTS binding assay to analyze Cdc23. This technique, first used
with Mem2-7 proteins (Kearsey et al., 2000; Lindner ef al.,
Chromatin Binding of Cdc23 during the Cell Cycle 2002), uses a detergent wash of permeabilized cells to extract

nucleoplasmic, but not chromatin-associated, protein and

The chromatin binding of some replication factors such as ) . . .
thus reveals whether a given factor is chromatin associated

Mcem2-7 proteins changes during the cell cycle, which re- e >V il
flects important regulatory controls on DNA replication. in single cells, thus avoiding the peed for synchronization
Mcm10 chromatin association is also regulated in Xenopus, proceflures. We constructed a strain where the sole copy of
because it binds in a step dependent on pre-RC formation cdc23, e)fpressed from its native promoter, is C-te?mmally
but independent of Cdk2 and Cdc7, and disassociates dur- taggfed with CFP. In growing cells, Cdc23 is nuclear’m >95%
ing S phase together with Mcm2-7 (Wohlschlegel et al., of binucleate (late M/G1/S phase) as well as uninucleate

2002). This behavior appears to be conserved at least in (G2 phase) cells, even after detergent washing, suggesting
vertebrates, as mammalian Mcm10 associates with nuclear that the protein remains chromatin associated during the cell
structures in S phase and dissociates in G2 (Izumi et al., 2000, cycle (Figure 1, A and B). The fluorescence intensity is re-
2001) although in contrast, S. cerevisite Mcm10 binds to ~ duced by about half by detergent extraction, suggesting that
chromatin throughout the cell cycle (Homesley et al., 2000). a fraction of Cdc23 is nucleoplasmic and may be removed by
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this procedure. Using a doubly tagged strain, cells showing
Mcm2-YFP chromatin binding (i.e., in late M, G1, or S phase)
also retained Cdc23-CFP, making it unlikely that displace-
ment of this protein is occurring during the short G1 phase
(Figure 1A). Furthermore, most cells retain chromatin asso-
ciated Cdc23 after arrest in G1, S, G2, or mitosis with cdc10,
cdc22, cdc25, or nda3 mutations (Figure 1D). Digestion of
DNA with micrococcal nuclease caused complete loss of
Cdc23, indicating that Cdc23 that is refractory to detergent
extraction is chromatin associated (Figure 1C).

In contrast to the situation with cycling cells, we observed
that chromatin association of Cdc23 is altered in stationary
phase cells. After arrest in G1 by nitrogen starvation, Cdc23
levels are lower (unpublished data), but the protein is clearly
nuclearly localized in cells directly fixed by methanol/ace-
tone (Figure 1E, —T). In contrast to the situation with log
phase cells, detergent washing can extract this nuclear
Cdc23 (Figure 1E, +T). Taken together these results show
that Cdc23 is chromatin associated throughout the cell cycle
in log phase cells, but it is displaced from or less tightly
associated with chromatin in Gl-arrested, quiescent cells.

Mcm10 is present at about two molecules per origin in
Xenopus (Wohlschlegel ef al., 2002), but there are potentially
many copies of the protein per origin in S. cerevisiae, because
Mcm10 is similar in abundance to Mcm2-7 and 40-60 times
more abundant than ORC (Kawasaki ef al., 2000). Given this
wide range in abundance we compared Cdc23 levels with
other tagged proteins by Western blotting. This showed that
in contrast to the situation in budding yeast, Cdc23 is ~10-
20-fold less abundant than Mcm2 and Mcm?7 and compara-
ble in abundance to Orc6 (Figure 1F).

Cdc23 Chromatin Reassociation Is Independent
of Mcm4

Given that the chromatin association of vertebrate Mcm10
requires the prior chromatin binding of Mem2-7
(Wohlschlegel et al., 2002), we considered the possibility that
Cdc23 might also be loaded in an Mcm2-7-dependent step,
but remain on chromatin after completion of DNA replica-
tion, thus obscuring any stage-specific association. To inves-
tigate this possibility, cells were arrested in G1 by nitrogen
starvation, when Cdc23 is detergent extractable, and we
followed the reassociation of Cdc23 when cells are refed and
carry out DNA replication (Figure 2A). Wild-type cells show
an increase in Cdc23 that is not detergent extractable in
advance of DNA replication (Figure 2, B-D). To determine
the relevance of Mcm2-7 protein in this reassociation, we
used a tight allele of mcm4 where a conventional tempera-
ture-sensitive allele is N-terminally tagged with a domain
that is ubiquitylated and degraded at 37°C (Dohman et al.,
1994; Lindner et al., 2002). In contrast to the situation in the
single temperature-sensitive mutant, Mcm4 protein is rap-
idly degraded at the restrictive temperature in this double
(mcm4tstd) mutant, and a tighter block to DNA replication is
achieved (Lindner et al., 2002). On refeeding the degron
mutant at the restrictive temperature, DNA replication is
blocked, but the reassociation of Cdc23 with chromatin
shows timing similar to that of the wild-type strain (Figure
2, B-D). Thus although Cdc23 reassociates with chromatin
before S phase, this step is independent of Mcm4 and pre-
sumably pre-RC formation.

3880

-N,37°C 45 — +N, 37°C
memdts-td
memd* cde23-CFP —# -N,25°C 16h\ .
Asynchronous culture 25°C +N.25
B mcm4ts-td wit
-Triton +Triton
Cdc23-
CFP
- .--

-N, 16h +N, 2h

i wt mcmdts-td

_/_+N,25°6h
+N, 5h
L L+N, 4n
AL [+N, 3h

504 A
--O-wt | 37°
O mcm4rsrd:'T ! _.__+:, 2Ir1]
\ +N, 1
254
_-N, 45'

St 5T
—&— mcmdtstd

-N, 16h

] __Tﬂ phase
] 1

.

cells with nuclear Cdc23 (%)

o

1 2 3 4
t after re-feeding (h)

Figure 2. Cdc23 is displaced from chromatin after nitrogen starva-
tion, but re-association with chromatin on re-entry to the cell cycle does
not require pre-RC formation. (A) Experimental procedure; strains
used were P1266 (degron mcm4tstd) and P1122 (mcm4™). (B) Nuclear
localization (—Triton) and chromatin association (+Triton) of Cdc23
after nitrogen starvation (—N, 16 h) and re-entry to the cell cycle (+N,
2 h) in wild-type (wt) and mcm4 degron strains (mcm4ts-td). Only data
for the mcm4ts-td strain are shown after nitrogen starvation (—N, 16 h),
but the mcm4™ strain showed a similar result. (C) Quantitation of data
from the experiment shown in B. (D) Flow cytometry, showing that S
phase is blocked in the degron mcm4tstd strain and timing of S phase
in the wild-type strain at 37°C.

Using Mcm2-7 and Cdc45 Chromatin Binding to
Monitor Sequential Steps in Replication Activation
in Single Cells

To investigate the function of Cdc23 in DNA replication we
first explored whether Cdc45 chromatin association could be
used to monitor a late step in replication activation in fission
yeast cells, after the initial binding of Mcm2-7 proteins. Cdc45
loading is critical for replication control because it is the last
step between origin unwinding and DNA synthesis and is
rate-limiting for replication in Xenopus (Edwards et al., 2002).
Like Mcm?2-7 proteins, Cdc45 (also known as Sna41) is consti-
tutively nuclear during the Schizosaccharomyces pombe cell cycle
(Miyake and Yamashita, 1998), but a proportion of binucleate
cells (in G1/S phase) is resistant to Cdc45 extraction (Figure
3A). This retained protein is solubilized by micrococcal nucle-
ase digestion (unpublished results), implying that Cdc45 is
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bound to chromatin in these cells. Analysis of a strain contain-
ing Cdc45-YFP, Mcm7-CFP, and a-tubulin-GFP showed that
Mecm?7 chromatin association occurs first during mid-anaphase,
as found for Mcm4 (Kearsey et al., 2000), but Cdc45 chromatin
association is only seen in binucleate cells lacking spindles, i.e.,
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after the completion of anaphase (Figure 3, B and C). Most
uninucleate (G2) cells were negative for both Mcm?7 and Cdc45,
implying that both proteins dissociate from chromatin by the
end of S phase.

Analysis of a cdc10 mutant, which has been reported to block
Mcmé6 but not Cde45 chromatin association (Uchiyama et al.,
2001), suggests that Cdc45 might associate with chromatin in a
step independent of pre-RC formation, because Cdc10 is neces-
sary for Cdtl and Cdcl8 transcription. To examine this point in
more detail we constructed a strain containing Cdc45-YFP,
Mcm2-CFP, and a degron mcm4tstd mutation. After shifting this
strain to the restrictive temperature, both the associations of
Mcem2 and Cde45 with chromatin that are normally seen in binu-
cleate (late M/G1/S phase) cells are now blocked (Figure 4, A and
B). We also showed that as assayed by the in situ chromatin
binding assay, Cdc45 chromatin binding is lost in a cdc10 mutant
at the restrictive temperature (Figure 4, C and D), which is con-
sistent with a dependence of Cdc45 chromatin loading on
Mcm2-7 chromatin binding. In addition, inactivation of either
Hsk1 (homologous to S. cerevisiee Cdc7) using a temperature-
sensitive allele, or CDK, using a strain with a thiamine-regulatable
cdc13™ gene in the background of a triple cyclin B gene deletion,
also blocked Cdc45 chromatin association that is normally seen in
binucleate (S phase) cells as well as S phase entry (Figure 4, C-F).
Relevant to these results is a recent study showing that the Sld3
partner of Cdc45 only binds to chromatin after Hskl activation
(Nakajima and Masukata, 2002). Taken together these observa-
tions indicate that fission yeast Cdc45 has similar properties to
homologues in S. cerevisiae and Xenopus, associating with chroma-
tin in a step that occurs after Mcm2-7 chromatin association and
that is dependent on pre-RC formation and activation of CDK and
Hskl. Its chromatin association is thus likely to occur around the
time of S phase onset.

Figure 3. Sequential chromatin association of Mcm?7 and Cdc45
during the fission yeast cell cycle. (A) Cdc45 is chromatin associated
only during S phase. An asynchronous culture of strain P1083 was
fixed directly (—T) or permeabilized, detergent-washed, and fixed
(+T). Cdc45 is constitutively located in the nucleus during the cell
cycle in directly fixed cells, confirming a previous result obtained in
cells overexpressing Cdc45 (Miyake and Yamashita, 1998), but chro-
matin association is only seen in some binucleate cells (arrow). Bar,
10 wm. (B) An asynchronous culture of strain P1156, containing
Mcm?7-CFP, Cdc45-YFP, and a-tubulin-GFP, was processed by de-
tergent extraction to reveal chromatin association of Mcm7 (left
panels) and Cdc45 (middle panels). Cells are staged into a cell cycle
sequence according to spindle length and nuclear separation: (1)
metaphase/early anaphase (spindle <3 um); (2) mid to late an-
aphase (spindle >3 um); (3) G1/S (binucleate, no spindle); (4) G1/S
(binucleate, no spindle, septum visible); and (5) G2 (uninucleate).
Although GFP (tubulin) fluorescence leaks into the YFP channel in
this experiment, tubulin can be unambiguously distinguished from
Cdc45 because nuclear fluorescence is not seen in a strain only
containing a-tubulin-GFP after detergent extraction and a strain
only containing Cdc45-YFP does not show spindle fluorescence.
Bar, 10 pm. (C) Quantitation of experiment shown in B, showing
percentage of cells positive for Cdc45 or Mcm?7 after detergent
extraction. Numbers on the x-axis refer to cell cycle stages shown in
B. Mcm7 chromatin association occurs from mid-anaphase (stage 2),
but Cdc45 chromatin binding is only seen in binucleate cells lacking
spindles (stages 3 and 4). Because a proportion of binucleate cells
without spindles (stage 3) are positive for Mcm7 and not Cdc45,
these may represent G1 cells. Binucleate cells with both Cdc45 and
Mcm? binding are likely to represent cells in S phase.
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Figure 4. Chromatin binding of Cdc45 is dependent on pre-RC forma-
tion, CDK, and Hsk1. (A) Cdc45 chromatin association is dependent on
Mam4 function. Strain P1162 containing a degron mcm4tstd mutation,
Mcm2-CFP, and Cdc45-YFP was shifted to 37°C, and the percentage of
binucleate cells with Mcm2 and Cdc45 after detergent extraction was
scored. (B) Flow cytometric analysis of experiment shown in A, showing
arrest of DNA replication by degron mcm4tstd mutation. (C) Cdc45 chro-
matin association is dependent on Cdcl0 and Hskl function. Strains
containing YFP-tagged Cdc45 and temperature-sensitive cdc10 (P1166) or
hsk1 (P1184) alleles were grown to log phase at 25°C and then shifted to the
restrictive temperature (36°C for cdc10, 30°C for hsk1), and the chromatin
binding of Cdc45 in binucleate cells was monitored using the in situ
chromatin binding assay. The wild-type control strain (shifted to 36°C)
was P1083. +T, cells were examined after detergent extraction; —T, cells
were fixed directly. (D) Flow cytometric analysis of experiment shown in
C. (E) Cdc45 chromatin association is dependent on CDK. Strain P1276,
containing a triple cyclin B deletion and an nmtl-regulatable cdc13* gene
was transferred to thiamine-containing medium at f = 0 to inactivate
CDK, and chromatin association of Cdc45 was monitored. This block to S
phase entry (shown in flow cytometric analysis in F) also prevents Cdc45
chromatin association. In A, C, and E the percentage of binucleate cells
with chromatin bound Cdc45 is shown as a percentage of total binucleate
cells.

Cdc23 Functions after Mcm2-7 Chromatin
Association and Is Required for Cdc45

Chromatin Binding

To investigate the effect of Cdc23 inactivation on the sequen-
tial chromatin association of Mcm2 and Cdc45, we con-
structed strains expressing fluorescently tagged versions of
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these proteins and a degron cdc23 allele. As with mcm4, to
make this allele as tight as possible, we made a double
mutant (cdc23tstd) where the degron is combined with a
temperature-sensitive allele (cdc23-IE2; Grallert and Nurse,
1997). In cycling cells, this degron version of Cdc23 is not
efficiently degraded, but if cells are arrested in G1 by nitro-
gen starvation and then refed 37°C, efficient proteolysis is
observed and DNA replication is blocked (Figure 5, B and F).
Degron cdc23 strains containing Cdc45-YFP or Mcm2-CFP
were thus arrested in G1, when both proteins are not chro-
matin associated, and refed at either the permissive or re-
strictive temperature, allowing the reassociation of these
proteins with chromatin to be monitored. HU was added to
the cultures to prevent displacement of Mcm2 or Cdc45 from
chromatin on replication completion at the permissive tem-
perature. On refeeding at 25°C, chromatin association of
both proteins is observed (Figures 5, C and D, and 6, A and
B). However, at 37°C when Cdc23 is inactivated and de-
graded, chromatin association of Cdc45 is not detected (Fig-
ure 5, C and D), although Mcm2 chromatin association
occurs normally (Figure 6, A and B). This indicates that
inactivation of Cdc23 does not affect Mcm2 binding and
presumably the early step of pre-RC formation, but affects a
later one involving association of Cdc45 with chromatin.

Because Cdc23 functions after Mcm2 chromatin binding
but before association of Cdc45, one possibility is that it
promotes displacement of Cdtl from pre-RCs, because Cdt1l
is required for Mcm2-7 chromatin association but is not
needed for DNA replication after initiation (Nishitani ef al.,
2000). However, we find that Cdtl does not persist in cells
when Cdc23 is inactivated compared with wild-type cells
(Figure 7), indicating that the block to Cdc45 chromatin
binding appears to be independent of Cdt1.

Inactivation of Cdc23 during S Phase Prevents
Completion of DNA Replication

In Xenopus, although Mcm10 depletion prevents Cdc45 chro-
matin association during initiation, it has not been possible
to determine whether Mcm10 is also required to maintain
Cdc45 chromatin binding after S phase onset. To address
this point we were unable to use the cdc23tstd allele, because
degradation of Cdc23 in this strain is rather inefficient unless
cells are nitrogen starved. We therefore made an improved
mutant where transcription of the cdc23tstd allele is from an
attenuated version of the nmtl promoter (nmt-cdc23tstd),
which can be repressed with thiamine. These cells were
arrested in S phase by adding HU to the medium, which
blocks cells with chromatin-associated Cdc45 and Mcm?2,
and both thiamine addition and a temperature shift to 37°C
were used to eliminate Cdc23 activity (Figure 8, A and E).
After 4 h at 37°C there is no effect on Mcm2 chromatin
association (Figure 8C), although there is a small but repro-
ducible effect on the proportion of cells with chromatin-
associated Cdc45 (Figure 8B). When cells were released from
the HU block but maintained at 37°C, a significant propor-
tion of cells maintained Cdc45 chromatin binding and nu-
clear division did not take place, whereas at 25°C or in the
wild-type strain at either temperature, DNA synthesis was
completed as assessed by loss of Cdc45 chromatin binding
and the onset of nuclear division (Figure 8, B and D). The
inability of cdc23 mutant cells to complete S phase when
released from the HU block implies that Cdc23 is required

Molecular Biology of the Cell
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Figure 5. Inactivation of Cdc23 prevents Cdc45 chromatin associ-
ation during S phase. (A) Experimental procedure. Strains used
were P1100 (cdc23tstd) and P1083 (wt), both of which contain Cdc45-
YFP. HU was added to cultures after refeeding to block cells in S
phase and thus prevent displacement of Cdc45 at the permissive
temperature. (B) Levels of Cdc23 protein during the experiment.
Even lanes: protein levels for experiment shown in C; odd lanes:
protein levels for the Mcm2 experiment shown in Figure 6. a-Tu-
bulin is shown as a loading control. (C) Cdc45-YFP fluorescence
after detergent extraction. For further details see text. (D) Quantita-
tion of data shown in C. (E) Flow cytometric analysis of cdc23tstd
cells shown in C; also shown is —HU control. (F) Flow cytometric
analysis of degron cdc23tstd cells released from nitrogen starvation
in absence of HU, showing block to S phase at 37°C and execution
of DNA replication at 25°C.

for the elongation or termination steps of replication and
concurs with earlier studies (Nasmyth and Nurse, 1981;
Kawasaki et al., 2000). However, inactivation of Cdc23 has a
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Figure 6. Inactivation of Cdc23 has no effect on Mcm?2 chromatin
association. Experimental procedure is shown in Figure 5A; strains
used were P1098 (cdc23tstd) and P1051 (wt), both of which contain
Mcm2-CFP. As before, HU was added to cultures after refeeding to
block cells in S phase and thus prevent displacement of Mcm?2 at the
permissive temperature. (A) Mcm2-CFP fluorescence after deter-
gent extraction. For further details see text. (B) Quantitation of data
shown in A. (C) Flow cytometric analysis of cdc23tstd cells shown in
A; also shown is —HU control.

more dramatic effect on the establishment rather than the
maintenance of Cdc45 chromatin binding as assessed by
detergent extraction. We have been unable to examine the
effect of Cdc23 inactivation on maintenance of Cdc45 chro-
matin association in the absence of HU because of problems
in inactivating Cdc23 quickly in nonarrested cells.

DISCUSSION

In this article we have extended the use of fluorescently
tagged replication proteins to study the function of replica-
tion factors in fission yeast. Cells containing tagged Mcm2-7
and Cdc45 allow two steps leading to S phase to be moni-
tored in single cells, one corresponding to pre-RC formation
and the other occurring around DNA replication onset.
Cdc45 chromatin association should provide a useful cyto-
logical method to distinguish cells in late mitosis/G1 from
those in S phase and offers an alternative to methods that
cannot be applied to single cells and require synchronization
of cell populations.

Using this approach, we have shown that Cdc23 functions
after Mcm2 chromatin binding, implying that it is not
needed for pre-RC formation, but is necessary for the chro-
matin association of Cdc45 during replication initiation. This
function is conserved between vertebrates and fission yeast,
because comparable findings for Mem10 function have been
reported using a soluble in vitro system for DNA replication
derived from Xenopus eggs (Wohlschlegel et al., 2002). How-
ever, in S. cerevisiae, inactivation of Mcm10 leads to loss of
chromatin-associated Mcm2 in Gl-arrested cells, leading to
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Figure 7. Cdc23 inactivation does not affect Cdtl. Strains express-
ing Cdt1-CFP and either wild-type (P1214) and or degron cdc23
alleles (nmt-cdc23tstd, P1226) were grown at 25°C to log phase and
then transferred to medium lacking nitrogen for 16 h at 25°C to
arrest cells in G1. Thiamine was added after 12 h of nitrogen
starvation to reduce expression of Cdc23 in the degron strain. At
16 h the cultures were split, refed with nitrogen, and incubated at
either 25°C or 37°C and analyzed, at the times indicated, by flow
cytometry and fluorescence microscopy to detect nuclear Cdtl. (A)
Analysis of percentage of cells showing nuclear Cdtl after refeed-
ing. Data shown are for directly fixed cells but similar results were
obtained for cells that were detergent extracted before fixation. (B)
Flow cytometric analysis for data shown in A, showing arrest of
DNA replication in the degron cdc23 strain at 37°C.

the conclusion that Mem10 is necessary for the earlier step of
pre-RC formation (Homesley et al., 2000). Further work will
be required to determine whether this represents an Mcm10
function not conserved in fission yeast or Xenopus or is a
result of differences in experimental design.

What precisely is the biochemical role of Cdc23/Mcm10 in
stimulating Cdc45 chromatin binding? One possibility is
that it acts as a molecular tether between Cdc45 and other
components of the pre-RC, to allow Cdc45 to associate with
chromatin. Once loaded, Cdc45 could carry out origin un-
winding (Walter and Newport, 2000) and subsequent assem-
bly of RPA, polymerase «, and polymerase e during initia-
tion (Mimura and Takisawa, 1998, Mimura et al., 2000;
Uchiyama et al., 2001). Cdc45 is required for elongation of
replication forks (Tercero et al., 2000), and Cdc23/Mcm10
could be essential for elongation by maintaining Cdc45 chro-
matin association during DNA synthesis. However, we find
that if cells are arrested in S phase with HU after the Cdc45
chromatin-binding step, and then Cdc23 is inactivated, most
cells retain Cdc45 chromatin association. The possibility that
incomplete inactivation of Cdc23 is the explanation for a
modest reduction in chromatin bound Cdc45 is not sup-
ported by the observation that when cells are released from
the HU block in this experiment, they fail to complete S
phase. This implies that the cells that retain chromatin asso-
ciated Cdc45 are incapable of completing DNA replication in
the absence of Cdc23 function. One interpretation of these
results is that Cdc23/Mcm10 is not simply a tether for
Cdc45, but affects Cdc45 chromatin association indirectly.
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Figure 8. Inactivation of Cdc23 during an S phase arrest blocks S
phase completion (A) Experimental procedure. Strains used were
P1051 (mcm2-CFP); P1220 (mcm2-CFP, nmt-cdc23tstd); P1083 (cdc45-
YFP), and P1221 (cdc45-YFP, nmt-cdc23tstd). Numbers in parenthe-
ses indicate experimental stages, which are referred to in other parts
of the figure. (B) Quantitation of chromatin binding data for Cdc45
for the stages in the experiment shown in A. Left panel: data for cells
at 25°C; right panel: data for where cells were shifted to 37°C. (C)
Quantitation of chromatin binding data for Mcm?2 for the stages in
the experiment shown in A. The Mcm2 experiments were termi-
nated at stages 3 and 4. (D) Flow cytometry analysis for data shown
in B. In this experiment the peaks drift to the right due to cell
elongation at 37°C. The percentages of binucleate cells at stages
(5-8) are also shown. (E) Western analysis of Cdc23 levels during
experiment; a-tubulin is shown as a loading control.
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For instance, Cdc23/Mcm10 could catalyze a step after
pre-RC formation that is needed for both initiation and
elongation. Cdc45 could bind as a consequence of this func-
tion at initiation, but, once bound, maintenance of its chro-
matin association would not be so dependent on Cdc23/
Mcm10’s function during elongation. While this article was
under review, Lee et al. (2003) reported that the in vitro
phosphorylation of Mcm2 and Mcm4 by Hsk1 is stimulated
by Cdc23. If the critical event for Cdc45 chromatin binding is
this Mcm2,4 phosphorylation event, this would explain the
dependence of Cdc45 chromatin binding on Mcm4, Hskl,
and Cdc23 reported here.

In spite of the common Cdc23/Mcm10 function between
fission yeast and vertebrates, the periodicity of Mcm10 chro-
matin association during the vertebrate cell cycle contrasts
with the constitutive binding of Cdc23 in fission yeast cells.
The possible protein interactions that are important for
Cdc23/Mcm10 chromatin association are shown in the
model in Figure 9. Chromatin association of fission yeast
Cdc23 is shown to occur via ORC and, although direct
evidence is lacking, this interaction is plausible based on
interactions with ORC subunits in fission yeast (Hart et al.,
2002) and humans (Izumi et al., 2000) as well as enrichment
at origin sequences in S. cerevisine (Homesley et al., 2000). To
explain the elongation requirement for Cdc23, Cdc23 is
shown departing with the replication forks in association
with the putative Mcm?2-7 helicase, allowing ORC to bind
free Cdc23. Interaction between Cdc23 and Mcm2-7 proteins
is suggested by a number of studies (Merchant et al., 1997;
Homesley et al., 2000; Izumi et al., 2000; Liang and Forsburg,
2001; Hart et al., 2002), although from a consideration of the
relative levels of these proteins in fission yeast only a small
proportion of total Mcm2-7 can be associated in a complex
with Cdc23. An alternative explanation for the function of
Cdc23 during elongation that does not require its participa-
tion at the replication fork is that its presence at ORC could
facilitate the passive replication of unfired origins, as sug-
gested by pausing of forks at origins in a budding yeast
mcm10 mutant (Homesley et al., 2000).

In vertebrates, the main difference compared with fission
yeast is that Mcm10 only binds after Mcm2-7 chromatin
association, perhaps as interaction with these proteins rather
than ORC is important for Mcm10 chromatin binding (Fig-
ure 9). This is consistent with the observation that during S
phase, Mcm10 disassociates along with Mcm2-7 proteins
from chromatin (Wohlschlegel et al., 2002). Comparison of
Mcm10 sequences reveals that metazoan proteins have a
C-terminal extension not found in yeasts (Izumi et al., 2000),
which contains a conserved domain, and it will be of interest
to determine whether this is relevant to the distinct chroma-
tin binding properties of vertebrate Mcm10.

These nonconserved patterns of Cdc23/Mcm10 chromatin
association during the cell cycle comparing yeasts and ver-
tebrates are intriguingly similar to those seen with Cdc7. S.
cerevisiae Cdc7 is also bound to chromatin throughout the
cell cycle (Weinreich and Stillman, 1999), and the chromatin
interaction of the Dbf4 regulatory subunit of Cdc7 is depen-
dent on ORC (Pasero et al., 1999; Duncker et al., 2002). In
contrast, Xenopus Cdc7 requires prior binding of Mecm2-7
proteins for its chromatin interaction (Jares and Blow, 2000).
If chromatin associations of Cdc7 and Mcm10, which both
function around initiation, are solely dependent on Mcm2-7
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Figure 9. Model showing possible basis of Cdc23/Mcm10 chro-
matin association in fission yeast and vertebrate cell cycles. Arrows
indicate hypothetical protein-protein interactions that may be im-
portant for establishing chromatin association of Cdc23/Mcm10.
For details see text.

proteins in vertebrates, but dependent on ORC in yeasts, this
could reflect a dispensability of ORC for initiation in verte-
brates once Mcm?2-7 chromatin binding has occurred. This is
relevant to the consideration of models suggesting that
Mcm2-7 complexes in vertebrates may become distributed
over a large region of DNA after loading at ORC, before
initiation, (Ritzi et al., 1998; Edwards et al., 2002), thus po-
tentially allowing initiation away from ORC.

In this work we have established that quiescent fission
yeast cells must reestablish Cdc23 chromatin binding as a
requirement for DNA replication, and it will be of interest to
establish whether this possible coupling between growth
and DNA replication has any regulatory significance. We
have shown that this event is independent of Mcm?2-7 chro-
matin association and thus does not seem to be related to the
discrete binding of Mcm10 that occurs in vertebrate cell
cycles after pre-RC formation. Growing fission yeast cells
differ from vertebrate cells in that Mem10 chromatin binding
does not have to be re-established after mitosis, and if this
step is rate limiting, it is possible that vertebrates thus have
an additional regulatory step in G1 to control DNA replica-
tion that is not present in yeast. There are precedents for
differences in replication control comparing eukaryotes.
Yeasts lack vertebrate replication controls involving geminin
(Wohlschlegel et al., 2000; Tada et al., 2001) and destabiliza-
tion of ORC1 chromatin association after replication initia-
tion (Mendez et al., 2002; Sun et al., 2002), perhaps because
unicellular organisms with small genomes can tolerate a
lower fidelity of replication control.
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