Curr Genet (1998) 34: 164-171

© Springer-Verlag 1998

ORIGINAL PAPER

Stephen J. Aves - Nicholas Tongue - Andrew J. Foster
Elizabeth A. Hart

The essential Schizosaccharomyces pombe cdc23 DNA replication
gene shares structural and functional homology
with the Saccharomyces cerevisiae DNA43 (MCM10) gene

Received: 12 April / 6 July 1998

Abstract Thefissionyeast cdc23 geneisrequiredfor cor-
rect DNA replication: cdc23 mutants show reduced rates
of DNA synthesis and become elongated after cell-cycle
arrest. We have cloned the Schizosaccharomyces pombe
cdc23 gene by complementation of the temperature-sensi-
tive phenotype of cdc23-M36 and confirmed the identity
of the gene by integrative mapping. Analysis of the DNA
sequence reveals that cdc23 can encode a protein of 593
amino acids (M,=67 kDa) with 22% overall identity and
many structural homologies with the product of the Sac-
charomyces cerevisiae DNA43 (MCM10) genewhichisre-
quired for correct initiation of DNA synthesis at chromo-
somal origins of replication. Construction of a cdc23 null
alele has established that the cdc23 gene is essential for
viability, with cdc23 deletion mutant spores germinating
but undergoing arrest with undivided nuclei in the first
or second cell cycle. The S. pombe cdc23 gene on an ex-
pression plasmid is able to complement the S. cerevisiae
dna43-1 mutant. These structural and functional homolo-
gies between two distantly related species suggest that
cdc23 and DNA43 may represent genesfor aconserved es-
sential eukaryotic DNA replication function.
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Introduction

DNA replication is a fundamental cellular process which
must be closely co-ordinated with other cell-cycle events
in order for division to occur successfully. Biochemical
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studiesin many systems, particularly mammalian viruses,
have determined many of the enzymes responsible for
DNA replication in eukaryotic cells (Brush et al. 1995).
Molecular genetic investigations in yeast have provided a
complementary approach useful for identifying and char-
acterising components of control mechanisms regulating
theinitiation and el ongation stages of DNA replication and
the co-ordination of these processes with other cell-cycle
events. The budding yeast Saccharomyces cerevisiae and
the fission yeast Schizosaccharomyces pombe have both
been extensively used in such studies: thesetwo yeasts are
highly diverged in evolutionary terms, and therefore sim-
ilarities between the two systems are indicative of func-
tions conserved across eukaryotes (Russell and Nurse
1986).

Inthefissionyeast S. pombemany genesencoding DNA
replication functions have been identified by the isolation
of temperature-sensitive cell-division-cycle(cdc) mutants.
In particular, genes cdcl7 through to cdc24 were identi-
fied in ascreen for cdc mutants defective in S-phase func-
tions (Nasmyth and Nurse 1981). Of these, cdc17 hasbeen
shown to encode DNA ligase (Nasmyth 1977; Barker et al.
1987), cdc22 encodes the large subunit of ribonucleotide
reductase (Fernandez Sarabia et al. 1993), and cdc20 en-
codesthe essential DNA polymerase € (d' Urso et al. 1997).
The cdc18 gene (homologous to CDC6 of S. cerevisiae)
encodes a product required for control of the initiation of
DNA replication (Kelly et al. 1993; Nishitani and Nurse
1995). Some other cdc genes (Nurse et a. 1976) have also
recently been found to encode DNA replication proteins,
including cdcl, cdc6 and cdc27 which code for subunits
of DNA polymerase 6 (MacNeill et al. 1996; lino and
Yamamoto 1997; Zuo et al. 1997), and cdc30 (orpl) which
encodesasubunit of the origin recognition complex (ORC)
(Grallert and Nurse 1996).

Two of the S-phase cdc genes identified by Nasmyth
and Nurse (1981) code for members of the MCM family
of DNA replication proteins: cdcl9 (also identified as
ndal) encodes S. pombe MCM2 (Miyakeet al. 1993; Fors-
burg and Nurse 1994) and cdc21 encodes S. pombe MCM4
(Coxoneta. 1992). The MCM proteinsare afamily of six



highly conserved eukaryotic proteins(MCM2-7) which are
essential for theinitiation of DNA replication, whichinter-
act with each other to bind DNA in acell-cycle-dependent
manner, and which have been implicated as components
of the replication licensing factor (reviewed in Chong et
al. 1996; Kearsey et al. 1996). All six MCM genes have
beenidentifiedin S. pombe: the MCM5 and MCM 6 homo-
logues are encoded by the S. pombe nda4 and mis5 genes
(Miyake et al. 1993; Takahashi et al. 1994) and the mcm3
and mcm?7 genes have beenidentified by homology (Coxon
et al. 1992; Adachi et al. 1997). The products of all these
S. pombe MCM genes have been shown to form a hetero-
hexameric complex in vivo (Adachi et al. 1997).

Mutants of the cdc23 DNA replication gene show slow
DNA synthesis at the non-permissive temperature: the
cdc23-M36 mutant requires 4-5 times as long as a wild-
type cell to achieve a 2C DNA content and becomes cell
cycle-arrested giving elongated uninucleate cells (Nas-
myth and Nurse 1981). The execution point fallswithin S-
phase and reciprocal shift experimentsindicate that cdc23
function is completed coincident with or after the block
point imposed by hydroxyurea (Nasmyth and Nurse 1981).
In this paper we have explored the function of cdc23 in
DNA replication by cloning and characterising the gene,
by construction of a deletion mutant, and by an investiga-
tion of functional homology.

Materials and methods

Yeast strains and growth conditions. Genetic and microbiological
methods were according to Moreno et al. (1991) for S. pombe and
Sherman et al. (1979) for S. cerevisiae. Strains for cdc23 comple-
mentation were derived from cdc23-M36 h™ (Nasmyth and Nurse
1981). The auxotrophic ura4-D18 strain used in gene-deletion ex-
periments has a complete 1.8-kb deletion of the ura4 gene (Grimm
et al. 1988). A dnad3-1 ura3-167 ade™ his™ strain of S. cerevisiae,
derived from crosses between strains JL8 (Dumas et al. 1992) and
INV SC2 (Invitrogen), was used for dna43 complementation.

Cloning and subcloning of the cdc23 gene. Standard gene-cloning
procedures were used for all DNA manipulations (Sambrook et al.
1989). To clonethe cdc23 genethe S. pombe strain cdc23-M36 ade6-
704 leul-32 ura4-D6 h*™ was transformed by the protoplasting
method (Beach and Nurse 1981) with thelibrary pURSP2 (agift from
A. M. Carr) which contains partial Sau3A-digested genomic frag-
ments from wild-type S. pombe cloned in the vector pUR19 (Barbet
et al. 1992). Two transformants out of atotal of 10 000 showed cdc*
ura® co-instability, and DNA conferring ampicillin resistance was
successfully recovered from one of these by transformation of
Escherichia coli DH5aF'. This plasmid was checked for cdc23
activity by re-transformation of the original cdc23-M36 strain, and
restriction fragments of its 6.0-kb insert (Fig. 1) were subcloned in
the S. pombe replicating vector pUR19N (Barbet et al. 1992) and
similarly tested for function. Colinearity of the S. pombe cloned and
genomic DNA was established by Southern analysis.

Sequence analysis. The DNA sequence of the 2.74-kb EcoRV-
Hindll1 subclone (Fig. 1) wasdeterminedin both directionsby chain-
termination sequencing using Sequenase™ 2.0 (USB) on templates
generated by exonuclease |11 resection or restriction fragment sub-
cloning, using universal or sequence-specific primers. Some reac-
tions utilised ABI PRISM™ dye-terminator cycle sequencing and
were resolved on an ABI377 automated sequencer. The DNA se-
guence was compiled and analysed using GCG programs (Devereux
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Fig. 1 Restriction map and subclones of the cdc23 region. The re-
striction map of the 6.0-kb insert in the cdc23-complementing plas-
mid is shown, with the sequenced region in bold and the 1779-bp
ORF indicated. C=Clal, E=EcoRIl, H=Hindlll, P=Pstl, S=Sstl,
V=EcoRV; the sequence contains no sites for BamH| or Smal. Re-
striction-fragment subclones are shown under the insert map, with
their ability to complement cdc23-M36 indicated to theright: +=able
to complement; —=unable to complement. The vector polylinker
Hindlll site was utilised in excising the 3.3-kb Hindl Il subclone

et al. 1984) accessed through the SEQNET facility of the Biotech-
nology and Biological Sciences Research Council. Coding-region
analysis on the basis of codon usage used FRAMESCAN (Staden
and McLachlan 1982). Database searches were performed with
BLAST and FASTA (Altschul et al. 1990; Pearson 1991). Protein-
sequence analysis used GCG programs and DNA Strider (Marck
1988). The nucleotide sequence of the cdc23 gene has been depos-
ited in the EMBL database under accession number AJ224944.

Gene deletion. The cdc23 subclone comprising the 3.3-kb Hindll1
fragment (see Fig. 1) in pUR19N was used for in vitro deletion of
the cdc23 ORF. First, the polylinker BamHI site was removed by
cleavage, flush-ending and re-ligation. A PCR amplification was
then performed with this clone as template using divergent primers
5'-TCGGATCCTCTTAATCTTAAACCTCC-3 and 5'-TGGGATC-
CACAGCGACTGGACTTC-3'. The products were digested with
BamHI and self-ligated to give the plasmid pAJF1: this contains a
deletion of all but thelast 34 codons of the cdc23 open reading frame
(ORF), marked by a BamH| site, with 1135 bp of upstream flanking
sequence and 477 bp of downstream flanking sequence. Segquence
analysis of the cdc23 flanking regions in pAJF1 confirmed that no
invitro mutations had been introduced in these sequences during the
PCRstep. Theurad® geneonal.75-kbfragment (Grimmet al. 1988),
BamHI linkered, wasthen cloned into pAJF1 to give plasmid pAJF2.
The 3.3-kb HindllI fragment from pAJF2 containing ura4* flanked
by cdc23 sequences was gel purified and used to transform the stable
diploid S. pombe strain ura4-D18/ura4-D18 ade6-704/ade6-704
leul-32/leul-32 h*/h*. DNA samples prepared from 12 stable ura-
cil prototrophic transformants were subjected to Southern analysis
and seven transformantswere found to be heterozygousfor thecdc23
deletion. Sporulation-competent h*/h® revertantswereisol ated from
two of these for spore-germination analysis.

Spore germination. Sporul ation-competent cdc23 del etion heterozy-
gotes and a h*/h™ ura4—27 /ura4”™ ade6-704/ade6” leul-32/leul”
control strain were inoculated at 10° ml™ in EMMG supplemented
with 225 mg |7 of adenine, leucine and uracil and incubated with
shaking at 29°C for 4 days. Azygotic asci were harvested, washed
with water, and vegetative cells were killed by 16-h incubation at
29°C with a500-fold dilution of B-glucuronidase solution (Type HP-
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2S, Sigma) followed by re-suspension in 70% ethanol for 30 min at
room temperature. Spores were washed twice with 0.17 M NaCl, in-
oculated at 1-2x10” mi~t in EMM supplemented with adenine and
leucine, and incubated with shaking at 36°C. Under these conditions
spore germination begins about 8 h after inoculation and 25% of the
spores show outgrowth by 10 h. Samples were taken after 16-h in-
cubation, fixed and stained with DAPI (Alfaet al. 1993) and viewed
using a Zeiss Axiophot fluorescence microscope. For examination
of individual germinating spores, azygotic asci were microdissected
and spore germination and growth were monitored at 35°C on yeast
extract agar supplemented with 250 mg I* of adenine, leucine and
uracil.

Cross complementation. The cdc23 gene was PCR-amplified with
Pfu polymerase using primers 5'-CGCGGTACCCATATGCAT-
GATCCCTTCATTG-3' and 5'-GCCGGATCCATAATGTATAGA-
AAAACAACG-3, cloned into the EcoRV site of pBluescript SK™
(Stratagene), and then subcloned asa Kpnl-BamHI fragment into the
S cerevisiae expression vector pYES2 (Invitrogen) to give
pY ES2-23. To confirm complementation of cdc23-M36 thegenewas
also subcloned as a Ndel-BamHI fragment into the S. pombe expres-
sion vector pREP41 (Maundrell 1993). The DNA43 (MCM10) gene
was PCR-amplified with Pfu polymerase from genomic S. cerevisiae
DNA wusing primers 5-GGTTCGTGGACATATGAATGATCC-
TCGTGAAATT-3' and5-TTTGGGGCCCTGAAAAGCACACCA-
ATAC-3' designed from theyeast genome sequence Y IL 150c, cloned
into the Smal site of pBluescript SK™ and then subcloned as a Notl-
Xhol fragment into pYES2 to give pY ES2-43. pYES2, pY ES2-23
and pY ES2-43 were transformed into a dna43-1 ura3-167 strain of
S. cerevisiae by the lithium acetate method (Ito et al. 1983) and ura”
transformants were tested for complementation of dna43-1 by rep-
licaplating to SD-uracil or galactose agar (containing 20 g I of ga-
lactose in place of glucose) at 37°C.

Results
Cloning of cdc23

The cdc23 gene was cloned by complementation of the
temperature-sensitive cdc23-M36 mutant (Nasmyth and
Nurse 1981). Following transformation with a S. pombe
genomic library and selection of colonies at 35.5°C, two
independent clones wereisolated and the DNA from these
wastransformedinto E. coli. Plasmid DNA recovered from
one E. coli clone was found to complement cdc23-M36
when re-transformed back into this yeast strain. A restric-
tion map of the 6.0-kb insert in this plasmid is given in
Fig. 1.

In order to confirm that the cdc23 gene was present in
the cloned insert DNA, integrative mapping was per-
formed. Twenty four stableintegrants (ura*) were obtained
fromthere-transformed cdc23-M36 strain. All of these ex-
hibited a cdc™ phenotype, indicating that a single copy of
the cloned gene is sufficient for mutant complementation.
All 24 integrant strains were backcrossed to a ura4-D6
leul-32 h™ strain in order to map the site of integration rel -
ative to the cdc23 gene. Three hundred and fifty spores
were analysed from each cross and in 23 out of 24 cases
no recombinant progeny were detected, indicating that the
plasmid had integrated at the same locus asthe cdc23-M36
mutation.

To localise the cdc23 gene within the 6.0-kb insert, re-
striction fragments were subcloned into a S. pombe repli-

cating vector and subclones were transformed into cdc23-
M36. Complementation was achieved with the 3.3-kb
Hindlll fragment, the 2.7-kb EcoRI fragment, the 3.55-kb
EcoRV fragment and the 2.7-kb Pstl-Hindlll fragment
(Fig. 1), but subclones cut at the internal Sstl site did not
complement. This indicates that the cdc23 gene maps
within the 2.5-kb Pstl-EcoRI fragment of the insert DNA
and that it straddles the Sstl site.

Seguence analysis of the cdc23 gene

Both strands of the 2.74-kb EcoRV-Hindl 1l fragment con-
taining cdc23"* activity (shown in bold in Fig. 1) were se-
guenced. The DNA sequence (EMBL accession number
AJ224944) reveaed alarge open reading frame (ORF) of
1.78 kb straddling the Sstl site and capable of coding for a
protein of 593 amino-acid residues. The ORF corresponds
exactly with that part of the DNA sequence predicted as a
coding region on the basis of nucleotide composition or
codon-usage analysis (see Materialsand methods). No pre-
dicted introns are apparent when the sequence is scanned
for S. pombe consensus pre-mRNA splicing signals (Prab-
hala et al. 1992). To test this, PCR-amplification of the
whole ORF was performed using either a genomic or a
cDNA library as template. PCR products of identical size
were amplified in each case (data not shown) confirming
that the whole ORF is expressed and indicating that no in-
trons are present in cdc23 preemRNA. There are no se-
guenceswith =5/6 identity to the MCB Ml ul cell-cycle box
(Lowndeset al. 1991, 1992; Johnston 1992) within 550 bp
upstream from the ORF, suggesting that the geneisnot reg-
ulated by aDSC transcription factor. Thisisin accord with
the majority of S-phase genesin fission yeast, which lack
MCB sequences and are not subject to regulation at the
transcriptional level (Johnston 1992). Four potential poly-
adenylation sites are present 35-370 bp downstream from
the cdc23 ORF.

Sequence comparisons

Comparison of the cdc23-encoded sequence with other se-
quences in the SwissProt and PIR databases revealed sig-
nificant similarity only with the product of the DNA43
(MCM10) gene (Blastp 2.0.4: expected value=2x102).
DNA43 isrequired for correct initiation of DNA replica-
tionin S cerevisiaeanditsproduct hasbeen showntointer-
act with MCM proteins (Solomon et al. 1992; Merchant
et al. 1997). The alignment in Fig. 2 shows that there is
22% overall identity between the two predicted proteins,
with highest levels of similarity inthe central region of the
sequence (41% over 110 residues between 191 and 300).
In addition, there are many conserved substitutions and
similar motifs (Fig. 2). Both the cdc23 and DNA43 pro-
teins contain a bipartite potential nuclear localisation sig-
na (NLS) at homologous positions near the N-terminus
(Fig. 2); the NLS of cdc23 is of the type found in nucle-
oplasmin and other proteins (Robbins et al. 1991). A short
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distance downstream in both proteins lie consensus phos-
phorylation sites for the p34°®2 protein kinase (Moreno
and Nurse 1990) — at residues 64-67 and 7073 in cdc23
and at 6669 in DNA43. A search of both predicted pro-
tein sequences using profilesfrom the BLOCK S and PRO-
SITE databases (Bairoch et al. 1997; Henikoff et al. 1997)
recognised no further domains; however, at a homologous
central location both proteins contain a CXg_;oCX 1,CX5H
sequence (a‘CCCH motif’ — Fig. 2) which is reminiscent
of metal-binding sites(‘ zincfingers’) in nucleic acid-bind-
ing proteins. Although the spacing between the cysteine
residues differs from known CCCH and other zinc-finger
sequences (Berg 1986, 1990; Thompson et al. 1996) it is
possiblethat thisregion of the proteins hasarolein co-or-
dinating a metal ion. The cdc23 and DNA43 proteins also
share many conserved residues and have similar predicted
molecular weights (66.7 and 65.8 kDa respectively), iso-
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Fig.2 A, B Comparison of S. pombe cdc23 and S. cerevisiae
DNA43 (MCM10) proteins. A alignment of the cdc23 and DNA43
sequences. cdc23 (upper) and DNA43 (lower) predicted protein se-
guenceswere aligned using the GCG GAP program and by eye. I den-
tical residues are indicated by vertical lines (0) and similar residues
by colons (:). The nuclear Iocallsatlon signal (NLS) is shown; also
boxed are the potential p34°4¢? phosphorylation sites (S'TPXK/R)
and the CCCH motifs discussed in the text. The DNA43 protein se-
guence was obtained by translation of the Y1L150c genomic open
reading frame. The DNA sequence of the cdc23 gene is available
from the EMBL database, accession number AJ224944. B diagram-
matic representation of similarities between the cdc23 and DNA43
proteins. Nuclear localisation signals (NLS), CCCH motifs and po-
tential p34°°2 phosphorylation sites (p34°®°2 Pn site) are shown

C.

electric points (9.4 and 9.7 respectively), amino-acid com-
positions, hydropathy profiles, and regions of predicted
secondary structure (Fig. 2 and data not shown).

Construction and study of a cdc23 deletion strain

To determine whether the cdc23* geneis essential for vi-
ability a null allele was constructed using the one-step
gene-replacement technique (Rothstein 1983). PCR-based
in vitro mutagenesis was used to construct a plasmid in
which the cdc23 open reading frame was replaced by the
urad™ marker gene. Thelinear insert comprising ura4 with
cdc23 flanking sequences was then gel-purified and used
to transform a ura4-D18 diploid strain to uracil prototro-
phy. When tetrad analysis was performed on two ura® dip-
loid transformants, each ascus was found to give rise to
two viable and two inviable spores, with all the surviving
haploids being ura”. Southern analysis confirmed that the
two diploid strains were heterozygous for the cdc23 dele-
tion and that their ura™ haploid progeny were all undeleted
for cdc23 (data not shown); therefore, it can be concluded
that cdc23 is an essential gene for proliferation. In order
to investigate the terminal morphology of cdc23 null cells,
we prepared spores from cdc23*/cdc23:: ura4 diploids and
germinated them in ura” minimal medium. All the spores
that germinated exhibited cell-cycle arrest, most with an
elongated phenotype and with a single nucleus (Fig. 3 )
— a phenotype similar to that of the cdc23-M36 mutant at
the non-permissive temperature. Analysis of individual
spores germinating from microdissected tetrads revealed
that about half the germinating cdc23 deletants did not di-
vide at all, but arrested as elongated cells (Fig. 3 c). Those
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Fig. 3 A-C Analysis of the cdc23 deletion phenotype. A and B
DAPI fluorescence of germinating spores, 16 h after inoculation into
minimal medium lacking uracil, from (A) acdc23:: ura4 heterozygous
diploid; (B) adiploid heterozygous for ura4 but wild-type for cdc23.
Bar=10 um. C numbers of cells formed by germinating haploid
cdc23::urad spores as determined from tetrad analysis (n=68 spores
from 34 tetrads). The frequency of un-germinated spores (zero ‘cells
formed’ bar) isnot significantly different from that of wild-type spores

cells which did divide gave rise to a maximum of three
cells before arresting.

Complementation of S. cerevisiae dna43-1
with the S. pombe cdc23 gene

In order to test whether cdc23 and DNA43 are functional
homologues the complete cdc23 ORF was cloned into
a S cerevisiae expression vector and this construct
(Fig. 4 @) was transformed into a dna43-1 strain of S. ce-
revisiae(Dumaset al. 1982). Transformantswere screened
for mutant complementation by replicaplating onto gal ac-
tose and glucose media at the non-permissive temperature
(87°C). Cells containing the plasmid-borne cdc23 gene
were ableto grow and divide at thistemperature (Fig. 4 b)
showing that the S. pombe cdc23 geneis able to function-
ally complement the S. cerevisiae dna43-1 mutant. Micro-
scopic examination of cdc23-rescued transformants re-
vealed cellsat al stages of the cell cycle, although the cell
size was greater than when rescued with the homologous
DNA43 gene, indicating that cdc23 isunableto completely
restore the wild-type phenotype even when expressed at
high level.

Discussion

We have cloned the S. pombe cdc23 DNA replication
gene by complementation of the cdc23-M36 mutation. We
have demonstrated that this gene is essential for cell
proliferation and that it encodes astructural and functional
homologue of the budding yeast DNA43 (MCM10) pro-
tein.

Deletion of virtually the whole chromosomal cdc23
ORF givesriseto aterminal phenotype similar to that of
the cdc23-M36 mutant at the restrictive temperature: el-
ongated cells with a single nucleus. This observation
confirms that the cdc23 gene product is not required to
maintain the checkpoints monitoring the integrity of the
chromosomal information, which are lost when DNA
polymerase a or the cdcl8 replication origin-associated
factor are disrupted by gene deletion/disruption (Kelly
et al. 1993; d'Urso et al. 1995). A dna43 disruption mu-
tant issimilarly lethal (Solomon et al. 1992) and the phe-
notype of cdc23::ura4 is directly analogousto the termi-
nal phenotype reported for budding yeast dna43-1 and
mcm10-1 temperature-sensitive mutants under non-
permissive conditions (Solomon et al. 1992; Merchant
et al. 1997).

The predicted protein product of the cdc23 gene has a
22% overall identity to the product of the S. cerevisiae
DNA43 gene with similarity particularly marked in the N-
terminal half of the sequence. This is not a high level of
identity, even given the great evolutionary distance
between the two yeasts, but the cdc23 and DNA43 prod-
ucts also share many conserved residues and have similar
molecular masses, isoelectric points, amino-acid compo-
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Fig. 4 A, B Complementation of the S. cerevisiae dna43-1 mutant
by the S. pombe cdc23 gene. A diagram of the construct pY ES2-23
(7.70 kb) containing the entire cdc23 ORF under the control of the
inducible GAL1 promoter (solid arrow) in S. cerevisiae expression
vector pY ES2. The plasmid pY ES2—43, containing the DNA43 gene,
was similarly constructed. B transformants of S. cerevisiae dna43-1
containing pY ES2, pY ES2-23 or pY ES2-43 replica-plated to galac-
tose (GAL) or glucose (GLU) plates at 37°C to test for complemen-
tation

sition, hydropathy profiles and regions of predicted secon-
dary structure. Also conserved are nuclear localisation sig-
nals, potential p34°“°2 phosphorylation sites, and zinc fin-
ger-like domains (Fig. 2). These features are consistent
with the view that these proteins are structurally homolo-
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gous. Compl etion of the S. pombe genome sequencing pro-
ject will reveal whether cdc23 is the sole structural homo-
logue of DNA43 in fission yeast. Conditional mutations
in the budding yeast gene give rise to reduced rates of
DNA synthesis, as reported also for the cdc23-M36 mu-
tant (Solomon et al. 1992; Merchant et al. 1997; Nasmyth
and Nurse 1981), and gene disruption/deletions are | ethal
(Solomon et al. 1992, and this study). The similarity
between cdc23 and DNA43 from two extremely distantly
related yeast species and the phenotypic similarity of the
respective mutants, taken together with our demonstration
of functional homology between the two genes, suggest a
conserved eukaryotic DNA replication function. Mer-
chant et al. (1997) have provided evidence that DNA43is
required for the correct initiation of DNA replication at
chromosomal origins and that the protein interactsin vivo
and in vitro with at least some of the members of the
MCM2-7 family of replication-initiation proteins. It will
be of interest to determine if cdc23 functionsin a similar
manner in fission yeast.

Nuclear localisation signals present in both the cdc23
and DNAA43 proteins suggest that both these proteins are
targeted to the nucleus: nuclear localisation has already
been demonstrated for DNA43 (Merchant et a. 1997) and
work isin progress to test this hypothesis experimentally
for cdc23. The presence of consensusphosphorylation sites
for the p34°4cZCPC28 ¢y clin-dependent kinase in both ho-
mologues suggests that these proteins may be post-trans-
lationally regulated in a cell-cycle-dependent manner.
Whether the phosphorylation status of either varies
through the cell cycleisakey question for future research.
The close proximity of the p34°®2 phosphorylation sites
tothe nuclear localisation signalsin the predicted products
of both proteinsraisesthe possibility that nuclear localisa-
tion is regulated in a cell-cycle-dependent manner: phos-
phorylation close to nuclear localisation signals within
other proteins has been reported to affect the rate of nu-
clear import (Janset al. 1991; Rihset al. 1991). In one case
regul ation of thistypeby the p34°“2 kinasewasnoted (Jans
et al. 1991). We report a novel domain present in cdc23
and DNA43 which is reminiscent of the zinc-finger do-
mains described within proteins which bind nucleic acids.
Although the motif doesnot correspond completely to con-
sensus sequencesfor known zinc-finger structuresitispos-
sible that thisregion of the proteins may have arolein co-
ordinating a metal ion, which suggests a possible protein-
nucleic acid interaction.

We conclude that the fission yeast cdc23 gene product
isastructural and functional homologue of budding yeast
DNA43 and specul ate that these proteins may represent a
replication factor conserved throughout eukaryotes. We
predict that the protein is nuclear and that it may be sub-
ject to post-transglational modification in a cell-cycle-de-
pendent manner; specifically it may be atarget for phos-
phorylation by the p34°®°2 protein kinase. The future elu-
cidation of the exact role of the cdc23/DNA43 proteinsin
chromosomal DNA replication can be expected to advance
our understanding of the regulation and mechanics of this
fundamental process in eukaryotes.
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