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A group of interacting yeast DNA
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Mutations in the cell-division-cycle genes CDC46 and CDC47 were originally isolated as suppressors of
mutations in two other cell-division-cycle genes (CDC45 and CDC54). We found several combinations of
mutations in these genes that result in allele-specific suppression and synthetic lethality, confirming that this
set of genes forms a group of genetically interacting components. Here, we show that the other genes, like
CDC46, are all involved in an early step of DNA replication, possibly initiation of DNA synthesis. Mutants
defective in each of the four genes exhibit high rates of mitotic chromosome loss and recombination. The
mutants appear also to accumulate chromosome damage that can be detected by a novel chromosome
electrophoresis assay. Conditional mutants in this group, under fully nonpermissive conditions, show
cell-cycle arrest at the beginning of DNA synthesis; under less stringent conditions, some arrest later, in
S-phase. The DNA sequence of the CDC46 gene indicates that the protein is a member of a new family of
genes apparently required for DNA initiation, with family members now identified in Saccharomyces

cerevisiae, Schizosaccharomyces pombe, and mouse cells.
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DNA replication is fundamental to the maintenance and
growth of every eukaryotic organism. Saccharomyces
cerevisiae is a particularly tractable model system for
identifying the components of the DNA replication ma-
chinery because the distinctive growth pattern of this
budding yeast allows cell-division-cycle (cdc) pheno-
types to be easily distinguished from defects in other
cellular processes {Pringle and Hartwell 1981). Defects in
DNA replication generally cause the cell cycle to arrest
with general metabolism unaffected, so the mother cell
eventually produces a large bud of equal size to itself.
This phenotype has been used to identify conditional cdc
mutations from large random mutant collections estab-
lished in several laboratories (Hartwell et al. 1970; Prin-
gle et al. 1981; Moir et al. 1982).

One such collection of cold-sensitive mutations has
been screened for cell-division-cycle defects at 17°C
{Moir et al. 1982). Most of these mutations were in genes
that had not been identified via screens of heat-sensitive
mutant collections. Cold-sensitive mutations at two
loci, cdc45-1 and cdc54-1, were found to arrest with a
large bud and a single nucleus. Subsequent isolation of
mutations in other loci that suppress the cell-cycle arrest
at 17°C (second site revertants) revealed that a single
cell-division-cycle gene (CDC46) could give rise to sup-
pressors of mutations in two others (CDC45 and
CDC54). Six independent suppressor mutations in
CDC(C46 were found that simultaneously make the cell
heat sensitive at 37°C and arrest with a large bud and a

single nucleus like cdc45 and cdc54 (Moir et al. 1982). A
second gene, CDC47, like CDC46, has been identified on
the basis of a mutation {cdc47-1) that suppresses cdcd5-
1; this mutation also causes arrest with a large bud at
37°C. Both the cdc46 and cdc47 suppressor mutations
are remarkable in that each is itself a cell-division-cycle
mutant with the same morphological arrest phenotype
as that of the mutants that are suppressed by them. The
phenotypes and origins of selected mutations in these
four genes are summarized in Table 1.

We describe below the further characterization of this
group of mutations and show that each interacts, at least
genetically, with the others as would be expected for
mutations in components of a protein complex. Evi-
dence is also presented that all the members of this
group arrest with a phenotype like cdc46-1, which ap-
pears to be necessary for DNA initiation. In addition, the
CDC46 product has a distinctive localization pattern
that changes in coordination with the cell cycle; it is nu-
clear during interphase and cytoplasmically localized at
other times in the cell cycle, suggesting that CDC46 and,
by analogy, the other members of this group, are involved
in regulation of DNA initiation {Hennessy et al. 1990).

Results
Genetic mapping of CDC46

To determine whether the CDC46 gene is among the
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Table 1. The CDC46 group

Allele Phenotype Method of isolation

cdcd5-1

cold-sensitive general Cs™ screen

cdcs4-1 cold-sensitive general Cs™ screen

cdcd6-1 heat-sensitive suppressor of cdc45-1
cdcd6-5 heat-sensitive suppressor of cdc54-1
cdcd7-1 heat-sensitive suppressor of cdcd5-1

CDC genes that have already been identified and situ-
ated on the genetic map, we located its position on the
genome by using a combination of physical and genetic
methods. First, the chromosomal location was deter-
mined by hybridization of *?P-labeled DNA containing
the gene to yeast chromosomes separated in a pulse-field
CHEEF gel as described in Materials and methods. The
probe hybridized only with chromosome XII, so we
crossed cdc46-1 strains with strains that are marked over
the length of chromosome XII (DBY4932 and DBY4933)
(Johnson et al. 1987). Tetrad dissections of these crosses
showed that cdc46 is 29 ¢cM from cdc25 and ~50 cM
from ilv5 (Table 2) . The distance between cdc25 and ilv5
was confirmed to be ~30 cM (Johnson et al. 1987). Three-
factor analysis verified that the relative gene order is
cdcd6—cdc25—ilvs.

Genetic mapping and assignment of the CDC54 gene

Two different cold-sensitive mutations with a similar
phenotype (arrest with a large bud) were found to be sup-
pressed by different mutations in cdc46 (Moir et al.
1982). One of these, CC30, had not been assigned a cdc
designation because the possibility remained that it is
not a new locus but an additional allele of a previously
identified cdc locus. Hybridization of the cloned CC30
gene to CHEF-separated chromosomes indicated that it
is situated on chromosome XVI. Genetic crosses with
several centromere-linked markers (trp1, ura3, and leu2)
indicated that CC30 is ~6 cM from its centromere (Ta-
ble 3). A cross with the centromere XVI-linked marker
aro7 (Mortimer et al. 1989) shows that the CC30 muta-
tion is between aro7 and the centromere (Table 3). A
second cross with trp1, aro7, and CC30 (not shown) con-
firmed this order. The only gene known to map near this
position is MAK6 (Mortimer et al. 1989), which is allelic
to LTS5 (Ridley et al. 1984). We found that the cold-
sensitive lethal mutation CC30 complements maké-1
(also a cold-sensitive allele) at 8°C; thus, we believe that
the two mutations define different genes.

Table 2. Mapping of the CDC46 gene

Segregation
Gene pair PD NPD TT Map distance (cM)
cdcd6-cdc25 46 0 35 29
ilvs—cdc25 25 0 43 31
cdcdé-ilv5 9 6 52 >50

Interacting yeast DNA replication genes

Crosses between CC30 and those unmapped heat-sen-
sitive loci that have a similar cell-cycle arrest phenotype
(Pringle and Hartwell 1981} indicate that CC30 segre-
gates independently of c¢dc20, c¢dc30, cdc23, and cdc13
(not shown; at least 10 tetrads were scored in each case).
Thus, the CC30 mutation defines a new cell-division-
cycle gene, CDC54, and CC30 will hereafter be referred
to as cdc54-1.

Three genes that interact genetically with CDC46

Because CDC46 was initially isolated as an extragenic
suppressor of two cold-sensitive mutations, cdc45 and
cdch4, we investigated its genetic interactions with the
other members of this group. The results of this analysis
are summarized in Figure 1, which shows instances of
both synthetic lethality as well as suppression. We take
up the evidence for each of these interactions in turn.

CDC46 and CDC45 show allele-specific suppression
We determined this occurrence by readily recovering
cdc46-1 cdc45-1 double mutants (13 double mutants of
12 tetrads dissected) that have the suppressed (i.e., cold
resistant] phenotype, as shown originally by Moir et al.
(1982). In contrast, cdc46-5 cdc45-1 double mutants, al-
though readily recovered (15 doubles of 16 tetrads dis-
sected), never showed suppression (i.e., the cold-sensi-
tive phenotype characteristic of cdc45-1 remains).

CDC46 and CDC54 show allele-specific synthetic le-
thality as well as suppression In crosses of cdc46-5 and
cdc54-1 we confirmed suppression {Moir et al. 1982);
double mutants were readily recovered (11 double mu-
tants of 12 tetrads dissected) that all had the suppressed
phenotype. In contrast, the cross of cdc46-1 and cdc54-1
resulted in recovery of no double mutants in 16 tetrads.
To confirm this, the cross was carried out in the presence
of a plasmid carrying the CDC46 gene as well as the
URAS3 gene. In this case, the double mutant with the
helper plasmid could be readily isolated (8 of 11 tetrads).
However, when tested for the ability to lose the plasmid
li.e., ability to segregate progeny able to grow in the pres-
ence of 5-fluoro-orotic acid (Boeke et al. 1987)], the dou-
ble mutant spores could not lose the plasmid, but prog-
eny with either the cdc46-1 or cdc54-1 genes could.

CDC47 interacts differently with CDC46, CDC45, and
CDC54 A cross between cdc47-1 and cdc54-1 shows
synthetic lethality: No double mutants were recovered
in 12 tetrads dissected. Likewise, a cross between cdc46-
1 and cdc47-1 also showed synthetic lethality (no double
mutants recovered in 22 tetrads dissected). Here, again,
the plasmid control was done, in which case the double
mutants containing the helper plasmid could readily be
recovered (not shown). In contrast, a cross between
cdc47-1 and cdc45-1 shows suppression (9 of 11 tetrads,
all with the suppressed phenotype), as expected from the
results of Moir et al. {1982).

Taken together, these results indicate that the four
genes in the group interact: Each of them gives rise to
mutations that either suppress, are suppressed, or show
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Table 3. Mapping of the CDC54 gene

Segregation
Gene pair FD SD PD NPD T Map distance (cM)
cdc54-CEN16 225 27 6
aro7-CEN16 34 50 30
cdcbs4-aro7 42 1 45 29

synthetic lethality in combination with one or more of
the others. Allele specificity is observed, for both sup-
pression and synthetic lethality. These types of combi-
natorial genetic effects are entirely consistent with the
notion that these genes work together in the same path-
way (Stearns and Botstein 1988).

Mutations in the CDC46-related genes block DNA
replication

Mutations in the cell cycle can be ordered relative to the
DNA replication step by determining the DNA content
in individual cells as they arrest (Hartwell 1976; Pringle
and Hartwell 1981). We blocked the progress of the cell
cycle in a diploid strain (KHY210) homozygous for the
cold-sensitive cdcd5-1 allele by shifting cells growing at
their permissive temperature (30°C) to two different non-
permissive temperatures {15°C and 12°C). At both tem-

cdc45
i N
No Suppression Suppression Suppression
Lethality
cdc46-5  cdc46-1 | «—> | cdc47
S\uppression §ethality Lethality/
Ny
cdc54

Figure 1. Four interacting genes required for completion of the
cell cycle. Two were identified as cold-sensitive cell-cycle mu-
tants (cdc45 and cdc54). cdc46 and cdc47 were isolated as sup-
pressors of the cold-sensitive mutants. Mutant alleles of each
were crossed to the other mutants within this group, and the
phenotypes were determined. Some combinations create lethal
phenotypes that neither parent exhibits individually. Alterna-
tively, the cdc46-5 and cdc54 combination is both heat-sensi-
tive and cold-sensitive. The other cdc46 combinations suppress
the cold-sensitive mutations as originally isolated.
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peratures, the cells arrested with a large bud during the
first cycle after the shift into the cold. DNA content was
determined by flow cytometry as described in Materials
and methods after ~1.5 generation times at the nonper-
missive temperature. Surprisingly, at 15°C the cells ap-
parently complete DNA replication because every cell
apparently contains two genome equivalents of DNA
(Fig. 2B}, whereas at 12°C the same strain arrested with
only about one genome equivalent of DNA (Fig. 2C).
Thus, even though cdc45-1 causes an arrest with the
same gross morphology at both 15°C and 12°C, 12°C ap-
pears to be a significantly more restrictive temperature
as inferred by a tighter inhibition of DNA synthesis. Pre-
vious work, done with the same allele at 15°C, suggested
that this gene was required during mitosis, after DNA
replication was finished {Moir et al. 1982). It is now ap-
parent that cdc45-1 is actually required early in DNA
replication. We are left with the inference that even a
partial block in DNA replication (as we found at 15°C)
results in the arrest of the cell cycle. Others have found
regulatory mutations that may account for this arrest
(see Discussion; Hartwell and Weinert 1989).

Figure 2 also shows that two other conditional mu-
tants in the group, cdc46-1 and cdc47-1, caused cells to
arrest with a single genomic equivalent of DNA. Diploid
strains with homozygous mutations at either of these
loci (DBY4921 and DBY4150), when shifted to nonper-
missive temperature {in this case, 37°C) from the permis-
sive temperature {26°C), accumulated large-budded cells
and, like cdc45, arrested with one genomic equivalent of
DNA (Fig. 2E,F). The cdc46-1 strain used carries a cdc46
disruption on one chromosome {Hennessy et al. 1990}
and the cdc46-1 allele on the other, resulting in a very
tight arrest at 37°C. Similar results have been seen with
a strain that has two copies of cdc46-1 (Hennessy et al.
1990). An apparently less tight allele of cdc46, cdcd6-5,
manages to duplicate most of its genome before arrest-
ing, like cdc45-1 at 15°C (not shown).

These results, especially the detailed similarities in
leaky phenotype, buttress the notion that the four genes
under study all cooperate in the same process, as indi-
cated by the genetic interactions. The process is also
identified by these results, namely, an early step in DNA
replication. It is worth noting the results of Yan et al.
(this issue) and Gibson et al. (1990) with the mem2 and
mcm3 mutations, which apparently affect origins of
DNA replication and exhibit a phenotype very similar to
that found for the leakier cdc46-5 and cdc45-1 pheno-

types.
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An additional piece of evidence for the interaction of
these genes is shown in Figure 2F. The double mutant
cdc47-1 cdc45-1 also shows an early block in DNA rep-
lication at 37°C, the nonpermissive temperature for cdc47-
1. As described above, cdc47-1 suppresses the cold-sen-
sitive defect of cdc45-1. This result is of interest because
the cdc47-1 allele alone has almost no inhibition of
DNA replication under these conditions; therefore, the
DNA replication block is another example of a condi-
tional synthetic phenotype (Moir et al. 1982).

Cell-cycle arrest causes chromosome damage

One well-established method of distinguishing failure in
mitosis from that in DNA replication is to assay the rate
or frequency of chromosome recombination in cells that
have been held up temporarily in the cell cycle by vari-
ous mutations. Mutations of genes that are involved in
DNA metabolism, such as those encoding DNA o-
polymerase (CDC17) (Carson 1987; Budd et al. 1989,
DNA 3-polymerase (CDC2) (Sitney et al. 1989), and
DNA ligase (CDCY9) {Johnston and Nasmyth 1978) all
exhibit significantly elevated frequencies of mitotic re-
combination when put to this test (Hartwell and Smith
1985). Mutations in the mitotic apparatus, such as tub2,
show an increase in the frequency of chromosome loss
like the DNA synthesis mutations but show no increase
in recombination (Huffaker et al. 1988).

We assayed the mitotic loss and recombination fre-
quencies using standard heterozygous markers on chro-
mosome V {Hartwell and Smith 1985; see also Materials
and methods). Diploids homozygous for each of the var-
ious cdc mutations were grown at permissive tempera-
ture and shifted to nonpermissive temperature for one
and one-half generation times. Frequencies of chromo-

Interacting yeast DNA replication genes

Wildtype
37°C t)gl;“

Figure 2. CDC45 and CD(C47 are also re-
quired for DNA replication. The DNA
content of individual cdc45 cells was de-
termined by flow cytometry. Cultures of
both wild-type {A) and cdc45 diploid cells
were shifted from a permissive tempera-
ture of 30°C to the nonpermissive temper-
atures of either 11°C (B) or 15°C (C). Both
conditions resulted in >95% arrest of the
cdc culture with large buds. In a separate
experiment, the DNA content of wild-type
(D), cdc46-1 (E), and cdc47 cdcd5 (F) ho-
mozygous diploid strains was determined
after the indicated times at 37°C. Al-
though cdc45 has no effect at this temper-
ature, the cdc47 arrest is improved in its
in presence. Both cdc cultures contained
>90% large bud-arrested cells.

cdcd6-1
37°C 3hr

cdcd7-1, cded5-1
37°C 2hr

some loss and recombination were normalized to a het-
erozygous CDC46/cdc46-1 strain, which behaves identi-
cally to a homozygous CDC46/CDC46 strain (Fig. 3).
Significantly elevated recombination {10- to 100-fold)
was evident in the three members of the CDC4é6-inter-
acting group that we assayed. As expected, there is also
an increase in the frequency of chromosome loss, which
in this case is likely to be a secondary consequence of
severe chromosome damage. In contrast, a mutation in
the single S. cerevisiae B-tubulin gene causes an increase
in chromosome loss but not recombination (Huffaker et
al. 1988). It is important to note that these assays only
observe the survivors of the initial arrest and that cdc46-
1 causes a rapid loss of viability at the nonpermissive
temperature. Thus, there is a drastic increase in the chro-
mosome damage among the survivors of a cdc46, cdc45,
and cdc54 cell-cycle arrest.

CHEF gel chromosome-mobility assay

As a complement to the chromosome loss assay, we have
developed a novel assay of chromosome damage that re-
lies on a peculiarity of the CHEF and OFAGE pulse-field
gel systems. In this experiment we arrested aliquots of
an exponentially growing cdc46-1 culture with various
chemical treatments in addition to a cdc46-induced ar-
rest. The chromosomal DNA was run on a CHEF gel,
blotted, and probed with a fragment of chromosome IV
(Fig. 4, right). This probe was removed, and the same
filter was rehybridized with a probe for chromosome I1I
{Fig. 4, middle). The fraction of the chromosomes within
the sample that can migrate into the gel differs with the
arresting condition.

a-Factor stops cells at the start of the cell cycle in G,,
well before DNA replication 1is initiated (Pringle and
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Figure 3. Mutations in the CDC46 interact-
ing group of genes result in high frequencies of
chromosome loss and recombination. Diploid
strains homozygous for the indicated gene
were assayed for the frequency recombination
and loss of chromosome V. Each strain was
transiently held at its nonpermissive temper-
ature for the time needed to complete 1.5 cell
cycles and then returned to the permissive
temperature for assaying. The values of chro-
mosome loss and recombination for tub2-401
are from Huffaker et al. {1988).

Frequency/Wild Type

E

Hartwell 1981); and as shown in Figure 4, essentially all
of the chromosomes within the sample migrate into the
gel {lane 1). The same is true for cells that are arrested in
mitosis with the drug nocodazole (lane 3). Mitotically
arrested cells complete their DNA replication and con-
tain a complete undamaged copy of the genome waiting
to be divided between the daughter and mother {Huf-
faker et al. 1988). Thus, complete chromosomes, even
when isolated from cell-cycle-arrested cells, are compe-
tent for CHEF gel migration.

Chromosomes are unable to enter the gel, however,
when isolated from cells that have been arrested during

Hydroxyurea
Nocodazole

IE
Nocodazole

§ 37°C
Nocodazole

} 37C
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a-factor
a-factor

§ Hydroxyurea
a-factor

a-factor
' Hydroxyurea

— Well

- - *  — Chromosome IV

- — Chromosome IIT

Figure 4. Chromosome abnormalities in CDC46 mutants. Al-
iquots of an actively growing cdc46-1 strain have been arrested
at various points in the cell cycle by using chemical inhibitors.
Another aliquot of cdc46-1 was held at the nonpermissive tem-
perature at 37°C for 3 hr. The chromosomes of each aliquot were
separated by CHEF and stained with ethidium bromide (left).
The DNA was then acid-nicked, blotted, and hybridized with a
32p-labeled fragment of the SAC6 gene, which resides on chro-
mosome IV) (right), or a labeled fragment of the LEU2 gene on
chromosome III {middle). The top row of bands indicate where
the sample was loaded and contain residual material that was
not able to migrate into the gel. :
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DNA replication with hydroxyurea. This drug is thought
to block nucleotide precursor synthesis {Slater 1973). Be-
cause pools of nucleotides within the cell initiate DNA
replication, the cell can potentially arrest with ““loops”
of partially replicated DNA on the chromosome (Mariani
and Shimke 1984). It is not surprising, then, that chro-
mosomes isolated from a hydroxyurea-arrested strain are
unable to enter the gel and remain within the well (Fig.
4, lane 2). This inhibition of migration affects all of the
chromosomes equally with no regard to chromosome
size.

Chromosomes from the cdc46 strain arrested at 37°C
for 3 hr exhibit many similarities to those from a hy-
droxyurea-arrested cell {Fig. 4, lane 4). Inhibition of chro-
mosome migration for the larger chromosomes, like
chromosome IV, can be seen Figure 4 (right). However,
unlike the hydroxyurea arrest, not all of the chromo-
somes are equally affected: The smaller chromosomes,
like chromosome II], that migrate near the bottom of the
gel (Fig. 4, middle) migrate nearly as well as those from
the a-factor or nocodazole controls. On the basis of
ethidium bromide staining, all of the smaller chromo-
somes have been inhibited from running into the gel,
rather than inhibition being specific to chromosome IIL

Because cdc46-1 causes cells to arrest with only one
genomic equivalent of DNA, most chromosomes seen
on the gel have not yet replicated (Hennessy et al. 1990;
Fig. 2). Thus, cdc46-1 causes damage to chromosomes
early in the process of DNA replication in a way that is
dependent on chromosome size. DNA initiation at sev-
eral of the hundreds of DNA replication origins (Newlon
1988) would be more likely to occur on the larger chro-
mosomes and provide a potential explanation for this
phenomenon.

Nucleotide sequence of the cdc46 gene

By the strategy shown in Figure 5 , we determined the
complete sequence of the CDC46 gene (Fig. 6) . Two
common promotor elements are evident: (1} a “TATA”
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consensus at base 392, ~60 bases upstream of the open
reading frame; and (2) a “CT” consensus at base 439
(Dobson et al. 1982). Three polyadenylation (AATAAA)
sites are present, one 320 bases upstream of the open
reading frame and two tandem sites at bases 2799 and
2953, immediately after the open reading frame has ter-
minated. The ~2350-base span between the promotor
elements and polyadenylation sites is in accord with the
2300-base message detected on blotted agarose gels (Hen-
nessy et al. 1990). One notably absent sequence motif is
the branch site sequence (TACTAAC) required for splic-
ing into this open reading frame from an upstream region
(Langford et al. 1984). Consequently, this region has the
recognized transcriptional signals consistent with its
ability to encode the CDC46 gene.

An open reading frame spans from base 452 to
2792 with a consensus translational initiation site
{A - AATG) at 468 (Dobson et al. 1982). The deduced pro-
tein sequence indicates that the CDC46 product is an
86-kD acidic protein with a pl of 5.6. This is in rough
agreement with the protein’s apparent size of 95 kD on
the basis of SDS-PAGE. The nearly 10-kD difference in
apparent size between the deduced mass and the relative
SDS-PAGE-determined mass is within the error attrib-
utable to anomalous migration found for other acidic
proteins on SDS-PAGE (Takano et al. 1988).

Another intriguing feature of the protein sequence is a
“PEST” site near the amino terminus (residues 5-29).
PEST regions (the name coming from an abundance of
prolines, aspartic, and glutamic acid, serine, and threo-
nine residues) are found predominately in proteins with
a high turnover rate (Rechsteiner 1988). Their removal
can lead to an increased half-life in vivo (Cross 1988;
Hadwiger et al. 1989). The PEST score for the CDC46
site is 3.4, well within the range for proteins that are
rapidly turned over. Most rapidly degraded proteins, but
few stable proteins, have positive scores ranging from 0.3
to 25.4 {Rogers et al. 1986). An additional characteristic
that CDC46 shares with rapidly degraded proteins is an
abundance of adjacent arginine residue pairs. CDC46 has
three arginine—arginine pairs, at residues 712, 720, and
734. These features predict that CDC46 might have a
relatively short half-life within the cell.

Although most yeast proteins are not regulated in a
cell-cycle-specific manner, a small group of genes, most
of which are required for DNA synthesis, are known to
be transcribed only during a brief period at the G,/S
boundary. These genes have the small 6-bp sequence,

1.1 kb Fragment
—_—

aa‘“‘}“

?,00?‘\ gcov“ ?,00?‘\

g

N
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“ACGCGT" upstream of their promotors. Most of the
genes in this group are thought to be involved with DNA
synthesis or its regulation; these include POLI {DNA
a-polymerase), cdc2 (DNA 3-polymerase), cdc9 (DNA li-
gase), SSB1 (single-stranded binding protein}, CDC7 (pro-
tein kinase), CDC8 (thymidylate kinase), and PRI1 and
PRI2 (subunits of the DNA a-polymerase) (Johnston et
al. 1987; Foiani et al. 1989). Although it is unlikely that
this sequence is solely responsible and sufficient for cell-
cycle transcriptional regulation, it may play a role in
conjunction with other regulatory factors. CDC46 also
has this “cycle’” box 310 bases upstream of the ATG. As
we showed previously (Hennessy et al. 1990}, the CDC46
gene is transcribed primarily during a single interval in
the cell cycle, but unlike the others, during an
a-factor-induced G, arrest and immediately after S-
phase. The significance of the presence of the ACGCGT
sequence is thus unclear.

Similar proteins exist in both Schizosaccharomyces
pombe and mammalian cells

Many of the proteins of S. cerevisiae have been found to
be homologous to those of similar or identical function
in other eukaryotic cells. The degree of this homology
between yeast and mammals is generally on the order of
60% (Botstein and Fink 1988). Another yeast, Schizosac-
charomyces pombe, is also a popular model system
{Nurse 1990). Although both S. cerevisiae and S. pombe
are yeasts, the degree of sequence divergence at the pro-
tein level between them is about the same as that be-
tween either yeast and mammalian cells (Beach et al.
1982; Schatz et al. 1986; Lee and Nurse 1987). Conse-
quently, homologous, functionally similar proteins from
two yeasts can potentially provide a good indication of
the evolutionary and functional constraints acting on
the protein.

We have identified immunologically related proteins
in both 8. pombe and mouse fibroblast cells. Affinity-
purified antibodies isolated from two rabbits (Hennessy
et al. 1990) react with the same size bands on immuno-
blots of total S. pombe protein (Fig. 7). On the basis of the
migration in SDS-PAGE, the protein is 80 kD. This is
slightly smaller than the 92-kD protein seen in $. cere-
visiae. A set of proteins is detected with the two rabbit
antibodies, all in the same size range as the two yeast
homologs. Not all of these bands react with both prepa-
rations of antibodies, but several at 100 and 88 kD do
react. This result implies that certain epitopes present

\
o™ Figure 5. Restriction map of the CDC46 gene.

The locations of restriction sites on the CDC46
gene are shown in relation to the open reading

—_—

500 bp

frame (open arrow). A summary of the sequenc-
ing strategy is presented below the map.
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TAGAAGTTTATACGGCCTTTATTTGTCAGTTATACTCCAGAC TTAGTAAAAAATTCAATTAAATTCCAAACTGCTTACCCCAGATTTAGTGAATAAGAGCCCTTTATTC
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on the CDC46 protein (CDC46p) have been highly con-
served over the large evolutionary time scale that divides
these yeasts and mammal cells.

A search of a yeast protein data base (M. Goebl, pers.
comm.) identified a gene in S. pombe that is similar to
CDC46p along its entire length. This protein is the prod-
uct of the NDA4 gene, which was first identified by a
cell-division-cycle mutation (Toda et al. 1983; M. Yan-
agida, pers. comm.). An alignment of the two proteins is
shown over a 45-residue stretch {Fig. 8) as an example of
the remarkable degree of homology between these two
proteins. The predicted mass of the NDA4 protein is
within the error expected, on the basis of SDS-PAGE
migration, for the band in the immunoblot above (M.
Yanagida, pers. comm.). Because both cdc46 in Saccha-
romyces and NDA4 in Schizosaccharomyces cause cell-
cycle defects at their restrictive temperature, their func-
tions might well also have been conserved.

Another sequence, from mouse cells, also shows a
high level of homology (71%) to CDC46p. This short,
45-residue protein sequence is deduced from a small
stretch of cDNA sequence isolated from a cDNA library
(Breier et al. 1988). The sequence now appears to have
come from a cloning artifact and is best considered an
anonymous mouse sequence in the DNA sequence data
base; we have confirmed that this DNA is present in the
mouse genome by polymerase-chain-reaction experi-
ments (not shown) that produced a fragment of the pre-
dicted size. Thus, there are known genes in both mouse
and S. pombe cells that could encode the proteins ho-
mologous to CDC46p seen on immunoblots.

Discussion

The group of genes that we have studied were first
thought to be associated because of the observation of
Moir et al. {1982) that different alleles of cdc46 could
suppress mutations in cdc45 and cdc54. We have ex-
tended the observation of these interactions by showing
further allele specificity and hitherto unsuspected syn-
thetic lethality interactions among the members of the
group. These interactions are summarized in Figure 1.
The genetic evidence linking this group of genes is of
such a nature as to suggest strongly the possibility that
all of these genes are functional parts of a single process
or pathway.

Given the level of genetic interactions observed be-
tween CDC46, CDC45, CDC54, and CDC47, it is no
coincidence that the four genes have such similar termi-
nal phenotypes at their nonpermissive temperatures.
The common arrest phenotypes include the following.
{1} A common terminal arrest morphology. Each arrests
with a single large bud, a mitotic spindle assembled, and
nucleus at the bud neck. (2) Evidence of chromosome

Interacting yeast DNA replication genes

S. cerevisiae
S. pombe

Mouse

i1

Figure 7. Antibodies against S. cerevisiae CDC46 product rec-
ognize similar size proteins in other species. Shown is an im-
munoblot of total cellular protein from the divergent yeasts S.
cerevisiae and S. pombe or the mouse L-cell line after being
reacted with affinity-purified anti-CDC46p antibodies.

damage as a result of the cell-cycle arrest. (3} Incomplete
DNA replication, with the degree of completion being
dependent on the tightness of the conditional phenotype.

The prototypical mutation of the group is cdc46-1. We
showed previously (Hennessy et al. 1990) that the
CDC46 function is first required before DNA elongation.
To account for the cell-cycle-dependent pattern of nu-
clear staining of the CDC46 protein, we suggested that
CDC46 might function in coordinating the initiation of
new DNA synthesis (Hennessy et al. 1990). We assumed
that the firing of hundreds of DNA replication origins
must be organized in such a way that each fires once, and
only once, during each round of DNA replication. The
process could then be thought to be governed by a factor
that enters the nucleus at the end of mitosis and is main-
tained within the nucleus until the next cell-division
cycle begins (Blow and Laskey 1988).

DNA initiation is clearly a complex process that must
be completed once started for viability to be maintained
(Newlon 1988). Nevertheless, mutations in this process
might be expected to produce cells with unusual
“incomplete” DNA replication phenotypes. Our obser-
vations indicate that the different nonpermissive tem-

Figure 6. Nucleotide sequence of the CDC46 gene. The DNA sequence of the CDC46 gene and the deduced protein sequence of the
product are indicated. Two polyadenylation signals are underlined at the 3’ end of the sequence, and the putative cell cycle regulatory

motif is underlined at the 5’ end.
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Figure 8. Sequence similarities between S. cerevisiae CDC46, S. pombe, and mouse proteins. A short segment of amino acids is
shown, derived from the DNA sequence of CDC46 (CDC46), the S. pombe gene NDA4 (pombe), and an anonymous cDNA mouse
sequence (mouse). Identical residues between two or more sequences are boxed.

peratures with the cdc45-1 mutant can be interpreted in
this light. The least permissive condition leads to an
early arrest with little or no net DNA synthesis. The
defect must not interfere with elongation once a cell has
started to replicate its DNA. In the next cell cycle, there
then is no DNA initiation and cells finally arrest with a
large bud. The block imposed on cdc45-1 by the less
stringent nonpermissive condition causes cells to arrest
with DNA replication essentially being complete at the
level of detection provided by the flow cytometry; the
interpretation is that some origins of replication fire
while others do not. The DNA replication is more or less
completed with fewer than normal initiations, the chro-
mosomes are damaged or otherwise altered because of
this, and a secondary regulatory process {such as that
envisioned for RADY; Hartwell and Weinert 1989) is re-
sponsible for the terminal cell-cycle arrest with a large bud.

Yan et al. (this volume) present new results on a set of
mutations in the genes MCM2 and MCM3, identified as
having a connection to the yeast origins of replication
{Maine et al. 1984; Gibson et al. 1990). The phenotypes
of these mutations at their restrictive condition closely
resemble the leakier phenotype of cdc45-1, lending con-
siderable independent support to the interpretation that
the CDC46-related group is involved in initiation of
DNA replication. This similarity extends to the hyper-
recombination and chromosome loss phenotypes as
well. An even stronger argument for the connection de-
rives from the comparison of the predicted amino acid
sequences of the MCM2 and MCMS3 products with the
product of CDC46. The similarity is on the order of 60%
identity within a 400-amino-acid domain.

Other mutations in the replication apparatus, specifi-
cally those in the DNA a-polymerase that is encoded by
the CDC17 gene, can give a similar intermediate arrest
phenotype at a semipermissive temperature {Carson
1987). Thus, it appears that DNA replication mutations
can generally be difficult to detect via flow cytometry
assays, until a fully nonpermissive temperature is estab-
lished with a tight allele. Subsequent differentiation of
DNA initiation defects from DNA elongation defects re-
quires further ordering of the functions relative to
known elongation defects. This type of ordering has been
used to establish that CDC46 is required for DNA initi-
ation rather than DNA elongation (Hennessy et al. 1990).

The DNA damage evident in cdc46-1 cells at both the
level of elevated mitotic recombination and the inability
of chromosomes to migrate on CHEF gels is a result of
these defects in DNA replication. DNA damage, al-
though typically associated with a DNA elongation de-
fect, could just as easily be caused by initiation of DNA
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replication at only a fraction of the origins that would
normally be used. The fact that damage is more severe in
the larger chromosomes is consistent with this model,
because the smaller chromosomes might not have any of
their origins firing (and, thus, may not be damaged) and
the larger chromosomes will be more likely to have at
least one origin fired and thus be damaged. It is impor-
tant in this context to remember that these CHEF as-
sessments were done under fully nonpermissive condi-
tions.

Recently, the number of DNA sequences has in-
creased, and it has become possible to identify homolo-
gous genes in other organisms as well as discover new
gene families. We have provided evidence for members
of this gene family being present in mammalian as well
as other yeast eukaryotic cells. Affinity-purified antibod-
ies recognize a family of proteins, all similar in size to
the yeast proteins, in cultured mouse cells. Furthermore,
we have made the serendipitous identification of an
anonymous mouse sequence that, when translated, is
70% identical to CDC46 over its entire 40-residue
length. This homology is within the region conserved
between all the known members of this DNA initiation
family, including MCM2 and MCM3. Thus, there is ev-
idence for a newly identified family of proteins involved
in the early steps of DNA replication.

Materials and methods
Strains and media

Yeast media and genetic manipulations have been described by
Sherman et al. {1974). S. cerevisiae strains used in this study are
listed in Table 4. The cold-sensitive cdc mutant CC30 (Moir et
al. 1982), which arrests with a large bud at 18°C, has been
named cdc54-1. The cdcd6-1 allele is described as the rA18-95
isolate, and cdc46-5 as the rCC30-161 {Moir et al. 1982). Bacte-
rial media were as described in Davis et al. {1980). The Esche-
richia coli strain that was used for routine cloning, HB101
(DB1142), has the genotype leu~ pro~ thr~ hsdR~ hsdM~
recA”.

Determination of yeast cell DNA content

Whole diploid cells of the yeast strains were prepared for the
fluorescence-activated cell sorter by staining with propidium
iodide (Hutter and Eipel 1978). Briefly, celis were ethanol-fixed
and treated overnight with 0.1% RNase followed by 5 mg/ml of
proteinase K prior to incubation in 5 mg/ml of propidium io-
dide. The propidium iodide was removed immediately prior to
running each sample through a cytofluorograph system (Ortho
Diagnostic Systems, Inc., Westwood, MA).
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Table 4. Genotype and source of strains

Interacting yeast DNA replication genes

Strain Genotype Source

DBY1034 MATa his4-539 lys2-801 ura3-52 this lab

DBY4150 MATa/MATa ade2-1/ADE2 his4-619/HIS4 cdc45-1/cdcd5-1 cdcd7-1/cdcd7-1 this study

DBY4921 MATa/MATa ura3-52/ura3-52 leu2-3,112/LEU2 ade2-1/ADE2 lys2-801/LYS2 his4-619/HIS4 this study
cdcd6-1/cdcd6: URAB:cdcd6

DBY4922 MATa/MATa ura3-52/ura3-52 leu2-3,112/LEU2 ade2-1/ADE2 lys2-801/LYS2 hisd4-619/HIS4 this study
cdcd6: URA3:cdcd6/CDC46

DBY4933 MATa cdc3-1 ura3 leu2 gal2 RDN1::LEU2 this lab

DBY4932 MATa ilv5-1 asp5 urad this lab

KH203 MATa/MATa ura3-52/URA3 hom3/HOMS3 can®/CANS lys2-801/LYS2 his4-619/HIS4 this study
cdc54-1/cdcb4-1

KH210 MATa/MAT« ura3-52/URA3 hom3/HOMS3 can®/CANS lys2-801/LYS2 his4-619/HIS4 this study
cdcd5-1/cdcd5-1

KH195 MATa/MATo ura3-52/URA3 hom3/HOMS3 can®/CANS lys2-801/LYS2 his4-619/HIS4 this study

KH208 MATa/MATa ura3-52/URA3 hom3/HOMS3 can®/CANS lys2-801/LYS2 his4-619/HIS4 this study

cdcd6-1/cdcd6-1

DNA sequencing

The EcoRI 2.4-kb, EcoRI 1.4-kb, and BamHI 1.1-kb fragments
{see Fig. 5) were isolated, ligated separately into sequencing vec-
tors pUC119 and pUCI118, and cloned in the SR101 bacterial
strain. Single-stranded phage were sequenced by using the
method of Sanger (Sanger et al. 1977). Besides the universal
primers, six insert-specific primers were used to provide over-
lapping sequence across the cloning restriction sites. Computer
analysis of the sequence was done with the Genentech package
of software (C. Watanabe, pers. comm.}. PEST scores were de-
termined by using the scoring methodology of Rechsteiner
(1988) in the PEST-SCORE algorithm. Data bases searched were
GenBank release 63 and EMBL release 22.

Chromosome loss and recombination

Diploid strains, homozygous for either cdc46-1 (KH208), cdc45-
1 (KH210), or cdc54-1 (KH203) were assayed for mitotic recom-
bination and loss of chromosome V by using a slightly modified
version of the assay of Hartwell and Smith (1985). Each strain is
marked on one of the two chromosome Vs with a recessive
canavanine-resistance allele on one side of the centromere and
the serine, threonine auxotrophy (hom3) on the other. Cells that
have lost the wild-type Can® gene are selected after a brief in-
cubation at the restrictive temperature (3 hr at 37°C for cdc46
and 12 hr at 15°C for cdc45 or cdc54). These clones (200) were
then screened for hom3 auxotrophy. An isogenic strain without
a cell-cycle defect, as well as a heterozygous cdc46-1/CDC46
strain, were assayed in the same way and the data have been
normalized to the frequency of chromosome loss and recombi-
nation in the heterozygous cdc46-1 strain.

Chromosomal mapping

Chromosomal DNA samples were prepared as described (Holm
et al. 1989) from S. cerevisiae strains DBY1034, DBY2370, and
DBY2371 and separated on 1% agarose slab gels in 0.5x TBE
buffer at 11°C for 21 hr at 7.6 V/cm with a switching time of 80
sec using a CHEF gel apparatus. The gel was transferred to
GeneScreen Plus (NEN Research, Boston, MA) and hybridized
to a 3?P-labeled CDC46 1.1-kb BamHI fragment probe (Fig. 5)
using standard methodology (Maniatis et al. 1982; Sambrook et
al. 1989).

Chromosome OFAGE migration assay

Yeast chromosomal DNA samples were prepared from arrested
cultures as described previously (Holm et al. 1989]. Cells were
lysed in an agar matrix with high concentrations of zymolyase
T100, B-mercaptoethanol, and 0.5 m EDTA and then treated
with proteinase K and detergent. Finally, the agarose plugs were
washed with 50 mM EDTA. The samples were then applied to a
1% agarose gel slab and electrophoresed for 21 hr at 11°C with
a field strength of 7.6 V/cm and a switching time of 80 sec in
0.5% TBE (Maniatis et al. 1982). The gel was subsequently
stained for 30 min with ethidium bromide and photographed.
The separated chromosomes were then acid-nicked and trans-
ferred to GeneScreen Plus. The blot was probed with 3>P-labeled
SACG6 and LEU2 DNA (Andreadis et al. 1984; Adams et al.
1989).
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