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In Schizosaccharomyces pombe, the catalytic subunit of DNA polymerase epsilon (Pol £) is encoded by cdc20*
and is essential for chromosomal DNA replication. Here we demonstrate that the N-terminal half of Pol € that
includes the highly conserved polymerase and exonuclease domains is dispensable for cell viability, similar to
observations made with regard to Saccharomyces cerevisiae. However, unlike budding yeast, we find that fission
yeast cells lacking the N terminus of Pol £ (cdc20*V"“"™) are hypersensitive to DNA-damaging agents and have
a cell cycle delay. Moreover, the viability of cdc20*™"“"™ cells is dependent on expression of rad3*, husI™*, and
chkl™, three genes essential for the DNA damage checkpoint control. These data suggest that in the absence
of the N terminus of Pol €, cells accumulate DNA damage that must be repaired prior to mitosis. Our
observation that S phase occurs more slowly for cdc20*V"“™ cells suggests that DNA damage might result from
defects in DNA synthesis. We hypothesize that the C-terminal half of Pol € is required for assembly of the
replicative complex at the onset of S phase. This unique and essential function of the C terminus is preserved
in the absence of the N-terminal catalytic domains, suggesting that the C terminus can interact with and recruit

other DNA polymerases to the site of initiation.

Genetic analysis of yeast has demonstrated that Pol € is
required for chromosomal DNA replication (4, 7, 9, 14, 32, 40).
However, its precise function at the replication fork has re-
mained elusive. Based on our earlier observations that cdc20
mutants (cdc20™ encodes the catalytic subunit of Pol € in
fission yeast) show a cell cycle arrest with a 1C DNA content,
we proposed that Pol € is necessary during the initiation of
DNA replication (14). Consistent with this hypothesis, a chro-
matin immunoprecipitation assay has demonstrated that Pol €
associates with replication origins in budding yeast (3, 27).
Moreover, the observation that Pol € remains associated with
replication forks following initiation suggests that it also par-
ticipates directly in chain elongation (3).

In addition to its role in DNA replication, Pol € has also
been implicated in DNA repair. Pol € from human cells has
been shown to function in nucleotide excision repair in vitro
(39) and has been identified as a component of a high-molec-
ular-weight complex that catalyzes recombinational repair of
DNA double-strand breaks in vitro (18). Genetic analysis of
Saccharomyces cerevisiae also supports a role for Pol € in DNA
double-strand break repair (17) and base-excision repair (44).

Pol ¢ purified from S. cerevisiae consists of at least four
subunits, including the 256-kDa catalytic subunit encoded by
POL?2 and three additional subunits of approximately 80, 34,
and 29 kDa encoded by DPB2, DPB3, and DPB4, respectively
(4, 5,7, 15). In human cells, Pol € is also composed of at least
four subunits, all of which display significant homology to their
yeast counterparts. These include the large catalytic subunit
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encoded by POLE (21), the second-largest subunit homolo-
gous to DPB2, called DPE2 (23), and two smaller subunits of
approximately 17 and 12 kDa which share homology with
DPB4 and DPB3, respectively (24).

Other proteins that interact with and might regulate Pol €
activity include Dpbllp, a multicopy suppressor of both pol2
and dpb2 temperature-sensitive mutants (6), and Drclp
(Sld2p), which physically interacts with Dpbllp (19, 43).
Dpbl1p is required for normal S-phase progression (6, 27) and
interacts genetically with Cdc45p, a protein implicated in the
assembly of the initiation complex (35, 46). DPBI11 shares
homology with cut5*, a gene required for DNA replication
initiation and G,-M checkpoint control in fission yeast (29, 37,
38, 41). However, it is not known whether Cut5p interacts
directly with Pol € or other components of the replicative
complex.

Recently, it has been reported that the C-terminal half of
Pol € lacking the conserved polymerase or exonuclease do-
mains is sufficient to rescue a pol2 null mutant in S. cerevisiae
(12, 22). Surprisingly, these cells displayed only marginal de-
fects in either DNA replication or DNA repair and did not
require the checkpoint gene MEC] for viability (12, 22). Here
we demonstrate that Schizosaccharomyces pombe cells lacking
the N terminus of Pol € (cdc20*N*"™) are also viable. How-
ever, these cells display increased sensitivity to DNA-damaging
agents and have a cell cycle delay. Moreover, cell viability is
dependent on the DNA damage checkpoint control. These
data demonstrate that the C terminus of Pol € has a critical role
in DNA replication that does not rely on its ability to synthe-
size DNA. Considering that these two yeasts are evolutionarily
distant, our results suggest that the N terminus of Pol € may be
dispensable in all eukaryotic cells. Based on our earlier obser-
vation that cdc20 temperature-sensitive mutants show cell cy-
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TABLE 1. S. pombe strains used in this study

Strain or mutation Genotype Source
972 h~ P. Nurse
cdc20-M10 h™ cdc20-M10 leul-32 ura4-DI18 P. Nurse
cdc20-P7 h~ cdc20-P7 leul-32 P. Nurse
Acdc20/cdc20™ h™/h™ cdc20" fedc20::ura4™ ade6-M216/ade6-M210 leul-32/leul-32 ura4-D18/ura4-D18 P. Nurse
cdc20AN-"erm h™ cdc20::ura4™ ade6-704 leul-32 ura4-D18 int pJK148-nmt41-3hacdc20CI int pRep6X This study
cdc20Nrerm+ Cterm h™ cdc20::ura4™ ade6-704 leul-32 ura4-D18 int pJK148-nmt41-3hacdc20C1 int pRep6X-cdc20N This study
cdc20acde20t h~ cdc20::ura4™ ade6-704 leul-32 ura4-D18 int pJK148-nmt41-3hacdc20™ This study
cdc2(ysN-term + Crterm h™ cdc20::ura4™ ade6-704 leul-32 ura4-D18 int pJK148-nmt41-3hacdc20C1 int pRep6X-cdc20N(M10) This study
Ahusl h™ husl:leu2™ ade6-704 leul-32 ura4-D18 T. Enoch
Arad3 h™ rad3::ura4” ade6-704 leul-32 ura4-D18 A. Carr
Acds1 h~ cdsl:ura4™ ade6-704 leul-32 ura4-DI18 P. Nurse
Achkl h™ chkl:ura4” ade6-704 leul-32 ura4-D18 P. Nurse
cdc20NermT e Achk ] ™ cdc20::ura4™ chkl:ura4™ ade6-704 leul-32 ura4-D18 int pJK148-nmt41-3hacdc20CI int pRep6X-cdc20N This study
cdc2(sN-term+Crierm Acpk ] h" cdc20:ura4™ chkl::ura4" ade6-704 leul-32 ura4-D18 int pJK148-nmt41-3hacdc20C1 int pRep6X-cdc20N- This study

MI10

cle arrest early in S phase, we propose that the function of the
C terminus of Pol € is to ensure proper assembly of the DNA
replicative complex.

MATERIALS AND METHODS

Yeast strains and methods. All fission yeast strains used for this study were
derived from S. pombe strains 972 and 975 and are listed in Table 1. All media,
growth conditions, and genetic manipulations were used as previously described
(31).

Molecular cloning and the construction of cdc20°N"" cdc20N-"+Cterm and
cdc20?mede20+ strains. The sequence corresponding to the C terminus of the
product of cdc20™ was amplified by PCR using the forward primer 5’GGAAT
TCCATATGCGTCTAGGATCAGTAGTAC3' and the reverse primer 5'CCC
CCCGGGGGGGCATGAGTGGAAAAATGG3', tagged with Ndel and Smal
as underlined. The resulting 3.4-kb fragment encoding the C terminus of Pol €
(amino acids 1141 to 2199) was cloned into pRepl, generating pRep1-cdc20C1.
Further truncations of ¢dc20CI yielded c¢dc20C2 and cdc20C3. To generate
pRepl-niscdc20C3, a PCR fragment containing the putative nuclear localization
signal (NLS) was amplified and cloned into pRepl-cdc20C3 at the Ndel and
BamHI sites.

To construct the cdc20*N"™ strain, the cdc20C1 gene was first cloned into
PARC613, tagging the gene with three tandem copies of the hemagglutinin (HA)
epitope. A 5.6-kb Pstl/Sacl fragment from pARC613-cdc20C1 was then cloned
into pJK148 (20). The plasmid pJK148-cdc20C1 was linearized at the Bsu36I site
within the leul™ gene and transformed into the Acdc20/cdc20™ diploid strain
(cdc20™ Jedc20::ura4™ ade6-M210/ade6-M216 leul-32/leul-32 ura4-D18/ura4-D18
h*/h~). Stable integrants were isolated and induced to sporulate under low-
nitrogen conditions. Spores were then germinated on minimal medium lacking
uracil and leucine. The ade6-M210 marker was then removed by backcrossing to
leul-32 ura4-DI8 and selecting for leucine and uracil prototrophs, yielding
cdc20*N" Integration of the cdc20C1 gene at the leul site was confirmed by
Southern blot hybridization (see Fig. 3B).

To create the cdc20N-"rm+C-term girain, the sequence corresponding to the N
terminus of the cdc20™ product (from amino acid 1 to 1281) was amplified using
the forward primer 5’CGGCGGTCGACTATGCCCTTAAAAACAGCTCG3'
and reverse primer 5'GCCGAACCCGGGGAATTGCCTTGATTGAAACCS',
tagged with Sa/l and Smal, respectively. The 3.8-kb fragment was cloned into
pRep6X that contains the sup3-5 allele, a suppressor of the ade6-704 mutant
allele, thus creating pRep6X-cdc20N. This plasmid was transformed into a
cdc20*N"™ gde6-704 mutant. Stable integrants were selected on minimal me-
dium containing a low level of adenine. The cdc20™N-em+Cterm gtrain was
generated in a similar manner, except that the sequence corresponding to the N
terminus of the product of ¢dc20™ was PCR amplified from genomic DNA
derived from cdc20-M10.

To generate the control (cdc20%9°4¢20% ) strain, the sequence corresponding to
the N terminus of the cdc20* product was amplified by PCR using the forward
primer 5’"CGGCGGAGATCTATGCCCTTAAAAACAGCTCG3' (tagged with
Bgl/1I as underlined) and the reverse primer 5'CGATTTCATCAACATTGACG
3'. The 1.7-kb PCR product was digested with Bg/II and BamHI and cloned into
the BamHI site of pARC613. The 2.9-kb PstI/Smal fragment from the resulting

plasmid, pARC613-cdc20N, was then cloned into pJK148. This plasmid was
digested with Apal and Smal and ligated to a 4.0-kb Apal/PstI fragment and a
1.8-kb PstI/Smal fragment from pIRT2-cdc20* and pRepl-cdc20C1 plasmids,
respectively, in a three-way ligation. The resulting plasmid, pJK148-3hacdc20™,
was linearized with Bsu361 in the leul " marker and transformed into the Acdc20
strain. All additional steps are identical to those used for the generation of
cdc20AN1em,

Determination of cell generation time. Cells were grown for at least eight
generations in minimal medium at 32°C prior to analysis. Samples were collected
every hour and counted using a hemacytometer. The cell generation time, 7, was
calculated as the log (227 ")/log (y/x), where y is the number of cells/ml at time
t, and x is the number of cells/ml at time ¢,.

Cell synchronization using cdc10-129. To block cells in pre-Start G, phase
using the cdc10-129 mutation (34), cells were incubated in minimal media at
36°C for 4 h. Cells were released from the G, block by rapidly cooling cultures
to 25°C. Samples were collected every 15 minutes and fixed in 70% ethanol for
fluorescence-activated cell sorter (FACS) analysis and microscopic examination.

Flow cytometry analysis and microscopic examination. For DNA content
measurements, cells were stained with propidium iodide and analyzed by FACS
as described previously (31). For microscopic examination, cell nuclei were
stained with DAPI (4',6-diamidino-2-phenylindole) and examined with a Zeiss
fluorescence microscope.

Cell survival rate measurements. Cells were grown to mid-log phase (optical
density at 595 nm, 0.3 to 0.5) in minimal media prior to treatment with either
hydroxyurea (HU) (12 mM) or methylmethane sulfonate (MMS) (0.2%). Cell
samples were collected, diluted, plated on minimal medium, and incubated for 4
days at 32°C. The number of colonies was determined and plotted as the percent
viability relative to the untreated control. For the UV sensitivity assay, cells were
irradiated with increasing doses of UV light (254 nm) in a GS Gene Linker
(Bio-Rad, Hercules, Calif.). Total output energy (in millijoules) was measured by
an internally mounted photodetector. The gene linker was programmed to re-
lease a specific amount of total energy from 1 to 5 mJ in 1-mJ increments.
Following irradiation, equal numbers of cells (approximately 500) were plated on
minimal agar plates and incubated for 4 days at 32°C. The number of colonies
was determined, and data were analyzed using SigmaPlot software.

RESULTS

Expression of the C-terminal half of Pol € complements
¢dc20” mutants. To determine if the C-terminal half of Pol €
can complement cdc20 mutants, we transformed two different
alleles, cdc20-M10 and cdc20-P7, with the plasmid pRepl-
¢dc20C1 (Fig. 1). This plasmid contains a gene encoding the C
terminus of Pol € from amino acid 1141 to 2199 expressed
under the control of the thiamine-repressible nmtl promoter
(28). This deletion removes all the conserved polymerase and
exonuclease domains of Pol €. Transformed colonies were se-
lected at the permissive temperature of 25°C and then streaked
out on minimal agar at both 25°C and the nonpermissive tem-
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FIG. 1. Schematic representation of N-terminally truncated forms of cdc20 that were used for the complementation analysis shown in Fig. 2
(the gene structure is not drawn in scale). All plasmids were derived from pIRT2-cdc20™, which contains a 10,054-bp genomic fragment of the
cdc20* gene. The numbers in parentheses indicate nucleotide positions. The first nucleotide of the start codon was numbered 1, and all other
sequences were designated accordingly. The numbers on the right of each plasmid indicate the numbers of amino acids of Pol € being included
in each construct. The series of pRep1 plasmids with which the C-terminal fragments of the cdc20 product were expressed under the nmt1 promoter
were generated by cloning restriction fragments of pIRT2-cdc20™ into the pRep1 vector. Initiation of translation is presumed to take place at the
first internal methionine. The putative NLS and zinc finger motifs are as indicated.

perature of 36°C. Both cdc20-M10 and cdc20-P7 transformed
with pRepl-cdc20CI but not with pRepl alone were able to
grow at the restrictive temperature, demonstrating that expres-
sion of the C terminus of Pol € can rescue the temperature
sensitivity of the cdc20 mutants (Fig. 2A).

To identify the minimal C-terminal sequences required for

complementation, we transformed the cdc20 mutant strains
with plasmids containing further truncations of the cdc20C1
gene. Since we previously demonstrated that the extreme C
terminus of cdc20™ is essential for cell viability (14), we deleted
sequences from the N-terminal end only. Two additional plas-
mids were generated, pRepl-cdc20C2 and pRepl-cdc20C3,
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FIG. 2. Expression of the C-terminal half of Pol € rescues both cdc20” mutants and cells with the complete cdc20™ gene deleted. (A)
Complementation of the temperature-sensitive cdc20-M10 (top) and cdc20-P7 (bottom) strains by transformation with plasmids expressing the
C-terminally truncated forms of Pol €. Transformants were streaked on minimal agar and incubated at 25°C (left) and 36°C (right). (B) Expression
of the C-terminal half of the cdc20 product can rescue the Acdc20 strain. The cdc20™/Acdc20 diploid strain was transformed with pIRT2-cdc20™
or pIRT2-cdc20C1. Following sporulation and germination of positive transformants, haploid cells containing the deletion of cdc20™ and either
the plasmid pIRT2-cdc20™ (top) or pIRT2-cdc20CI (bottom) were selected and visualized by phase contrast microscopy.

encoding Pol € from amino acid 1246 to 2199 and from amino
acid 1437 to 2199, respectively (Fig. 1). We observed that
pRepl-cdc20C2 but not pRepl-cdc20C3 was able to comple-
ment both cdc20-M10 and cdc20-P7 (Fig. 2A). Sequence anal-
ysis using ProfileScan revealed a putative bipartite NLS located
at amino acids 1257 to 1274. To test whether the inability of
pRepl-cdc20C3 to rescue the cdc20 mutants was due to dele-
tion of the NLS, this sequence was fused to cdc20C3 to create
the plasmid pRepl-nlscdc20C3 (Fig. 1). However, expression
of this fusion protein failed to rescue either cdc20-M10 or
cdc20-P7 (data not shown). We conclude that the minimal Pol
€ sequences required for complementation of the cdc20 mu-
tants include amino acids 1246 to 2199.

Expression of the C-terminal half of Pol € rescues a deletion
of the cdc20™ gene. Our observation that the C-terminal half of
Pol € is capable of rescuing cdc20 mutants was surprising con-
sidering that the mutations in both the cdc20-M10 and
cdc20-P7 strains map to the N-terminal half of the protein
(unpublished observations). Therefore, we tested whether ex-
pression of the C terminus of Pol € alone can rescue a strain
with the entire cdc20™" gene deleted. We transformed pRepl-
¢dc20C1 into the Acdc20/cdc20™ diploid strain, in which a
single copy of cdc20" has been replaced by ura4™ (14). In
addition, the Acdc20/cdc20™ strain was transformed with
pIRT2-cdc20" and pIRT2-cdc20CI, expressing either the

cdc20™ gene or c¢dc20-C1 under the control of the endogenous
cdc20 promoter. Diploids transformed with these plasmids
were induced to sporulate, and haploid cells prototrophic for
uracil and leucine were selected. Cell growth was observed
only following transformation with pRepl-cdc20C1, pIRT2-
cdc20™, and pIRT2-cdc20C1 (Fig. 2B, cells transformed with
pIRT2-cdc20™ and pIRT2-¢dc20CI) but not with the vector
alone or with a nonrelevant gene. Consistent with our earlier
results, ¢dc20C2, but not cdc20C3, was able to rescue the
deletion of cdc20™. We then generated a cdc20*V""" strain, in
which ¢dc20™ is deleted but which contains an integrated copy
of 3hacdc20C1 under the control of the nmt41 promoter.
Southern blot analysis confirmed the absence of wild-type
cdc20™ and the presence of cdc20C1 near the leul locus in this
strain (Fig. 3A and B). Western blot analysis of cellular ex-
tracts prepared from the cdc20*™"“™ strain identified a
polypeptide with a molecular weight consistent with that of
3HACdc20Clp that was not present in extracts prepared from
wild-type cells (Fig. 3C).

The cdc20*™""™ strain shows a delay in cell cycle progres-
sion and is sensitive to DNA-damaging agents. So far, we have
shown that the N-terminal catalytic domains of Pol € are dis-
pensable for cell viability in fission yeast. To address whether
the absence of the N terminus of Pol € has any effect on DNA
replication or DNA repair, we tested whether the cdc20*N"
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FIG. 3. Construction of the cdc20*N"“"" mutant. (A) Expected genomic structure of the cdc20 and leul loci following integration of pJK148-
¢dc20C1. The solid and cross-hatched bars indicate the regions of cdc20 corresponding to the N terminus and the C terminus, respectively. P
indicates the location of the PstI restriction sites used for the Southern blot analysis. (B) Southern blot of genomic DNA prepared from the diploid
Acdc20/cdc20™ strain (lane 3) and from two independent cdc20*N""™ isolates (lanes 1 and 2), probed with a PCR fragment corresponding to the
C-terminal half encoded by cdc20. (C) Western blot of a protein extract prepared from wild-type cells (lane 1) and cdc20*™“"™ cells (lane 2), using
anti-HA monoclonal antibodies. The apparent molecular mass of 3HACdc20Cl1p is approximately 122 kDa.

strain is sensitive to either replication blocks or DNA-damag-
ing agents. In these experiments, cell viability was monitored
following treatment of the cdc20*™"*" strain with HU, MMS,
and UV irradiation. Although our results demonstrate that the
cdc20”N"¢™ strain displays normal sensitivity to HU (Fig. 4A),
these cells show increased sensitivity to both UV irradiation
and MMS (Fig. 4B and C). These data suggest that cells lack-
ing the N-terminal domains of Pol € are defective in DNA
repair.

To test whether expression of the N terminus of Pol € in
trans can complement the defects in cdc20*N"™ cells, we
generated a plasmid Rep6X-cdc20N expressing the N-terminal
half of Pol € (from amino acid 1 to 1281). This clone was
then integrated into the cdc20*™"“"" strain, generating the
cdc20N et Cterm strain. Thus, in cdc20N 7 Cem cells, the
N- and C-terminal domains of Pol € are expressed from two
independent genes. First, we measured the cell generation
time for each strain; the results are summarized in Table 2. As
expected, the cdc20°"*@2°* control strain has a generation
time of approximately 2.3 h in minimal medium at 32°C, iden-
tical to that of wild-type (972) cells. In contrast, the cdc20*™ """

strain is delayed approximately 80 min. Interestingly, the gen-
eration time of the cdc20™ "+ <™ strain is similar to that of
the wild type, suggesting that expression of the N terminus in
trans can rescue the slow-growth phenotype. We then mea-
sured the survival rate of each strain after exposure to HU and
DNA-damaging agents. As mentioned above, cdc20*N"™
cells are resistant to HU but are sensitive to both UV irradi-
ation and MMS. Interestingly, expression of the N-terminal
half of Pol € in cdc20*N"“"" cells is able to restore the survival
rate after exposure to UV and MMS to levels comparable to
those for wild-type cells (Fig. 4B and C). These results suggest
that not only is the N terminus of Pol € important for DNA
repair, but it can still function when physically separated from
the C-terminal half of the enzyme.

cdc20*N-* cells are delayed during S phase. To determine
if the longer generation time of the cdc20*N"“"" strain is due to
a delay during specific phases of the cell cycle, we monitored
the timing of both S phase and mitosis by monitoring DNA
content and the appearance of binucleate cells following re-
lease from a G, block. To do this, we constructed the cdcl0-
129 cdc20*N"“"* double mutant and shifted these cells to the
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FIG. 4. Cells lacking the N-terminal half of Pol € display increased
sensitivity to DNA damage. Survival rates of cdc207°42°* (triangle),
cdc20*N "™ (square), cdc20N ™ (circle), hus1-14 (diamond in
panel A), and rad2-44 (diamonds in panels B and C) cells. Following
treatment with 11 mM HU (A), increasing doses of UV irradiation
(B), and 0.2% MMS (C), cells were plated at 32°C for 3 days, colonies
were counted, and the survival rate was determined by SigmaPlot.
Error bars indicate standard deviations.
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TABLE 2. Summary of physiological characterizations
of cdc20 mutants

Resistance® to:

Strain or mutation Cifgzrzlﬁl)(’)’n
HU uv MMS
972 (WT)* 232 4 . o
cde203hacde20 2.30 +++ I it
cdc20AN-term 363 T o +
cdc2N-term+C-term 236 i o '

“WT, wild type.
> Generation time was measured in minimal medium at 32°C.
¢ +, poor resistance, +++, normal resistance.

restrictive temperature for cdc10-129 (36°C), causing cell cycle
arrest in G,. Upon return to the permissive temperature of
25°C, cells enter S phase synchronously (Fig. 5A). In three
independent experiments, we observed that mitosis is delayed
approximately 1 h in cdc20*N"™ cells compared to results
with either cdc207"“42" or cdc20N" <™ cells (Fig. 5B).
Analysis of DNA content by FACS shows that S phase is
approximately 30 to 60 min slower in the cdc20*N"“™ strain
compared to results with cells containing an intact Pol € (Fig.
5A, compare cdc20*™""™ 90 min, to cdc20°"*°*2°" 9 min).
It is not known whether this delay reflects inefficient DNA
replication initiation or elongation. However, unlike when
DNA replication is inhibited by treatment with HU,
cdc20*N"e™ cells do not require the checkpoint gene cdsI ™ for
viability (see below) (Table 3). Consistent with the results of
the DNA damage sensitivity assays and the cell cycle genera-
tion time measurements, expression of the N terminus in trans
was able to rescue the S phase delay (Fig. 5, see results for
cdc20Nerm+Cterm) These experiments suggest that cells lack-
ing the N terminus of Pol € undergo a defective round of DNA
synthesis. To test the possibility that DNA damage accumu-
lates in these cells and contributes to the cell cycle delay, we
examined whether the DNA damage checkpoint is required for
cell viability in the cdc20*™N""" strain.

The viability of the cdc20*"""™ mutant is dependent on the
DNA damage checkpoint control. Our data have shown that S
phase is delayed in the cdc20*N"¢™ strain. Eukaryotic cells
respond to DNA replication blocks or DNA damage by acti-
vating checkpoint controls that delay the onset of mitosis until
DNA replication and repair are completed (2, 13, 16, 33, 45).
A number of S. pombe genes have been identified that are
essential to activate the checkpoint control. These include the
rad genes (rad 1, 3,9, 17, and 26), hus1, chkl, and cds!. The rad
and hus genes are thought to be involved in the recognition of
DNA damage and generation of checkpoint signals that ulti-
mately block the onset of mitosis by inhibiting the mitotic
kinase Cdc2p (10). Cdslp and Chklp are two protein kinases
that function downstream in the checkpoint control pathway
during S and G, phases, respectively (1, 25, 32, 36, 42). In
addition to its proposed role in the checkpoint control, Cdslp
has an additional role during recovery from replication blocks
imposed by HU (8, 26). To test whether any of the checkpoint
genes are required for viability in cdc20*™" cells, we crossed
the cdc20*N"“" strain with various checkpoint mutants, in-
cluding the Arad3, Ahusl, Achkl, and Acdsl mutants, and the
viability of the double mutants was examined by tetrad analy-
sis. We found that husl, rad3, and chkl are all essential for
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viability in the cdc20*V"“™ strain, demonstrating that  terminal phenotype of the cdc20*™"“"" Achkl double mutant.
cdc20*N "™ requires the DNA damage checkpoint control. To do this, we first constructed the cdc20 N+ e gtrain,

To confirm that the lethality of the cdc20*N"“"" cells when ~ which is identical to the cdc20™"“™ < strain except that
combined with DNA damage checkpoint mutations is indeed the N terminus was derived from the temperature-sensitive
due to a checkpoint failure, we examined more closely the ¢dc20-M10 strain. We then showed that the cdc20N-"+<term
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TABLE 3. Summary of genetic interactions of cdc20 mutants

Viability of cells*
Mutation

Ccho?ha<:dc20+ (WT) CdCZOAN'“'"” chZON-Icrm +C-term
Achkl + - +
Acds1 + + +
Achkl Acdsl + N/A +
Arad3 + — +
Ahusl + - +
cdc6-23 + — +

¢ +, viable; —, synthetically lethal; N/A, not analyzed; WT, wild type.

strain is viable at 36°C, demonstrating that inactivation of the
N terminus of Pol &, when physically separated from the C
terminus, does not interfere with normal C-terminal function.
However, we found that the cdc20/N- e+ C-term Achk] double
mutant rapidly lost viability upon a shift to the restrictive
temperature (Fig. 6A). Microscopic examination of these cells
after staining them with the DNA-binding dye DAPI revealed
a high incidence of aberrant mitoses typical of the cut (cell
untimely torn) phenotype (Fig. 6C). The appearance of mitotic
abnormalities correlated with the observed decrease in cell
viability (Fig. 6B). As a control, cdc20™"™* < Achk] cells
displayed no aberrant mitoses at 36°C. These results confirmed
that in the absence of the N terminus of Pol g, cells are de-
pendent on the DNA damage checkpoint control. Considering
that Chklp is required only for the DNA damage checkpoint
operating in G, (1, 41), these data provide evidence that G,
is also delayed in these cells. Interestingly, we found that
none of the checkpoint genes are required for viability of
cdc20Nerm+<term cells, providing further support that the N
terminus of Pol € is functional when expressed independently
from the C-terminal half of the enzyme.

DISCUSSION

The precise role of Pol € in eukaryotic DNA replication
remains to be resolved. Recently, the N-terminal half of Pol2p,
which contains all the conserved catalytic domains of Pol €, has
been shown to be dispensable for cell viability in S. cerevisiae
(12, 22). This suggests that the essential function of Pol € does
not rely on its ability to synthesize DNA. Consistent with this
observation, we demonstrate that fission yeast cells with the
N-terminal half of Pol € deleted are also viable. The fact that
these two organisms are evolutionarily distant suggests that this is
a conserved feature of Pol € in all eukaryotic cells.

However, in contrast to S. cerevisiae, S. pombe cells lacking
the N-terminal domains are sensitive to DNA-damaging
agents, have a cell cycle delay, and require the DNA damage
checkpoint to maintain cell viability. These results suggest that
the N terminus, although dispensable for cell viability, nor-
mally participates in both DNA replication and repair. Expres-
sion of the N-terminal half of Pol € in trans in cdc20*N"*"" cells
rescues the DNA damage sensitivity and alleviates the depen-
dency on the DNA damage checkpoint control, suggesting that
the N terminus of Pol € is active when expressed independently
of the C-terminal half of the enzyme.

Analysis of cell cycle progression in cdc20*™ ™ cells dem-
onstrates that S phase is delayed at least 30 min at 25°C.

MoL. CELL. BIOL.

Furthermore, cell viability is dependent on expression of the
checkpoint genes rad3, husl, and chkl, suggesting that the cell
cycle is also delayed in G, in response to DNA damage. We
have considered two possible models to explain the checkpoint
dependency of these cells. In the first model, we propose that
in the absence of the N terminus of Pol €, DNA synthesis
occurs inefficiently, as suggested by the slower S phase, and is
error prone. Under these conditions, accumulation of excess
DNA damage leads to activation of the checkpoint control.
DNA damage might result from inefficient chain elongation
and subsequent DNA strand breaks or from nucleotide misin-
corporations due to inefficient proofreading. In this model, the
primary function of the N terminus of Pol € is in DNA repli-
cation, with a secondary role in DNA repair. In our second
model, DNA damage that normally occurs during S phase is
inefficiently repaired in cells lacking the N terminus of Pol €.
This leads to a checkpoint-dependent cell cycle delay. In this
model, the primary role of the N terminus is in DNA repair.
Currently, it is difficult to distinguish between these two pos-
sibilities.

The precise role of the C terminus of Pol € in DNA repli-
cation remains unclear. Based on our results that temperature-
sensitive mutants in Pol € show cell cycle arrest early in S phase
(14) and that the N-terminal catalytic domains are not essential
for DNA synthesis (this study), we propose that Pol €, through
its C-terminal domain, is required for assembly of the replica-
tive complex. Interestingly, in S. cerevisiae, Pol € is found as-
sociated with ARS elements during initiation of DNA replica-
tion (3), consistent with our hypothesis that Pol € functions
early in S phase. Moreover, Pol € was found to associate with
replication origins prior to Pol a, a striking result considering
that Pol a has been generally believed to be the first polymer-
ase that binds to origins during initiation (27, 30). Whether this
reflects a requirement for Pol € for the assembly of the Pol
a-primase complex to DNA is not yet known. In the absence of
the N-terminal domain of Pol €, we predict that the C terminus
can interact with other DNA polymerases, such as Pol §, which
can then substitute for the N terminus of Pol € in DNA syn-
thesis. Consistent with this hypothesis, we have found that
cdc20*N"“™ is synthetically lethal with cdc6-23, a temperature-
sensitive mutant defective in the catalytic subunit of DNA Pol
8 (Table 3).

Analysis of the amino acid sequence of the C-terminal half
of Pol € has not revealed any obvious protein function(s). The
most striking feature consists of a series of zinc finger DNA
binding motifs at the extreme end of the protein. Site-specific
mutagenesis of some of the key cysteine residues within the
zinc finger domains has shown that this region of the protein is
essential for cell viability in S. cerevisiae (11, 12). In S. pombe,
short C-terminal truncations of Pol € near the zinc finger mo-
tifs are lethal (14). Comparison of the C-terminal sequences of
Pol € from different organisms reveals substantial sequence
similarity (>30% identity); however, this is significantly less
than what is observed within the N-terminal catalytic domain
(>60% identity). This suggests that the polymerase function of
Pol € is much less tolerant of genetic change than is the C-
terminal domain, which has clearly undergone considerable
species-dependent modifications throughout evolution. It has
been reported that S. pombe Pol € is unable to complement
mutations in POL2 in S. cerevisiae (40). This is likely to reflect
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differences within the C-terminal domain. It will be interesting
to determine if the N terminus of S. cerevisiae or human Pol €
can complement the defects in the S. pombe cdc20*N"
strain. We suspect that the genetic diversity observed within
the C terminus reflects species-specific protein-protein inter-
actions that are critical during the early stages of initiation of
DNA replication.

Our studies clearly demonstrate that the role of Pol € in

eukaryotic DNA replication is more complex than previously
anticipated. Along with its polymerase and exonuclease activ-
ities, Pol € has an additional essential function(s) that resides
in the C-terminal half of the enzyme. Future experiments will
be focused on providing a better understanding of the struc-
ture and function of Pol g, particularly within the C-terminal
domain, and how this important enzyme interacts with other
components of the replication machinery.
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