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ABSTRACT The antitumor agent camptothecin targets
DNA topoisomerase I by reversibly stabilizing a covalent
enzyme-DNA intermediate. The subsequent collision of DNA
replication forks with these drug-enzyme-DNA complexes
produces the cytotoxic DNA lesions that signal cell cycle arrest
and ultimately lead to cell death. Despite intense investigation,
the character of the lesions produced and the repair processes
that resolve the damage remain poorly defined. A yeast genetic
screen was implemented to isolate conditional mutants with
enhanced sensitivity to DNA topoisomerase I-mediated DNA
damage. Cells exhibiting temperature-sensitive growth in the
presence of the DNA topoisomerase I mutant, Top1T722Ap,
were selected. Substitution of Ala for Thr722 increases the
stability of the covalent Top1T722Ap-DNA intermediate,
mimicking the cytotoxic action of camptothecin. Two mutants
isolated, cdc45-10 and dpb11-10, exhibited specific defects in
DNA replication and a synthetic lethal phenotype in the
absence of DNA damaging agents. The accumulation of Oka-
zaki fragments under nonpermissive conditions suggests a
common function in promoting processive DNA replication
through polymerase switching. These results provide a mech-
anistic basis for understanding the cellular processes involved
in the resolution of DNA damage induced by camptothecin and
DNA topoisomerase I.

The helical structure of double-stranded DNA allows for the
faithful replication of chromosomes, where each strand serves
as a template for complementary strand synthesis. However,
the intertwining of these template strands imposes topological
constraints such that unwinding of the duplex is required for
replication fork progression (reviewed in refs. 1–3). Eukary-
otic DNA topoisomerase I catalyzes changes in DNA topology
via the transient cleavage and religation of a single strand (1,
4). A covalent phosphotyrosyl linkage is formed between the
39 phosphate of the cleaved DNA strand and the active site
tyrosine of the enzyme. This presumably allows for the non-
covalently bound end of the nicked DNA to rotate around the
intact complementary strand to effect changes in the linkage
of the DNA strands. A second transesterification completes
the catalytic cycle; the covalent enzyme-DNA intermediate is
resolved, and the phosphodiester bond in the DNA resealed.

The antitumor agent camptothecin (Cpt) targets DNA
topoisomerase I (Top1p) by reversibly stabilizing the covalent
enzyme-DNA intermediate (reviewed in refs. 1, 3, 5, and 6). In
the yeast Saccharomyces cerevisiae, DNA topoisomerase I is
nonessential, and top1-null strains or cells expressing a cata-
lytically inactive Top1p are resistant to Cpt (3, 7). Cpt cyto-
toxicity further depends on DNA synthesis as aphidicolin
blocks cell sensitivity to the drug (3, 7–9). Yeast rad52 mutants,
deficient in homologous recombination and DNA double
strand break repair, are hypersensitive to Cpt (3, 7). Based on

such data, a model was proposed in which collision of repli-
cation forks with the Cpt-stabilized covalent Top1p-DNA
intermediates generates double strand breaks, cell cycle arrest
in G2, and cell death (8, 10). Consistent with such a mecha-
nism, the abrogation of DNA damage checkpoints, either by
mutation in yeast rad9 strains or by treatment with UCN-01 in
mammalian cells, abolishes cell cycle arrest in G2 and enhances
Cpt cytotoxicity (3, 11, 12).

Despite intense investigation, the character of the DNA
lesions produced by the collision of the advancing replication
fork with the Cpt-enzyme-DNA complexes remains poorly
characterized, as do the specific repair processes required for
their resolution. Cpt-induced breakage of SV40 DNA repli-
cation forks has been examined in infected cells and in cell-free
replication reactions (10, 13). These data suggest a dependence
on replication fork polarity in which irreparable DNA lesions
are more likely when Cpt-induced breaks reside on the leading,
rather than lagging, strand template (6, 10). The mechanistic
basis for this is unclear. Further, SV40 DNA replication differs
from that of genomic DNA in several respects. It is driven by
T antigen helicase and does not depend on DNA polymerase
« (Pol «), which is required for cellular DNA replication and
a replication checkpoint (reviewed in refs. 14 and 15).

To address events downstream of the ternary Cpt-enzyme-
DNA complex, we performed a genetic screen in S. cerevisiae
to identify conditional mutants with enhanced sensitivity to
DNA damage induced by DNA topoisomerase I. Because the
pleiotropic drug resistance network can modulate yeast cell
sensitivity to Cpt (16), the top1T722A mutant was used as a
source of DNA damage. Substitution of Ala for Thr722
increases the stability of the covalent enzyme-DNA interme-
diate in the absence of Cpt (12). Overexpression of
Top1T722Ap is toxic to wild-type cells whereas constitutive
low level expression induces a hyper-recombination phenotype
(12). The homologous Thr718-to-Ala substitution in human
Top1p induces similar alterations in enzyme function and cell
viability (37).

Here, we present the characterization of two mutants that
exhibit temperature-sensitive (ts) lethality in the presence of
low levels of Top1T722Ap. Complementation analysis and
sequencing defined mutations in cdc45 and dpb11, both es-
sential genes involved in DNA replication. We show that these
mutants are synthetically lethal with each other and provide
evidence suggesting a common function in promoting proces-
sive DNA replication through polymerase switching. These
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findings are also discussed in terms of the cytotoxic action
of Cpt.

MATERIALS AND METHODS

Materials, Yeast Strains, and Plasmids. Ethyl methane
sulfonate and methyl methanesulfonate (MMS) were from
Kodak. a mating hormone, hydroxyurea (HU) and Cpt were
from Sigma. 5-f luoroorotic acid was from American Biorgan-
ics (Niagra Falls, NY).

Plasmids YCpSctop1T722A and YCpScTOP1 and strains
EKY2 (MATa, ura3-52, his3D200, leu2D1, trp1D63,
top1::HIS3), EKY3 (MATa, ura3-52, his3D200, leu2D1,
trp1D63, top1::TRP1), and EKY4 (MATa, ura3-52, his3D200,
leu2D1, trp1D63, top1::TRP1) were as described (17). RRY71
(EKY4, dpb11-10), RRY72 (EKY4, cdc45-10), MSY32
(EKY4, dpb11-10, cdcd45-10), RRY113 (EKY4, rhoo),
RRY114 (RRY71, rhoo), RRY115 (RRY72, rhoo), and
RRY116 (MSY32, rhoo) were made by standard techniques.

A yeast genomic DNA library in vector pRS416 was made
as described (16). FY250 genomic DNA, partially digested
with Sau 3A, was size-fractionated in agarose gels and was
ligated into the dephosphorylated BamHI ends of pRS416.
After transformation into Escherichia coli, the amplified YCp-
FY250 library plasmids were purified by CsCl gradient cen-
trifugation.

tah Mutant Isolation. In brief, top1T722A hypersensitive
(tah) mutants were isolated as follows: EKY3 cells, trans-
formed with plasmid YCpSctop1T722A, were ethyl methane
sulfonate-mutagenized (17) and screened for colonies showing
ts growth at 35°C. Potential tah mutants were plated at 26°C
on 5-fluoroorotic acid media to select against the URA3
marked top1T722A plasmid and were screened for loss of the
ts phenotype. tah strains were repeatedly backcrossed to
isogenic wild-type cells, and spore products were tested for ts
hypersensitivity to top1T722A to identify strains showing 2:2
segregation of single gene mutations.

Cloning CDC45 and DPB11 by Complementation. tah1-1
and tah2-1 strains, transformed with YCp-FY250 library DNA,
were grown at 35°C to isolate genomic DNA inserts that
complement hypersensitivity to 5 mgyml HU. Ends of over-
lapping clones were sequenced and compared with the Sac-
charomyces genome database. TAH1 clone 4-4 contained 7.4
kilobases of chromosome X including YJL091c, DPB11, and a
59 deletion of HPR5. TAH2 clone 2-A contained 7.9 kilobases
of chromosome XII encompassing five complete ORFs,
YLR099-YLR102, and CDC45. Subcloning showed DPB11 and
CDC45, respectively, complemented the HU and top1T722A
hypersensitivity of tah1 and tah2.

The genetic identity of TAH1 and TAH2 was established by
integrating URA3 into sequences flanking wild-type DPB11
and CDC45, respectively. These strains were mated to tah1 or
tah2 mutants, and the meiotic products were assessed for
segregation of the mutant phenotype and uracil prototrophy.
Integration constructs were as follows: a 3.2-kilobase ClaI
fragment excised from TAH1 clone 4-4 was ligated into
pRS416 (18), from which a SacI-KpnI fragment was subcloned
into pRS306 to make YIpDPB11. Transformation of EKY2
cells with AvrII-digested DNA targeted integration to se-
quences 59 to DPB11. A 2.9-kilobase SpeI-BglII fragment
containing sequences flanking CDC45 from TAH2 clone 2-A
was ligated into the SpeI and BamHI sites of pRS416. A
ClaI-SacI fragment was subcloned to yield YIpCDC45. Inte-
gration was targeted to CDC45 f lanking sequences by restric-
tion with SphI.

Mutant dpb11-10 and cdc45-10 alleles were recovered after
targeted integration of the YIp vectors to the mutant loci.
Purified yeast genomic DNA (19) was restricted with EcoRI
(dpb11-10) or Nsi I (cdc45-10). Size-selected DNA was ligated

and transformed into E. coli. Amino acid substitutions were
defined by DNA sequencing.

Cell Viability Assays. Wild-type, dpb11-10, and cdc 45-10
strains, transformed with YCpScTOP1, YCpSctop1T722A, or
pRS416, were serially 10-fold diluted. Five-microliter aliquots
were spotted onto SC-uracil plates supplemented with 25 mM
Hepes (pH 7.2) and 5 mgyml Cpt in a final 4% DMSO, or
DMSO alone. To assess MMS and HU sensitivity, serial
dilutions of wild-type and mutant strains were spotted onto
yeast extractypeptoneydextrose (YPD) plates containing
0.0125 or 0.025% MMS or 5 mgyml HU. UV sensitivity was
tested by spotting cells onto YPD plates and irradiating with
0, 10, or 20 mJyM2 UV. Cell viability was assayed at 26 and
35°C.

a Factor Arrest and Flow Cytometry. Exponential cultures
were diluted in YPD, were treated with 5 mgyml alpha factor
for 2 hours, and were visually monitored for G1 arrest (20). An
additional 2 mgyml a factor was added, and the cells were
shifted to 35°C. After 2 hours, cells were released into the cell
cycle by the addition of 100 mgyml Streptomyces griseus
proteinase E (Sigma) and were prepared for flow cytometry as
described (20).

Checkpoint Assays. Cells grown in YPD were treated with
15 mgyml HU and were incubated at 26°C or 35°C. Every 2
hours, aliquots were plated to assay cell viability or fixed for
microscopy. As in ref. 21, S-phase progression also was as-
sessed in the presence of DNA damage. Cells arrested with 5
mgyml a factor at 26°C were shifted to 35°C and were released
into YPD with or without 0.03% MMS. At 20-minute intervals,
aliquots were fixed for flow cytometry.

Analysis of Okazaki Fragments by Alkaline Sucrose Gradi-
ent Sedimentation. As described (22), yeast cells grown at 26°C
in YPD were diluted to '2 3 104 cellsyml in fresh media
containing 5 mCi of 14C-uracil and were grown for '7 dou-
blings. The cells were pelleted, resuspended in fresh media,
and incubated at 35°C for 30 minutes. 3H-uracil (50 mCi) was
added, and, after 30 or 90 minutes at 35°C, the cells were fixed
with ethanol-toluene, were lysed, and were fractionated in
5–20% alkaline sucrose gradients (22).

RESULTS

Isolation of tah1 and tah2 Mutants with Conditional Sen-
sitivity to DNA Topoisomerase I Poisons. To identify muta-
tions that affect the generation or repair of DNA lesions
caused by Cpt, a genetic screen was performed to isolate
mutants with enhanced sensitivity to the DNA topoisomerase
I mutant, top1T722A. To avoid resistance mechanisms depen-
dent on Cpt uptakeyefflux, we focused on Top1T722Ap, which
mimics the cytotoxic action of Cpt by stabilizing the cleavable
complex (12). Constitutive expression of top1T722A from the
TOP1 promoter is tolerated by repair-proficient cells, though
increased rDNA recombination suggests Top1T722Ap-
induced DNA damage (12). Mutants were selected for con-
ditional sensitivity to the DNA damage induced by low levels
of Top1T722Ap.

EKY3 (top1D) cells transformed with YCpSctop1T722A
were mutagenized and screened for loss of viability at 35°C. Ts
colonies were cured of the top1T722A plasmid, and the result-
ing top1-null strains were rescreened for viability at 35°C.
Strains thus obtained were ts for growth when Top1T722Ap
was expressed; wild-type Top1p or deletion of TOP1 had no
effect. Backcrossing ensured segregation of the ts phenotype
as a single gene mutation, and the mutants identified were
provisionally designated tah for top1-T722A-hypersensitive. In
this report, we focus on tah1 and tah2 mutants, which show
specific defects in DNA replication.

In Fig. 1, TAH1 (wild-type) cells, constitutively expressing
TOP1, top1T722A, or a vector control, were viable at 26°C and
35°C (Fig. 1). The low levels of DNA topoisomerase I ex-
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pressed were insufficient to render the cells sensitive to Cpt at
either temperature. Although all strains in this study were
top1-null, the wild-type designation refers to TAH1 (DPB11
and CDC45).

In contrast, tah1-1 and tah2-1 cells expressing top1T722A
were inviable at 35°C. The top1T722A allele induced slow
growth of tah1-1 cells even at 26°C, suggesting a partial loss of
function at the permissive temperature. This differential was
evident in the enhanced Cpt sensitivity of tah1-1 cells express-
ing Top1p at 35°C and Top1T722Ap at 26°C. The viability of
tah2-1 cells was only slightly diminished by Cpt under these
conditions. Nevertheless, the Cpt sensitivity of both mutants
was augmented at higher levels of Top1p expression (data not
shown), consistent with Top1T722Ap function as a Cpt mi-
metic. The ts phenotypes were not a consequence of alterations
in enzyme function, as Top1p levels and catalytic activity were
unaffected (data not shown).

tah1-1 and tah2-1 mutants exhibited increased sensitivity to
other classes of DNA damaging agents at the nonpermissive
temperature. UV irradiation or treatment with the DNA
replication inhibitor HU induced an '100-fold decrease in
tah1-1 and tah2-1 cell viability, relative to isogenic wild-type
strains. However, only tah1-1 cells were hypersensitive to the
alkylating agent MMS (data not shown). Further, the spectrum
of changes in drug sensitivity appeared to be limited to DNA
damaging agents, as tah1-1 and tah2-1 cell growth was unaf-
fected by sublethal doses of cycloheximide or the mitochon-
drial toxin oligomycin (data not shown).

Complementation of tah1-1 by DPB11 and tah2-1 by CDC45.
TAH1 and TAH2 were cloned from the YCp-FY250 DNA
library by complementation of HU sensitivity at 35°C. Two
overlapping clones from chromosome X complemented
tah1-1. Although common sequences contained YJL091c and
DPB11, DPB11 alone complemented the ts phenotypes of
tah1-1. Genetic identity of TAH1 with DPB11 was established
by integration of URA3 near the DPB11 locus in a wild-type
strain, mating with strain tah1-1 (dpb11-10) and observing
segregation of URA3 away from the ts phenotype.

DPB11 is an essential gene, originally identified as a dosage
suppressor of mutations in the POL2 and DPB2 subunits of Pol
« (23). Dpb11p is 48% similar to Schizosaccharomyces pombe
cut5 protein, which is required for the DNA replication
checkpoint (23). A conditional dpb11-1 mutant was previously
described that is defective in the S. cerevisiae replication
checkpoint (23).

The dpb11-10 allele was recovered, and sequencing revealed
a single C-to-T change, resulting in substitution of Cys for
Arg-403. This substitution occurs in a region of identity
between Cut5p and Dpb11p and within a BRCT motif (Fig.
2A). BRCT motifs are thought to mediate protein–protein

interactions necessary for DNA repair and checkpoint func-
tions (24).

Two overlapping clones from chromosome XII comple-
mented tah2-1. Common sequences included YLR099-
YLR102 and CDC45; however CDC45 alone restored tah2-1
cell viability under restrictive conditions. The genetic identity
of TAH2 as CDC45 was established as described above for
DPB11. The cdc45-10 (tah2-1) allele was recovered, and
sequencing defined a Gly-to-Asp change at residue 510, near
the C terminus (Fig. 2 A).

Cdc45p is essential for the initiation of DNA replication and
assembles onto replication origins during late G1 phase of the
cell cycle (25–27). Cdc45p function during replication initia-
tion occurs after START but before the HU replication arrest
checkpoint and appears to be coincident with the action of the
DBF4yCDC7 kinase.

Genetic Interactions Between cdc45-10 and dpb11-10. To
determine whether Cdc45p and Dpb11p function at discrete
points in a Cpt-responsive pathway, the double mutant phe-
notype was examined. In contrast to single mutant and wild-
type strains, the dpb11-10, cdc45-10 double mutant was ts for
growth in the absence of DNA damage (Fig. 2B). This
synthetic lethal phenotype was irrespective of Top1p as double
mutants expressing plasmid-borne wild-type TOP1 were also
inviable at 35°C (data not shown).

Synthetic lethality suggests that these mutant proteins per-
form redundant functions in an essential cellular process, or
that one mutant allele causes a lesion—such as DNA dam-
age—that is sensed by a checkpoint function of the second

FIG. 1. top1-null strains, TAH1 (wild-type), tah1-1, or tah2-1, were
transformed with ARSyCEN vectors constitutively expressing the
indicated TOP1 allele. Cultures were serially diluted, were spotted
onto selective media with or without 5 mgyml Cpt, and were incubated
at the permissive (26°C) or nonpermissive (35°C) temperature.

FIG. 2. cdc45-10 and dpb11-10 mutants exhibit a synthetic lethal
interaction. (A) The shaded boxes in Dpb11p indicate repeated BRCT
motifs. The Arg-to-Cys substitution encoded by dbp11-10 lies within a
stretch of residues conserved in the S. pombe DPB11 homologue, Cut5.
Identical residues are white text on black, and conserved residues are
shaded gray. The cdc45-10 mutant encodes a Gly-to-Asp substitution.
The shaded areas mark a putative bipartite nuclear localization signal.
(B) Wild-type (WT), dpb11-10, cdc45-10, and three independently
isolated double dpb11-10, cdc45-10 mutant strains were streaked onto
YPD plates and were incubated at the indicated temperatures. All
strains were top1-null.
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gene product (for example, see ref. 28). Indeed, studies with
the dpb11-10 mutant indicate Dpb11p function is required for
the S-phase checkpoint as well as replication (23, 29, 30),
although checkpoint function is not essential for viability.

cdc45-10 and dpb11-10 Cells Have Intact S-Phase Check-
points yet Are Defective in DNA Replication. Several ap-
proaches were taken to directly assess S-phase checkpoint
function in dpb11-10 and cdc45-10 mutants. First, single
dpb11-10 and cdc45-10 mutants and the double dpb11-10,
cdc45-10 mutant arrested with short spindles and a single DNA
mass in response to HU treatment (data not shown). This is in
contrast to the checkpoint defect reported for the dpb11-1
mutant, which encodes a C-terminal truncation of Dpb11p
(29) and exhibits elongated spindles (30). Furthermore, HU-
arrested cdc45-10 and dpb11-10 strains recovered from arrest
with no decrease in viability, when plated at 26°C (data not
shown).

S-phase progression is also retarded in a checkpoint-
dependent manner when cells are treated with a DNA dam-
aging agent (21). dpb11-10 and wild-type strains were arrested
with a factor and were released into MMS at 26 or 35°C. At
35°C, S-phase progression was slower in dpb11-10 cells in the
absence of DNA damage than in untreated wild-type cells.
Nevertheless, MMS treatment produced a greater defect in
S-phase transit proportional to that observed with wild-type
cells (data not shown). Taken together, the S-phase checkpoint
appears to be intact in dpb11-10 and dpb11-10, cdc45-10
mutants.

Deletion of the RAD9 G2yM checkpoint gene in dpb11-10
and cdc45-10 strains produced a slow growth phenotype at
35°C, suggesting the production of DNA damage recognized
by this checkpoint (data not shown). The phenotype of the
triple rad9D, dpb11-10, cdc45-10 mutant resembled that of the
double dpb11-10, cdc45-10 mutant. Thus, either the DNA
damage produced is not recognized by the G2yM checkpoint
or cell cycle progression is regulated by the S-phase check-
point.

As functional replication checkpoints were evident in
cdc45-10 and dpb11-10 mutants, the synthetic lethal phenotype
of the double mutant might reflect a common essential
function. Cdc45p genetically and physically interacts with
components of the prereplicative complex, ORC and MCM
proteins (after START), and is required for initiation of DNA
replication (25–27, 31). Crosslinking studies further suggest
Cdc45p and MCM proteins remain associated with the repli-
cation fork after origin firing (32). Dpb11p is critical for DNA
replication and the S-phase checkpoint, genetically interacts
with the Pol « complex, and appears to function early during
the elongation phase of DNA replication (23, 29, 30).

To explore dpb11-10 and cdc45-10 function in DNA repli-
cation, asynchronous cultures were shifted to 35°C and were
analyzed for changes in cell cycle distribution. As shown in Fig.
3A, the cell cycle distribution of wild-type cells was unaffected
at high temperature. Single dpb11-10 and cdc45-10 mutants
transiently accumulate with a G1 DNA content 1 hour after
shift. The majority of cells were budded, consistent with cell
cycle arrest in early S-phase. By 2 hours at 35°C, the popula-
tions returned to a relatively normal distribution, although the
data indicated a slower rate of S-phase progression. The
double dpb11-10, cdc45-10 mutant exhibited a more persistent
arrest in early S-phase, with little effect on cell viability at 2
hours (Fig. 3 A and C). After 3 hours, the cells proceeded
through S-phase, coincident with a rapid drop in viability
(Fig. 3C).

To further explore S-phase progression, cells were synchro-
nized at START with a factor, were shifted to 35°C, and were
released into the cell cycle. As shown in Fig. 3B, wild-type cells
entered S-phase after 10 minutes, with the majority of the cells
achieving a 2N DNA content by 30 minutes. In contrast, the
single mutants, though viable, experienced a delay in early

S-phase progression and took upwards of 60 minutes to acquire
a 2N DNA content. The dpb11-10, cdcd45-10 double mutant
exhibited a persistent, terminal defect in S-phase transit, and
with ,2N DNA content at 80 minutes.

Similar defects in the cell cycle transit of cdc45-10 and
dpb11-10 cells are consistent with a common essential function
in replication. Although Cdc45p plays an essential role at
replication origins during initiation (25–27), recent evidence
suggests Cdc45p also associates with advancing replication
forks, coincident with Pol « and presumably Dpb11p (32). Such
an expanded role for Cdc45p might involve interactions with
distinct DNA polymerases: Pol a for replication priming and
Pol « or d for elongation.

Cdc45p and Dpb11p Are Required for Okazaki Fragment
Maturation. Processive replication by Pol «yd requires loading
of proliferating cell nuclear antigen (PCNA) onto a DNA
template that has been primed by Pol ayprimase (reviewed in
refs. 14 and 15). Replication factor C is required to open the
stable PCNA (Pol30p) trimer and close it around the template
in an ATP-dependent process. pol30 mutants, with diminished
loading onto DNA, accumulate immature Okazaki fragments

FIG. 3. cdc45-10 and dpb11-10 mutants affect S-phase progression.
(A) Asynchronous cultures of EKY4 (wt), RRY71 (dpb11-10), RRY72
(cdc45-10), and MSY32 (dpb11-10, cdc45-10), grown at 26°C, were
split, and half of the sample was shifted to 35°C. Each hour, aliquots
were fixed, stained with propidium iodide, and sorted on a Coulter
Profile II f low cytometer. (B) a factor-arrested cultures were shifted
to 35°C for 2 hours and were released into the cell cycle. At 10-minute
intervals, aliquots were collected and examined for cell cycle distri-
bution. (C) At t 5 0, an asynchronous culture of dpb11-10, cdc45-10
cells was split; half remained at 26°C, and half was shifted to 35°C. At
the times indicated, aliquots were serially diluted and plated. The
number of viable cells forming colonies at 26°C were counted and
plotted relative to t 5 0. All strains were top1-null.
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on the lagging DNA strand similar to DNA ligase mutants (22).
To examine the role of Dpb11p and Cdc45p in this stage of
replication, the maturation of Okazaki fragments was assessed.

Wild-type and mutant strains were grown in the presence of
14C-uracil to uniformly label DNA at the permissive temper-
ature. The cultures were shifted to 35°C, and newly replicated
DNA was labeled with 3H-uracil for 30 or 90 minutes. Total
cellular DNA was fractionated in alkaline sucrose gradients
(Fig. 4). The relative accumulation of Okazaki-sized DNA
fragments, and the proportional decrease in large DNA mol-
ecules at 35°C is displayed in Fig. 4 (lower panels).

Newly synthesized DNA in wild-type cells was rapidly as-
sembled into large molecules. In Fig. 4, the 3H and 14C traces
for the 30 and 90 gradients were practically superimposable.
cdc45-10 and dpb11-10 mutants exhibited an initial defect in
Okazaki fragment maturation, as indicated by the accumula-
tion of 3H-label at the top of the gradients after the 309 pulse.
However, consistent with the transient accumulation of
cdc45-10 and dpb11-10 cells in S-phase 1 hour after temper-
ature shift (Fig. 3A), this deficiency was mostly resolved by 90
minutes (Fig. 4). The double dpb11-10, cdc45-10 mutant
showed a similar defect in Okazaki fragment maturation at 30
minutes that persisted at 90 minutes and mirrored the sus-
tained lag in S-phase progression seen in Fig. 3.

These data suggest Cdc45p and Dpb11p function are re-
quired for processive DNA replication, possibly in promoting
the switch from Pol ayprimase to the processive polymerases
(d or «). Along these lines, wild-type CDC45 was unable to
dosage suppress the top1T722A-lethality in dpb11-10 cells, but
DPB11 could partially dosage suppress top1T722A-induced
lethality in cdc45-10 cells (data not shown). Because Cdc45p
presumably acts at a point in replication before Dpb11p, this
result suggests that the downstream events controlled by
Dpb11p can partially compensate for the earlier deficiency
caused by mutant Cdc45p.

DISCUSSION

A genetic screen was designed to identify yeast genes that
normally function to suppress cell sensitivity to the antitumor
drug Cpt. Using Top1T722Ap as a Cpt mimetic, ts mutants
hypersensitive to this form of DNA damage were selected. Two
genes defined by this approach encode proteins that play a key
role in DNA replication, Cdc45p and Dpb11p. At 35°C, single
amino acid substitutions in Dpb11p or Cdc45p impaired the
ability of yeast cells to survive the DNA lesions induced by
alterations in DNA topoisomerase I function, yet cell viability
was unaffected in the absence of DNA damage. However, the
conditional lethality of the dpb11-10 and cdc45-10 mutants was
not restricted to top1T722A, as the strains were also hyper-
sensitive to other DNA damaging agents.

DPB11 suppresses mutations in Pol « subunits and likely
associates with the Pol « complex (23). Dpb11p plays a critical
role in DNA replication and is a component of the S-phase
checkpoint (23, 29, 30). Cdc45p function is essential for the
initiation of DNA replication (25–27, 31) and is recruited to
replication origins in an S-phase cyclin-Cdk-dependent man-
ner (25). Genetic and physical interactions of Cdc45p with
several ORC and MCM proteins have been defined (15,
26, 31).

Here, we show that cdc45-10 and dpb11-10 were syntheti-
cally lethal in the absence of DNA damage. Further, cdc45-10
and dpb11-10 mutants exhibit a delay in early S-phase resulting
from a transient defect in Okazaki fragment maturation. The
persistence of this defect in the double mutant proves lethal as
the cells transit S-phase, suggesting a deficiency in switching
from priming to processive polymerization.

Several recent reports support our observations. First, chro-
matin immunoprecipitation experiments indicate a redistribu-
tion of Cdc45p during S-phase, coincident with Pol « in

advancing replication forks (32). Second, Kamimura et al. (29)
identified mutant alleles of CDC45 and SLD2 in a synthetic
lethal screen with dpb11-1. Sld2p physically associates with

FIG. 4. cdc45-10 and dpb11-10 mutants accumulate Okazaki-sized
DNA fragments. (A) Exponentially growing rho° cultures, continu-
ously labeled with 14C-uracil, were shifted to 35°C, and 3H-uracil was
added for 30 minutes (left panels) or 90 minutes (right panels). The
DNA was fractionated in alkaline sucrose gradients. Sedimentation is
from left to right (fraction 1 is the top). fX174 and l DNA migrated
to fractions 6 and 11, respectively. Acid precipitable 3H (■) and 14C (E)
cpm are plotted as the percent total cpm. Each graph is the average
of at least three experiments. (B) The relative accumulation of
Okazaki-sized DNA fragments (fractions 1–7) or full length DNA
molecules (fractions 14–20) at 35°C was assessed by summing the
percentage of 3H cpm in the top, middle, and bottom portions of each
gradient and subtracting the percentage of 14C cpm obtained with
continuous labeling at 26°C. Results from the 30-minute 3H gradients
are gray, and those from 90-minute 3H gradients are white. Values .0
indicate an accumulation of 3H label at 35°C whereas values ,0
indicate a deficit.
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Dpb11p, and the authors argue that these gene products
function early in S-phase, but after replication initiation (29).
This is consistent with the arrest in early S-phase observed with
cdc45-10 and dpb11-10 single mutants after temperature shift.
Finally, Xenopus Cdc45p physically associates with Pol a and
is essential for loading the polymerase onto chromatin in a cell
free system (33). Taken together, these results support a model
in which Cdc45p is important for assembling Pol a onto
chromatin and for removing the polymerase after its function
is complete. Our data further indicate Dpb11p acts down-
stream of Cdc45p and is required for processive replication,
possibly through the loading of processive polymerases.

Replication factor C and PCNA also function in the dis-
placement of Pol a and the recruitment of Pol d and probably
Pol « (15). Although Pol d and « are both required for DNA
replication, the specific function of Pol « remains unclear.
Previous studies suggest Pol d and Pol « are associated with
different strands (15); however, the direct assignment of either
polymerase with leading or lagging strand synthesis has not
been made.

PCNA further stimulates Rad27p, the FEN1 nuclease im-
plicated in the nucleolytic processing of RNA primers (15).
PCNA function in the cdc45-10 and dpb11-10 mutants has not
been addressed. However, a direct effect on Rad27p is unlikely
because deletion of RAD27 had little effect on the Cpt
sensitivity of yeast cells expressing wild-type TOP1 or the
viability of cells expressing top1T722A (R.J.D.R., M.S., and
M.-A.B., unpublished data).

The question remains of how a defect in polymerase pro-
cessivity, and the resultant accumulation of Okazaki frag-
ments, enhances cell sensitivity to Cpt. Collision of the ad-
vancing replication fork with Cpt-stabilized Top1p-DNA com-
plexes leads to irreparable lesions, cell cycle arrest, and death
(reviewed in refs. 3 and 6). Further studies imply the impor-
tance of replication fork polarity (6, 10), where formation of
the ternary Cpt-Top1p-DNA complex on the leading strand
template (Fig. 5A) is more likely to produce irreparable lesions
than Cpt-induced breaks of the lagging strand template (Fig.
5B). Our studies indicate the accumulation of Okazaki frag-
ments on the lagging strand exacerbates the cytotoxicity of
DNA topoisomerase I covalent complexes. Whether replica-
tion fork collision with these complexes produces double
strand DNA breaks or stalled replication forks, homologous
recombination coupled with replication is required for the
repair of either (34, 35). In cdc45-10 or dpb11-10 cells,
fragmentation of the newly replicated lagging strand, i.e.,
accumulation of Okazaki fragments, might preclude the ef-
fective repair of Top1p-induced DNA damage. Here, invasion
of the nicked leading template strand into homologous se-
quences of the sister chromatid would displace the unligated
Okazaki fragments, such that they could no longer serve as a
substrate for either replication or homologous recombination.
An alternative model is that the interaction is indirect, that
increased DNA lesions induced by Cpt, coupled with the
accumulation of Okazaki fragments exceeds the repair capac-
ity of the cell.

Nevertheless, the enhanced Cpt sensitivity of rad52D cells
implicates homologous recombination in the repair of DNA (2,
3). Rad52p is also required for the formation of Holiday
junctions during DNA replication (36) and for the viability of
pol30 mutants defective in promoting processive DNA repli-
cation (22), consistent with the repair of collapsed replication
forks. Experiments are currently underway to determine the
specific DNA lesions induced by Cpt in these mutant strains.
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