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We have shown previously that perturbation of origin firing in chromosome replication causes DNA lesions
and triggers DNA damage checkpoint control, which ensures genomic integrity by stopping cell cycle progres-
sion until the lesions are repaired or by inducing cell death if they are not properly repaired. This was based
on the observation that the temperature-sensitive phenotype of orcI-4 and orc2-1 mutants required a pro-
grammed action of the R4D9-dependent DNA damage checkpoint. Here, we report that DNA lesions in the orc
mutants are induced much more quickly and frequently within the rRNA gene (rDNA) locus than at other
chromosomal loci upon temperature shift. orc mutant cells with greatly reduced rDNA copy numbers regained
the ability to grow at restrictive temperatures, and the checkpoint response after the temperature shift became
weak in these cells. In orc2-1 cells, completion of chromosomal duplication was delayed specifically on
chromosome XII, where the rDNA array is located, and the delay was partially suppressed when the rDNA copy
number was reduced. These results suggest that the rDNA locus primarily signals abnormalities in the
initiation program to the DNA damage checkpoint and that the rDNA copy number modulates the sensitivity

of this monitoring function.

Eukaryotic DNA replication initiates from multiple origins
on each chromosome. These origins are activated at different
time points during S phase and are utilized with different
efficiencies in individual cells (16, 31, 40). The initiation pro-
gram of chromosomal replication from multiple origins is cru-
cial for the maintenance of genetic integrity in eukaryotic cells.
When origin firing is perturbed, replication from fewer origins
can lead to chromosome loss and rearrangement. Chromo-
some instability is induced in Saccharomyces cerevisiae cells
having defects in components of the prereplicative complex,
ORC, MCM, Cdc6, and Cdtl, which are required for origin
firing and a proper initiation program (3, 8, 14, 21, 22, 38).
These notions are important for understanding the causes of
chromosome abnormality involved with carcinogenesis as well
as the development of malignancy, because cells expressing
oncogenes ectopically often display perturbed origin firing and
an abnormal initiation program (1, 13).

Among the initiation proteins, ORC (origin recognition
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complex) plays a central role in initiating replication by asso-
ciating with the replication origin and recruiting other replica-
tion factors (2, 4, 15). ORC also composes the chromatin
environment near origins, which determines the timing of or-
igin firing during chromosomal replication (28). Using yeast
cells defective in ORC function, we have shown previously that
chromosome loss, allelic recombination, and other chromo-
somal aberrations are induced in cells grown at the restrictive
temperature but that this chromosomal instability is efficiently
suppressed by DNA damage checkpoint control functions (38).
Yeast orc mutants with temperature-sensitive (ts) growth phe-
notypes show either a severe defect in entering the S phase of
the cell cycle or a reduced capacity to regulate the timing and
efficiency of origin firing at nonpermissive temperatures (4, 15,
20, 26, 33, 34, 38). In the latter case, at the nonpermissive
temperature, cells divide with a slightly prolonged S phase that
correlates with mildly reduced efficiencies of origin firing at
several replication origins examined, indicating that the origin
firing is not abolished but is perturbed to some extent. How-
ever, following two or three rounds of cell division after the
shift up to the restrictive temperature, the cell cycle is arrested
at the G,/M boundary and cells start to die after prolonged
incubation. These cell fate characteristics after the tempera-
ture shift were observed with orc1-4 cells at 37°C and orc2-1
cells at 26°C (38). We found that the G,/M arrest and subse-
quent cell death in the orc mutants were suppressed by a rad9
null mutation, thus revealing that RAD9-dependent DNA
damage checkpoint control is activated in orc mutant cells
when the initiation program of chromosomal DNA replication
is perturbed. This implies that some DNA lesion(s) with a
perturbed initiation program is produced in cells and triggers
the checkpoint response which ensures genome integrity, ei-
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ther by blocking cell cycle progression at the G,/M boundary
until the lesions are properly repaired or by inducing cell death
if they are not. It was recently shown that Meclp, which func-
tions upstream of Rad9p in checkpoint control, is responsible
for the induction of yeast apoptotic processes in orc2-1 cells
that include the production of reactive oxygen species and
activation of the metacaspase Ycalp (9, 39). The checkpoint-
mediated apoptotic program is likely to be involved in the cell
death phenotype observed with orcI-4 and orc2-1 mutants at
nonpermissive temperatures.

It is largely unknown how DNA lesions are produced by
perturbation of origin firing. Here, we provide evidence that
the rRNA gene (rDNA) cluster (rDNA array) is the site most
sensitive to such lesions in the yeast genome and primarily
signals an abnormality in the initiation program to the DNA
damage checkpoint control. The rDNA is a highly repetitive
DNA sequence, usually in a head-to-tail consecutive configu-
ration, and comprises one to several huge clusters in eukaryotic
genomes. In budding yeast, the rDNA array resides in a single
cluster of about 150 copies, occupying about 60% of chromo-
some XII (Chr XII). Besides the 5S and 35S rRNA genes, each
unit of the rDNA contains a replication origin (rDNA auton-
omously replicating sequence [ARS]) and an orientation-spe-
cific replication terminus (replication fork barrier [RFB]) that
functions with a replication-blocking protein, Foblp. Yeast
cells, and probably most eukaryotes, possess an elaborate
mechanism for actively maintaining the high copy number of
the rDNA (24). This maintenance mechanism controls and
utilizes sister chromatid recombination and involves the action
of Foblp on the RFB. We initially found extremely high Chr
XII instability in orc mutant cells grown at the nonpermissive
temperature. Further studies revealed that DNA lesions were
induced much more quickly and frequently within the rDNA
locus than at other chromosomal loci when cells underwent
perturbations of origin firing. During these experiments, we
found that orc mutant clones surviving a prolonged incubation
at the restrictive temperature included some having extensively
shortened rDNA. Surprisingly, these surviving clones with
truncated rDNA were cured of the ts phenotype. The reduc-
tion in the rDNA copy number also compromised the acti-
vation of the DNA damage checkpoint response upon pertur-
bation of origin firing in the orc mutants. Furthermore, in
orc2-1 cells, completion of chromosomal duplication was de-
layed specifically on Chr XII, and this delay was partially sup-
pressed when the rDNA copy number was reduced. More
interestingly, relatively weak rDNA ARS origin activities were
significantly increased in cells with reduced rDNA copy num-
bers. Therefore, the copy number of the rDNA is a crucial
determinant for the capacity of the rDNA array to initiate
DNA replication and, thus, for the sensitivity of the rDNA
array to perturbed origin firing. These results suggest that the
rDNA locus plays an important role in monitoring abnormality
in the initiation program of chromosomal replication for DNA
damage checkpoint control.

MATERIALS AND METHODS

Saccharomyces cerevisiae strains and growth conditions. Yeast strains used in
this study were derived from three parental strains, FY23, FY838, and
NOY408-1b (19, 24), and are listed in Table S1 in the supplemental material.
Media for yeast strains, including complex glucose (yeast extract-peptone-dex-
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trose [YPD]), synthetic complete (SC), and various dropout media, were pre-
pared as previously described (19). Cells were precultured at the permissive
temperature of 23°C in YPD until mid-log phase and subsequently inoculated at
a density of 5 X 10° cells/ml into fresh YPD. Cultures were preincubated at the
permissive temperature until cells doubled once or twice and were then shifted
to nonpermissive temperatures (37°C for orcl-4/orcI-4 cells and 26°C for orc2-
Icells).

Isolation of orc1-4 and orc2-1 cells surviving after incubation at nonpermissive
temperatures. Surviving orcl-4 cells (orc1-4 surviving cell [orcI-4 SvC]) were
isolated from RDG603 (orcI-4/orc1-4) as described previously (38). RD603 cells
were incubated in YPD at 37°C for 24 h, spread on YPD plates after appropriate
dilution, and incubated at 23°C until colonies of surviving cells were formed. Six
independent colonies were picked and named orcI-4 SvC a to f. Surviving orc2-1
cells were isolated from YNV1 in the same way, except that the YNV1 cells were
incubated in YPD at 26°C for 12 h. Eight independent colonies were picked and
named orc2-1 SvC1 to SvC8.

Analysis of yeast chromosomes by PFGE. Samples for pulsed-field gel elec-
trophoresis (PFGE) were prepared as described previously (19). To determine
the size of Chr XII, electrophoresis was carried out with a 0.8% agarose gel with
Tris-acetate-EDTA (TAE), using a CHEF Mapper XA with a pulse time of 20
min to 22 min 53 s, at 2.0 V/cm, and at an include angle of 106° for 72 h at 14°C
in blockl and with a pulse time of 25 s to 2 min 26 s, at 6.0 V/cm, and at an
include angle of 120° for 7.5 h at 14°C in block2. Following electrophoresis, the
gel was stained with ethidium bromide (0.5 wg/ml) for 30 min, destained in
deionized water for 20 min, photographed, and then subjected to Southern
hybridization analysis, using a probe for the site proximate to YLLO58W on Chr
XII (probe 058). To analyze Chr XII in exponentially growing cells, electro-
phoresis was carried out with a 1.0% agarose gel with 0.5X Tris-borate-EDTA
(TBE), using a CHEF-DRIII with a pulse time of 0.2 s to 266 s, at 6.0 V/cm, and
at an include angle of 120° for 15.2 h at 14°C. Southern hybridization was
performed with probe 058 and a probe for the MCM2 gene on Chr II (probe
MCM2).

Construction of orc2-1 and orcl-4 derivatives with reduced copy numbers of
rDNA repeats. Using hygromycin (300 pg/ml) and plasmid pRDN-hygl, cells
carrying Chr XII with extensively reduced copy numbers of rDNA repeats were
constructed (10). To construct orc2-1 derivatives with reduced copy numbers of
rDNA repeats, pRDN-hygl was introduced into NOY408-1bf. Hygromycin-re-
sistant clones of the resulting transformant were selected. Based on the size of
Chr XII determined by PFGE, a hygromycin-resistant clone whose rDNA copy
number was about 30 was isolated and grown on an SC plate containing 5-fluo-
roorotic acid to drop the plasmid off. An orc2-1 mutation was introduced into the
resulting strain (NOY408-1bf30) by the method of Foss et al. (15). For orci-4
derivatives, YSI7 (orcl1-4 MATa) cells were transformed with pRDN-hygl and
mated with YMJ26 (orc1-4 MATw), and the resulting diploid strain (RD702) was
grown in the presence of hygromycin, from which a hygromycin-resistant clone
(RD703) was selected. These strains with reduced copy numbers of rDNA
repeats were maintained on hygromycin until the cells were spotted on a YPD
plate or precultured in YPD liquid medium at 23°C.

Determination of ARS plasmid loss rate. Plasmids YCplac111 (ARS7) (17)
and pRS414 (ARSH4) (35) were introduced separately into NOY408-1bf
(fob1A), NOY408-1bf30 (fobIA rdnA30), YNV2 (orc2-1 foblA), and YNV15
(orc2-1 fobl A rdnA30). Transformants were inoculated into nonselective medium
(SC) and maintained in exponential-phase growth at 23°C for 3 days. Aliquots
were withdrawn at various times, spread onto SC plates and SC-Trp or SC-Leu
plates after appropriate dilution, and incubated at 23°C until colonies formed.
The percentage of cells losing the plasmid per generation was determined as
described previously (11).

Western blotting. Yeast whole-cell extracts were prepared by the trichloro-
acetic acid method (29). Proteins were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride
membrane (Millipore), and subjected to Western blotting analysis as described
previously (32). For detection of Rad53p, antihemagglutinin monoclonal anti-
body 12CAS5 (Roche) was used. For detection of Orc2p and Mcm2p, affinity-
purified anti-Orc2p antibody (a gift from Y. Kawasaki, Osaka University) and
goat anti-MCM antibody (Santa Cruz Antibodies) were used, respectively.

FACS analysis. To measure cellular DNA content, cells were stained with
propidium iodide and analyzed by fluorescence-activated cell sorting (FACS)
with a Becton Dickinson FACScan and Cell Quest software.

2D gel electrophoresis analysis of replication intermediates. The origin activ-
ities of IDNA ARS and ARS1 were analyzed by two-dimensional (2D) gel
electrophoresis and quantified using a Bio-Image BAS2000 analyzer (Fuji Photo
Film) as described previously (5).
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FIG. 1. Extreme instability of chromosome XII in orcI-4 mutant cells grown at the restrictive temperature. (A) Time profiles for the status of
DNA damage checkpoint control and the induction of instability in Chr III and Chr XII in orcI-4 cells after the temperature shift. Intensities of
colors (red for the DNA damage checkpoint, blue for Chr III instability, and green for Chr XII instability) indicate the strength for each category.
The time profiles for the DNA damage checkpoint and the instability of Chr III are based on our previous observations (38), and the time profile
for the instability of Chr XII is from data obtained in this study. (B) Size aberration of chromosome XII in orcI-4 diploid cells surviving after
incubation at 37°C for 24 h. Six clones of orcI-4 SvC (a to f) were isolated, grown in YPD at 23°C, and subjected to PFGE analysis followed by
ethidium bromide staining, all as described in Materials and Methods. As a control experiment, another set of non-heat-treated orc1-4 clones was
similarly examined by PFGE analysis. Positions of Chr XII in the gel are indicated by a triangle for the normal size, a bracket for aberrant sizes,
and red circles for extensively reduced sizes. (C) Time course for induction of Chr XII instability in orcl-4 and orc1-4 rad9A diploid cells after
shifting the growth temperature to 37°C. RD603 (orc1-4/orc1-4) and RD613 (orcl-4/orc1-4 rad9AJrad9A) were grown as described in Materials and
Methods. Aliquots were withdrawn at the indicated time points after the temperature shift to 37°C, appropriately diluted with distilled water,
spread on YPD plates, and incubated at 23°C for 5 to 7 days. Five or 10 colonies were randomly chosen from cells recovered at each time point,
grown in YPD at 23°C, and subjected to PFGE analysis.

RESULTS non-heat-treated cells. About 90% of the LOH events were
losses of Chr I1I, while LOH caused by allelic recombination
was not enhanced in the orcl-4 diploid cells (38). During
these experiments, we found that almost all of the surviving
orcl-4 clones acquired a variably abnormal-sized Chr XII

(Fig. 1B). Such unusual chromosome instability was not

Extreme instability of Chr XII in orcI-4 cells after the
shift up to the restrictive temperature. orc/-4 diploid cells
showed increased chromosome instability at a nonpermis-
sive temperature (38). However, when we analyzed the fate
of Chr III, elevated chromosome instability was not seen for

the first 10 h after the temperature shift to 37°C. Then,
beyond this catastrophic time point, at which cells began to
die, chromosome instability started to increase sharply (Fig.
1A). After incubation of the orcl-4 cells at 37°C for 24 h,
about 10% survived and formed colonies when plated at
23°C. In the surviving cells, the frequency of loss of het-
erozygosity (LOH) for a URA3 marker placed on the right
arm of Chr III, a measure of chromosome instability, was
4.5 X 1073, about 20-fold higher than that determined with

observed in the orcl-4 non-heat-treated clones. Since two
different-sized Chr XIIs were present in each surviving
clone, the size alterations were occurring in both homolo-
gous chromosomes. In about one-third of the clones (Fig.
1B, clones a and c), one of the altered chromosomes was
very small while the other was only slightly shortened. Thus,
the instability of Chr XII was distinct from that of other
chromosomes, not only because the frequency of size aber-
ration of Chr XII was extremely high but also because both
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homologous chromosomes were simultaneously but inde-
pendently altered in each aberrant clone.

The instability of Chr XII in orcI-4 cells showed another
unique characteristic. We found that after the orcl-4 diploid
cells were transferred to the restrictive temperature, the size
aberration of Chr XII began to occur much earlier than the
catastrophic time point, at which the instability of other chro-
mosomes started (Fig. 1C). Aliquots of orcI-4 cells grown in
YPD liquid medium were taken every 2.5 h after the temper-
ature shift and plated on YPD solid medium to form colonies
at the permissive temperature. The chromosomes of each heat-
treated clone were extracted and subjected to PFGE analysis.
The size aberration of Chr XII was not observed at 2.5 h but
was clearly visible at 5 h after the temperature shift, indicating
that the hyperinstability of Chr XII was induced nearly simul-
taneously in all the orc1-4 cells at some time between the 2.5-h
and 5-h time points. We previously demonstrated that the
instability of Chr III (and probably of other chromosomes),
caused by a defect in Orclp, was strongly suppressed by the
RADY-dependent checkpoint control until 10 h after the tem-
perature shift. Thus, unlike the Chr III instability, the hyper-
instability of Chr XII induced in orcl-4 cells at 37°C seemed to
be free from suppression by checkpoint control. However, we
obtained evidence that the R4D9-dependent checkpoint con-
trol was operative for the suppression of strictly the hyperin-
stability of Chr XII until at least the 2.5-h time point (Fig. 1C).
In orcl-4 rad9A cells, the hyperinstability of Chr XII was seen
as early as the 2.5-h time point and, thus, was probably induced
immediately after the temperature shift. This also clearly indi-
cated that the stability of Chr XII is maintained by checkpoint
control until 2.5 h after the temperature shift, as for other
chromosomes, but that Chr XII became unstable at some time
between the 2.5-h and 5-h time points in those cells where
checkpoint control was still functioning to suppress rigorously
the instability of other chromosomes. In orcl-4 rad9A diploid
cells where DNA damage checkpoint control was not function-
ing, the instability of Chr III began to increase sharply imme-
diately after the temperature shift (38). The frequency of
LOH, mostly chromosome loss events, for the URA3 marker
on Chr III was 2.7 X 1072 at 5 h after the temperature shift
(38), whereas almost all of the orcl-4 rad9A cells suffered size
aberration of Chr XII at the same time point (Fig. 1C). From
these data, we speculated that very soon after the temperature
shift, DNA lesions would be induced within every Chr XII at
an extremely high frequency and within other chromosomes at
much lower frequencies and that all the DNA lesions could be
properly corrected by functions of DNA damage checkpoint
control before the 2.5-h time point. However, these functions
would become insufficient to correct completely the DNA le-
sions within Chr XII after the 2.5-h time point, whereas lesions
within other chromosomes were still efficiently corrected until
the catastrophic time point (Fig. 1A). The extent of DNA
lesions afflicting Chr XII may surpass the capacities of repair
functions that suppress chromosome aberration.

orc mutant cells carrying extensively shortened Chr XIIs are
cured of the ts phenotype. As shown in Fig. 1B, about one-third
of orcI-4 clones that survived heat treatment at 37°C for 24 h
carried a very small Chr XII. We found that the surviving
orcl-4 clones with extensively shortened Chr XIIs (SvC a and
c) were able to grow at 37°C (Fig. 2). Such very small Chr XIIs,
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FIG. 2. Growth of surviving orci-4 clones at the restrictive temper-
ature. Two surviving orcl-4 clones (SvC a and SvC c¢) were grown in
YPD at 37°C as described in Materials and Methods. At the indicated
time points, aliquots were withdrawn, appropriately diluted with dis-
tilled water, spread on YPD plates, and incubated at 23°C for 5 to 7
days. From the numbers of colonies formed, the viable density at each
time point was calculated. As controls, the growth of wild-type and
orcl-4 diploid cells at 37°C is also shown.

with deletions exceeding 500 kb, probably reflect a severe re-
duction in the copy number of rDNA repeats. Therefore, we
reasoned that the reduced copy numbers of the rDNA repeats
might lead to the suppression of the ts phenotype in orcl-4
diploid cells.

To ascertain the relation between ts phenotype and size of
Chr XII, we examined orc2-1 cells surviving after a prolonged
incubation at 26°C. We previously reported that orc2-1 diploid
cells also trigger RAD9-dependent checkpoint control and sub-
sequently induce cell death at 26°C (38). In the orc2-I strain,
however, the instability of Chr III was never induced, even
after a prolonged incubation at 26°C, suggesting that DNA
lesions produced in orc1-4 and orc2-1 strains differ in structure
or in distribution within the genome. Nevertheless, almost all
of the orc2-1 diploid cells surviving treatment at 26°C for 24 h
acquired a variably abnormal-sized Chr XII (data not shown).
This clearly indicates that the extreme instability of Chr XII is
another characteristic common to orcI-4 and orc2-1 strains.
Although the underlying mechanisms are unknown, the check-
point-dependent induction of cell death was observed in orc2-1
haploid cells but not in orcl-4 haploid cells (K. Watanabe and
H. Maki, unpublished results). Since haploid strains are more
versatile for genetic analyses than diploid strains, we decided
to use orc2-1 haploid strains for further studies. Similar to that
of orc1-4 diploid cells, the survival rate of orc2-1 haploid cells
after heat treatment was about 10%. We picked eight surviving
orc2-1 clones (SvCl1 to SvC8) and examined whether they were
cured of the ts phenotype. Five clones were able to grow at the
nonpermissive temperature, among which we found two dis-
tinct types. Type 1 (SvC1) grew at 26°C but not at 28°C, while
type 2 (SvC2, SvC6, SvC7, and Svc8) could grow at tempera-
tures higher than 28°C (Fig. 3A). As shown in Fig. 3B, the size
of Chr XII was greatly reduced in the type 1 surviving clone,
suggesting a strong correlation between the cure of the ts
phenotype and the extensive reduction in the rDNA copy num-
ber. On the other hand, the type 2 clones had a normal-sized
Chr XII. We found that the intracellular levels of Orc2p in the
type 2 clones were much higher than those in the parental
orc2-1 cells (data not shown). As reported previously (33), a
genetic alteration other than shortened Chr XII probably sta-
bilized the unstable mutant Orc2p in the surviving type 2
clones. Since the surviving type 1 orc2-1 clone showed a ts
phenotype at 28°C and produced unstable Orc2p indistinguish-
ably from non-heat-treated orc2-1 cells (data not shown), it
seemed likely that the defect in origin-firing capacity remained
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FIG. 3. A surviving orc2-1 clone with extensively shortened Chr XII
shows a partially suppressed ts phenotype. (A) ts phenotypes of sur-
viving orc2-1 clones. Cells of wild-type (NOY408-1b), orc2-1 (YNV1),
and two surviving orc2-1 clones (SvC1 and SvC2) were grown in YPD
at 23°C. Cells were serially fivefold diluted with distilled water, spotted
onto YPD plates, and incubated at 23°C, 26°C, and 28°C for 2.5 days.
(B) Sizes of Chr XII in surviving orc2-1 clones. Chromosomes in
wild-type, orc2-1, SvCl1, and SvC2 cells were analyzed by PFGE as
described in Materials and Methods. The left panel for each strain
shows the ethidium bromide-stained chromosome profile, and the
right panel is an autoradiogram obtained after Southern hybridization
with probe 058 for Chr XII. Positions of Chr XII are indicated by
triangles.

unchanged in this clone. The ts phenotype of orc2-1 as well as
orcl-4 mutants was suppressed when the RAD9-dependent
checkpoint control was inactivated (38). Therefore, we hypoth-
esized that an extensive reduction in the copy number of the
rDNA repeats would make the RAD9-dependent checkpoint
response insensitive to the perturbation of origin firing in orc
mutant cells.

The copy number of rDNA repeats modulates activation of
DNA damage checkpoint response by perturbing origin firing
in orc mutant cells. The genetic method of Chernoff et al. (10)
makes it possible to construct yeast strains with reduced copy
numbers of rDNA repeats. It has been shown that such a
reduced copy number of rDNA recovers to 150 copies, the
normal copy number of rDNA in wild-type cells, during many
cycles of mitotic growth and that recovery depends on the
FOBI gene (24). By combining the Chernoff method with
foblA mutation, a series of strains stably inheriting 30 copies of
the rDNA repeats (rdnA30) was constructed and used to de-
termine whether the reduction of the rDNA copy number
alone is the reason for the suppression of the ts phenotype
observed with the heat-surviving orc mutants. The orc2-1 point
mutation was introduced into a fobIA rdnA30 strain as well as
a foblA strain with the normal copy number of rDNA. The
copy number in each strain was examined by measuring the
size of Chr XII by PFGE (Fig. 4A) and by Southern hybrid-
ization with probes specific for rDNA after digestion of the
chromosomal DNA with BglII (see Fig. S1 in the supplemental
material).

As shown in Fig. 4B, the orc2-1 fob1 A rdnA30 strain was able
to form colonies at the nonpermissive temperature, 26°C, but
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not at 28°C. The growth pattern of the ts phenotype is the same
as that observed with orc2-1 SvCl. In FACS profiles of orc2-1
and orc2-1 fobl A strains, the proportions of cells in G, phase
were significantly reduced even at 23°C, and cell cycle arrest at
G,/M was clearly seen at 9 h after the shift to 26°C (Fig. 4C).
On the other hand, orc2-1 foblA rdnA30 cells grown at 23°C
contained more G,-phase cells, and G,/M arrest was not ob-
served at the 9-h time point after the temperature shift. Con-
sistent with these observations, Rad53p was mostly phosphor-
ylated in orc2-1 and orc2-1 fobI A cells grown at 23°C (Fig. 4C,
0 h) and the amount of phosphorylated Rad53p increased in
these cells after the temperature shift. In orc2-1 fobIA rdnA30
cells grown at 23°C (0 h) and treated at 26°C for 3 h, however,
a significant proportion of Rad53p remained unphosphoryl-
ated. The accumulation of Rad53p after the temperature shift
was mitigated in the orc2-1 foblA rdnA30 cells. Similar results
were obtained with orcI-4 diploid cells with reduced copy num-
bers of rDNA (see Fig. S2 in the supplemental material).
These data clearly indicate that the reduction of the rDNA
copy number leads to the suppression of the ts phenotype of
orc mutant strains by a weakening of the checkpoint response
in the mutant cells at the restrictive temperature. It appeared,
therefore, that the generation of DNA lesions in orc mutant
cells, and/or the subsequent transmission of the checkpoint
signal to Rad53p, would be affected by the reduction of the
rDNA copy number.

Reduced rDNA copy numbers affect neither the impaired
origin-firing capacities in orc2-1 cells nor the cellular function
of DNA damage checkpoint control. Since the rDNA array
contains about 150 ORC-binding sites, one-fourth of the total
number of ORC-binding sites in the genome (3), the ratio of
ORC molecules to ARS-containing DNA segments may in-
crease in cells with reduced copy numbers of rDNA. It was also
shown that the ts phenotype of orc2-1 is suppressed by increas-
ing the level of mutated Orc2p (33). Thus, it seemed probable
that the reduction in the total number of ORC-binding sites
per cell could restore the impaired ORC function in the orc
mutants, thereby decreasing the checkpoint response at the
restrictive temperature. To clarify this possibility, we examined
the origin-firing capacities in orc2-1 cells with reduced rDNA
copy numbers by measuring the loss rates for plasmids carrying
either ARSI or ARSH4 in the orc2-1 fobl A rdnA30 strain grown
at a permissive temperature, 23°C. Yeast mutants defective in
the origin-firing process, such as orc and mcm mutants, often
exhibit a high index of ARS plasmid loss at the permissive
temperature because they frequently fail to initiate DNA rep-
lication from the plasmid-borne origin in every cell cycle (15).
ORC2 wild-type strains (ORC2 fobIA and ORC2 foblA
rdnA30) lost each plasmid at rates of less than 5% per gener-
ation under nonselective conditions for the plasmids. On the
other hand, the orc2-1 fobIA mutant showed highly elevated
plasmid loss rates of 15% for ARSI and 21% for ARSH4. The
high plasmid loss rate, indicative of the impaired origin-firing
capacities in orc2-1 cells, was unchanged when the rDNA copy
number was reduced to 30 in the orc2-7 mutant (see Fig. S3A
in the supplemental material). In addition, we confirmed that
intracellular concentrations of mutant Orc2p in orc2-1 foblA
and orc2-1 fobIA rdnA30 strains were the same at 23°C and
decreased in similar manners after the temperature shift (see
Fig. S3B in the supplemental material). These results clearly
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FIG. 4. Reduction of rDNA copy numbers suppresses the temperature sensitivities of orc2-1 cells and compromises the activation of the DNA
damage checkpoint in orc2-1 cells after the temperature shift. (A) Sizes of Chr XIIs in orc2-1 fobl A rdnA30 cells. NOY408-1b (wild type), YNV1
(orc2-1), YNV2 (orc2-1 fobIA), and YNV15 (orc2-1 fobl A rdnA30) cells were separated by PFGE as described in Materials and Methods. The left
panel for each strain shows an ethidium bromide-stained chromosome profile, and the right is an autoradiogram obtained after Southern
hybridization with probe 058 for Chr XII. Positions of Chr XII are indicated by triangles. (B) Suppression of the temperature sensitivity of orc2-1
by reduction of the rDNA copy number. NOY408-1b (wild type), YNV1 (orc2-1), YNV2 (orc2-1 foblA), and YNV15 (orc2-1 fobl A rdnA30) cells
grown in YPD at 23°C were serially fivefold diluted with distilled water, spotted onto YPD plates, and incubated at 23°C, 26°C, and 28°C for 2.5
days. (C) Cell cycle progression and activation of DNA damage checkpoint control after the temperature shift. YNV1 (orc2-1), YNV2 (orc2-1
fobIA), and YNV15 (orc2-1 fobl A rdnA30) cells were grown in YPD at 23°C, and the growth temperature was shifted to 26°C at the 0-hour time
point. At the indicated time points, aliquots were withdrawn and subjected to FACS analysis for cell cycle progression or to Western blot analysis
for phosphorylation of checkpoint kinase Rad53p, as described in Materials and Methods. P indicates the phosphorylated form of Rad53p. As
controls, the status of Rad53p in the corresponding ORC2 strain (NOY408-1b, NOY408-1bf, or NOY408-1bf30) for each treated strain is shown

in the first lane of each panel.

indicate that the defective ORC function in the orc2-1 cells was
unchanged by the reduction of the rDNA copy number and
that the suppression of the ts phenotype of orc2-1 was not due
to a recovery of ORC function.

The conclusion described above strongly suggested that the
reduction of the rDNA copy number made cells ineffective for
activation of the DNA damage checkpoint control against the
perturbation of origin firing. This suggested in turn that the
DNA damage checkpoint might malfunction when the tDNA
copy number is greatly decreased. We therefore examined the
DNA damage checkpoint response after treatment of the
fob1A rdnA30 cells with a DNA alkylating agent, methyl meth-
anesulfonate (MMS). The progression of the cell cycle and the
phosphorylation of Rad53p were analyzed for wild-type, fobIA,
and fobIA rdnA30 cells grown in liquid medium containing
MMS. The cell cycle in fobIA rdnA30 cells was completely
arrested at the G,/M boundary by 180 min after the addition of
MMS to the medium, with the same pattern of DNA damage
checkpoint response as those observed with the wild type
(FOBI) and fobIA cells. The time courses and the extents of
Rad53p phosphorylation after the MMS treatment were also

the same in all three strains (see Fig. S4 in the supplemental
material). From these data, we concluded that the sensing,
transmitting, and executing functions of the DNA damage
checkpoint control were normal in cells with reduced rDNA
copy numbers.

Completion of chromosomal duplication is delayed specifi-
cally for Chr XII in orc2-1 cells and is relieved by reducing the
rDNA copy number. Considering that the function of DNA
damage checkpoint control was not affected in cells with ex-
tensively reduced copy numbers of rDNA, we speculated that
the reduction of rDNA repeats to 30 copies would significantly
decrease the total number of DNA lesions per cell when origin
firing was perturbed in orc mutants at restrictive temperatures.
If the DNA lesions induced within the rDNA array accounted
for the vast majority of all DNA lesions within the whole
genome of orc mutant cells, the reduction of the rDNA copy
number would compromise the activation of the checkpoint
response and suppress the ts phenotype of the orc mutants. To
ascertain that DNA lesions are induced more frequently within
the rDNA locus than at other chromosomal loci and that the
DNA lesions are reduced by the extensive reduction of the
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FIG. 5. Completion of Chr XII duplication is specifically delayed in
orc2-1 cells but restored by reduction of the rDNA copy numbers.
(A) The status of Chr XII and Chr II in exponentially growing
NOY408-1b (ORC2 FOBI RDN150), YNV1 (orc2-1 FOBI RDN150),
NOY408-1bf30 (ORC2 foblA rdnA30), and YNVI15 (orc2-1 fobIA
rdnA30) was examined by PFGE as described in Materials and Meth-
ods. Each strain was incubated in YPD at 26°C for 6 h after the
temperature shift from 23°C. Cells were collected and prepared in
agarose plugs for PFGE. Chromosome patterns were detected and
quantified by Southern hybridization using Chr XII- and Chr II-spe-
cific probes, as described in Materials and Methods. (B) The percent-
ages of chromosomes which remained in the plug after electrophoresis
(XII* and II*) were quantified for NOY408-1b (ORC2 FOBI
RDN150), YNV1 (orc2-1 FOBI RDNI150), NOY408-1bf30 (ORC2
fobIA rdnA30), and YNV15 (orc2-1 fobl A rdnA30) grown at 23°C and
26°C for 6 h. Average values from three independent experiments are
shown. Error bars represent standard deviations.

Chr Il

rDNA copy number, we compared the status of Chr XII with
that of Chr II in the orc2-1 cells with and without rdnA30 after
incubation for 6 h at 26°C, the nonpermissive temperature for
the mutant.

Using PFGE, in which chromosomes with branched DNA
structures, such as replication forks and recombination inter-
mediates, cannot migrate (18, 23), we measured the proportion
of chromosomes undergoing DNA replication or recombina-
tion for Chr II and Chr XII (Fig. 5). In exponentially growing
wild-type cells at 23°C, 35 to 40% of both chromosomes did not
migrate in PFGE, reflecting chromosomes with branched
DNA structures. The percentages of immobile Chr IT and Chr
XII were unchanged when the wild-type cells were grown at
26°C. In orc2-1 cells grown at 23°C, the PFGE-immobile frac-
tion of Chr II was also 35 to 40%. When the orc2-1 cells were
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incubated at 26°C for 6 h, the percentage of immobile Chr II
was unchanged. This clearly indicated that the duplication of
Chr II in orc2-1 cells was completed in almost the same time at
23°C and 26°C. On the other hand, the PFGE-immobile frac-
tion of Chr XII increased visibly in the orc2-1 cells; 50% of Chr
XII in orc2-1 cells grown at 23°C did not enter the gel, and this
proportion increased to 75% when the cells were grown at
26°C. Furthermore, using a-factor-mediated synchronization
of the cell cycle, we examined the fate of Chr XII during S
phase in wild-type and orc2-1 cells at 23°C (see Fig. S5 in the
supplemental material). Even at the permissive temperature,
the PFGE-immobile fraction of Chr XII in orc2-1, but not
wild-type, cells remained beyond the G,/M boundary, whereas
duplication of other chromosomes was fully completed by this
stage. From these observations, we concluded that completion
of chromosomal replication and/or sister chromatid recombi-
nation was delayed specifically for Chr XII in orc2-1 cells. This
Chr XII-specific delay strongly suggested that DNA lesions
were induced more frequently within Chr XII than within
other chromosomes in orc2-1 mutant cells. The reduction of
the rDNA copy number relieved the delay in Chr XII dupli-
cation (Fig. 5), whereas deletion of the FOBI gene had little
effect on the delay (data not shown). The proportion of PFGE-
immobile Chr XII was reduced from 75% in orc2-1 cells to
43% in orc2-1 rdnA30 cells grown at 26°C. It appears that the
copy number of rDNA affects the delay in the completion of
Chr XII duplication and thus determines the extent of DNA
lesions occurring within the rDNA locus.

The origin activities of rDNA ARSs are affected by orc2-1
mutation to an extent similar to that associated with the effect
on ARSI. A plausible explanation for the delay in the comple-
tion of chromosomal duplication specific for Chr XII is that the
origin activities of IDNA ARSs are affected by orc2-1 mutation
more severely than those of other ARSs and that such a rig-
orous reduction of origin activity also leads to generation of
DNA lesions specifically on Chr XII. Using 2D gel electro-
phoresis to examine this possibility, we measured the origin
activities of rDNA ARSs on Chr XII as well as ARS1 on Chr
IV in wild-type and orc2-1 cells growing exponentially at 23°C
(Fig. 6). In orc2-1 cells, the origin activity of ARS1 was reduced
to about one-third of that in wild-type cells. Contrary to our
expectation, the origin activities of I DNA ARSs appeared to
be affected by orc2-I mutation to an extent similar to that
associated with the effect on ARSI (Fig. 6B). From the 2D gel
patterns of replication intermediates around rDNA ARSs, we
obtained no obvious indication that progression of DNA syn-
thesis is inhibited or that the amount of recombination inter-
mediates increases within the rDNA segment in the orc2-1
cells. Interestingly, the intensity of a spot corresponding to the
Y-fork intermediate pausing at the 5S rRNA gene increased
slightly in the 2D-gel pattern for orc2-1 cells. From these data,
we concluded that the rDNA ARSs are not exceptionally sen-
sitive to the defective origin-firing capacities of orc2-1 mutant
cells. Therefore, it seemed unlikely that the delay in the com-
pletion of Chr XII duplication in orc2-1 cells is simply due to
decreased origin activities of IDNA ARSs in the cells.

The origin activities of rDNA ARSs are enhanced when the
rDNA copy numbers are reduced. We observed reproducibly
that the origin activities of IDNA ARSs in orc2-1 cells at 23°C
were reduced to about 50% of those in wild-type cells. If this
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FIG. 6. Effects of orc2-1 on the origin activities of IDNA ARSs in
Chr XII. (A) Two-dimensional gel electrophoresis of replication in-
termediates of chromosomal fragments containing rDNA ARSs and
ARSI from wild-type and orc2-1 strains. DNA was prepared from
NOY408-1b (wild type) and YNV1 (orc2-1) cells growing at 23°C and
digested with Nhel for mapping of rDNA ARSs or with Ncol for
mapping of ARSI. The DNA preparations were subjected to 2D gel
electrophoresis followed by Southern hybridization using an rDNA-
specific probe or a probe specific for the site around ARSI, as de-
scribed in Materials and Methods. Bubble arc and Y fork correspond
to replication intermediates as depicted in the top panel. Arrowheads
show Y forks paused at the RFB site in the rDNA unit, and brackets
show Y-fork intermediates paused at a region encoding 5S rRNA.
(B) Reduced origin activities of IDNA ARSs and ARSI in orc2-1 cells.
Origin activities in NOY408-1b (wild type) and YNV1 (orc2-1) cells
were determined for each ARS by dividing the intensities of bubble
intermediates by those of Y-fork intermediates, and the ratio of origin
activity in YNV1 (orc2-1) to that in NOY408-1b (the wild type) was
calculated for each ARS. The thick bars indicates the average ratios
(%) of origin activity from two independent experiments. Error bars
represent standard deviations.
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decreased origin activity involves the activation of the DNA
damage checkpoint and the specific delay in the completion of
Chr XII in orc2-1 cells, the effect of orc2-1 mutation on rDNA
ARSs should be counteracted in cells having reduced copy
numbers of rTDNA units. As shown in Fig. 7, this was the case.
The origin activities of rDNA ARSs in the orc2-1 strain in-
creased twofold when rdnA30 was introduced and thus became
comparable to those in the wild-type strain. However, this
enhancement of the origin activities of rDNA ARSs was not
confined to the orc2-1 strain: the origin activities of tDNA
ARSs were also enhanced twofold when the copy number of
rDNA was reduced in an ORC2-proficient strain (Fig. 7).
Therefore, in the genetic background with rdnA30, the origin
activities of rDNA ARSs were affected by orc2-1 mutation,
being reduced to about 50% of that in the ORC2-proficient
strain (see Fig. S6 in the supplemental material). This implies
that the defect in origin-firing capacity in the orc2-1 strain was
not restored per se but was relieved by an increased compe-
tence of IDNA ARSs for initiating DNA replication when the
copy number of rDNA was reduced to 30. The pausing of
replication at 5S rRNA genes was apparently increased in the
ORC?2 rdnA30 strain as well as in the orc2-1 rdnA30 strain.
From these results, we concluded that the level of origin ac-
tivity for rDNA ARSs or the efficiency of origin firing at rDNA
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FIG. 7. Effects of rdnA30 on the origin activities of IDNA ARSs in
Chr XII. (A) Two-dimensional gel electrophoresis of replication in-
termediates of chromosomal fragments containing rDNA ARSs from
wild-type (150 copies of the rDNA) and rdnA30 (30 copies) strains.
DNA was prepared from NOY408-1bf (fob1A), NOY408-1bf30 (fob1A
rdnA30), YNV2 (fobIA orc2-1), and YNVI15 (foblA orc2-1 rdnA30)
cells growing at 23°C, digested with Nhel, and subjected to 2D gel
electrophoresis followed by Southern hybridization using an rDNA-
specific probe, as described in Materials and Methods. Brackets show
Y-fork intermediates paused at a region encoding 5S rRNA. (B) In-
creased origin activities of IDNA ARSs in wild-type and orc2-1 cells
with reduced copy numbers of rDNA. Origin activities in NOY408-1bf
(fob1A), NOY408-1bf30 (foblA rdnA30), YNV2 (fobIA orc2-1), and
YNV15 (fobI A orc2-1 rdnA30) cells were determined for rDNA ARSs
as described in the legend for Fig. 6. The thick bars indicate the
average origin activities from two independent experiments, and the
values expressed are relative to that obtained with NOY408-1bf. Error
bars represent standard deviations.

ARSs is an important determinant for activation of DNA dam-
age checkpoint control.

DISCUSSION

Several groups have found that when origin firing is per-
turbed, the subsequent chromosomal replication with fewer
origins leads to loss of chromosomes and chromosomal rear-
rangement (3, 8, 14, 21, 22, 38). Our previous study showed
that such chromosome instability is mainly caused by pertur-
bation of initiation program (PIP)-dependent DNA lesions,
which trigger DNA damage checkpoint control (38). We now
report that such DNA lesions are induced much more fre-
quently within the rDNA locus than at other chromosomal loci
when orc mutants are transferred to the restrictive tempera-
ture. Furthermore, we reveal that the copy number of rDNA
repeats modulates cellular capacity to monitor an abnormal
initiation program of chromosomal DNA replication through
the checkpoint response. Finally, we deduce that the tDNA
array plays an important role in the maintenance of the yeast
genome.

The rDNA locus becomes extremely fragile when the initia-
tion program is perturbed. In orcI-4 and orc2-1 mutant cells
incubated at the restrictive temperature for 24 h, size aber-
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rations in Chr XII, attributable to a reduction in the copy
number of rDNA repeats, occurred at an extremely high fre-
quency and nearly all the cells suffered. However, this extreme
instability of the rDNA array was not seen in orcI-4 cells for
the first several hours after the temperature shift. This is be-
cause RAD9-dependent DNA damage checkpoint control is
activated immediately after the temperature shift and pro-
motes proper repair of the lesions produced in the rDNA
locus. In orci-4 rad9A cells, where the checkpoint control was
compromised, hyperinstability of Chr XII was induced imme-
diately in all the cells after the temperature shift. On the other
hand, the frequency of chromosomal aberration in Chr III,
mostly chromosome loss, increased greatly in orcl-4 rad9A
diploid cells grown at the restrictive temperature for 24 h but
was detected only in less than 0.1% of the cells (38). Further-
more, in contrast to what was found for the orcl-4 rad9A cells,
Chr IIT was maintained stably in orc2-1 rad9A cells grown at
26°C, the restrictive temperature for the orc2-1 mutant cells,
for 24 h (38). This is consistent with the finding that the delay
in the completion of chromosomal duplication was confined to
Chr XII in orc2-1 cells grown at 26°C. These observations
indicate that the TDNA locus is the site most sensitive to PIP
DNA lesions within the yeast genome.

PIP DNA lesions induced within the rDNA locus. What is
the nature of the lesion induced within the rDNA locus when
the initiation program of DNA replication is perturbed? The
most likely candidate for the PIP DNA lesion is a stalled
replication fork, because completion of chromosomal replica-
tion was delayed specifically on Chr XII in orc2-1 cells. It seems
probable that a reduction in the efficiency of origin firing would
lead to an enlargement in the average size of the replicons. In
such a case, replication forks would travel a longer distance
and sometimes move in the wrong direction; consequently,
there would be more chance for the replication fork to en-
counter obstacles on the DNA, such as spontaneous DNA
damage, proteins bound to DNA for various DNA transac-
tions, and particular chromatin structures unsuitable for DNA
replication. Indeed, a yeast artificial chromosome (YAC) that
contains a 170-kb region lacking efficient replication origins
triggers RAD9-dependent checkpoint control, and the YAC
becomes unstable in the absence of Rad9p, indicating chronic
induction of DNA lesions in cells carrying the origin-deficient
YAC (37). Since each rDNA unit (9.1 kb) possesses a replica-
tion origin (ARS), the rDNA locus is a unique chromosomal
region, having the highest density of ARSs in the yeast genome
(7). One in five ARSs in the rDNA array initiates bidirectional
DNA replication, and several adjacent ARSs simultaneously
fire to replicate a subcluster of the rDNA array (6, 27, 30).
Therefore, the size of a replicon involved in rDNA replication
seems to be tightly regulated by the initiation program for this
specialized chromosomal region, and the replicons in the sub-
cluster would be maintained as the smallest in the yeast ge-
nome. If the efficiency of origin firing were reduced in the
rDNA array, such small replicons would be substantially en-
larged, and the probability for each replication fork to stall
would be increased. On the other hand, the gap between each
cluster is larger than 60 kb. Although it is not known whether
the DNA segment corresponding to the gap is replicated as a
single replicon or as clusters of many replicons, the tDNA
locus may contain replicons larger than the average size for
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replicons on other chromosomes, about 46 kb (25, 30). If the
gap segment is a single and very large replicon, perturbation of
origin firing would result in the emergence of further larger
replicons within the rDNA array.

However, the extremely high instability of the rDNA array
may not be attributable only to an enlarged replicon in the
rDNA array. We reasoned that the stalled replication fork may
involve the transcription of 5S rRNA, of which one gene is
located in each rDNA segment. In an rDNA unit which ini-
tiates bidirectional DNA replication from the origin, one rep-
lication fork proceeds in the same direction as the transcription
of 5S rRNA and the other proceeds in the same direction as
the transcription of 35S rRNA. When the former replication
fork reaches the RFB site, it stops and never goes beyond the
RFB site. In contrast, the latter proceeds over the RFB site
and enters the adjacent rDNA unit if it has not been replicated.
This is because RFB is highly orientation dependent (6, 24).
Thus, head-on collisions between replication and transcription
machineries within the 35S rRNA gene region are always pre-
vented by the RFB, whereas such collisions are unavoidable
within the 5S rRNA gene region in passively replicated rDNA
units (12). Probably, in wild-type cells, one replication fork
moving in the same direction as the 35S rRNA needs to pass
through a 5S rRNA gene region several times in a direction
opposite to that of the 5S rRNA transcription. When origin
firing is perturbed within the rDNA array, each of a reduced
number of replication forks would have to traverse a greater
number of rDNA segments, leading to a heightened replica-
tion stress that arises on passing through the 5S rRNA gene.

The model described above is supported by the results of 2D
gel analysis, which indicated that collisions between replication
fork and transcription machineries within the 5S rRNA gene
were more frequent in orc2-1 cells (Fig. 6) (see Fig. S6 in the
supplemental material). However, an increased frequency of
such collisions was also observed in cells with shorter IDNA
arrays, even though the function of the ORC was normal. This
is probably because, like the increased level of 35S rRNA
transcription in cells with reduced copy numbers of rDNA
(36), each 5S rRNA gene in the rDNA array would be much
more actively transcribed. The reduction of rDNA copy num-
bers simultaneously enhanced the origin activities of tDNA
ARSs, resulting in a reduction of replicon size in the rDNA
array. Therefore, in cells with shorter IDNA arrays, collision
between replication and transcription machineries may occur
in a chromatin context distinct from that in cells with normal-
sized rDNA arrays and be processed properly to avoid harmful
consequences from the collision.

Interplay between PIP DNA lesions and DNA damage
checkpoint control within the rDNA locus. Another unique
feature of the rDNA locus is the interplay occurring between
the hyperinstability of the rDNA array and DNA damage
checkpoint control. In RAD9-proficient orcl-4 cells, check-
point control was activated by the PIP DNA lesions produced
within the rDNA array immediately after the temperature shift
and functioned to maintain the integrity of all chromosomes,
including Chr XII. However, at some time between 2.5 and 5 h
after the temperature shift, Chr XII became unstable, even
though checkpoint control continued to suppress rigorously
the instability of other chromosomes. This indicates that the
PIP DNA lesions within the rDNA locus increased to a level
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beyond the capacities of repair functions powered by check-
point control and remained unrepaired thereafter. It is of in-
terest that PIP DNA lesions on chromosomes other than Chr
XII were adequately repaired until the catastrophic (10-h)
time point, beyond which the cells started to cancel the G,/M
cell cycle arrest and to undergo cell death (Fig. 1A). As a
result, it seems likely that DNA damage checkpoint control is
continuously activated by the unrepaired PIP DNA lesions
within the rDNA array in cells with perturbed initiation pro-
grams. Thus, the fragility of the rDNA may greatly help cells to
monitor abnormalities in the initiation program of DNA rep-
lication.

rDNA copy number modulates the sensitivity of DNA dam-
age checkpoint control in monitoring the perturbation of ori-
gin firing. When the rDNA copy numbers were extensively
reduced in orcI-4 and orc2-1 cells, the activation of checkpoint
control after the temperature shift was weakened. It is clear
that the reduction of the rDNA copy number affects neither
the deficiency of orc mutants in origin-firing capacity nor the
cellular capacity of DNA damage checkpoint control. In cells
with extensively reduced rDNA copy numbers, the amounts of
DNA lesions produced within the shortened rDNA array are
probably greatly reduced and more readily repaired, resulting
in feeble activation of checkpoint control. The balance be-
tween the extent of DNA lesions produced within the tDNA
locus and the cell’s capacity for DNA repair would determine
the duration of the DNA damage checkpoint response: the
lower the rDNA copy number, the fewer the PIP DNA lesions
produced within the rDNA locus and the shorter the duration
of the checkpoint response. Therefore, the rDNA copy num-
ber is an important factor that modulates the sensitivity of
DNA damage checkpoint control in responding to a reduced
capacity for initiation of DNA replication.

The rDNA array plays an important role in genome main-
tenance. From the above-described considerations, we propose
that the rDNA array functions as a sensor to monitor pertur-
bation in the initiation program of chromosomal replication
and counteracts unfavorable fluctuations of initiation potential
during the course of S-phase progression. Although little is
known about the programmed origin firing for the multiple
origins within the eukaryotic genome, the initiation potential is
expected to be maintained at a certain level throughout S
phase, perhaps fluctuating slightly as is usually found in bio-
logical phenomena. As we observed with the orcl-4 rad9A
strain, cells could tolerate under initiation as well as overini-
tiation if the extent of such variation were small. However,
even to a small degree, fluctuation of initiation potential could
lead to genetic instability. Cells are able to avoid such a fatal
risk if they are equipped with a feedback loop for the control-
ling mechanism. The rDNA array seems to be ideal for such a
feedback loop: it is highly sensitive to perturbation of origin
firing, is readily reparable by sister chromatid recombination,
and is highly plastic because of its repetitive nature. A certain
minimum level of repetitiveness is required for the tDNA
array to act properly as a monitor for perturbation of the
initiation program. We postulate that yeast cells maintain the
copy numbers of rDNA at around 150 to attune the sensitivity
of this monitoring function to fluctuations of initiation po-
tential.
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