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Šμ²Éμ¢ Ö �. �. ¨ ¤·. E19-2009-96
ƒ¥´Ò RAD9, RAD17, RAD24 ¨ RAD53 ±μ´É·μ²¨·ÊÕÉ μ¤¨´ ¶ÊÉÓ
γ-·¥§¨¸É¥´É´μ¸É¨ ¤·μ¦¦¥° Saccharomyces cerevisiae

Œ¥Ì ´¨§³Ò £¥´¥É¨Î¥¸±μ£μ ±μ´É·μ²Ö ¶·μÌμ¦¤¥´¨Ö Í¨±²  ¤¥²¥´¨Ö ±²¥É±¨ (Î¥±¶μ°´É-
±μ´É·μ²Ö) ¨§ÊÎ¥´Ò ´ ¨¡μ²¥¥ ¶μ²´μ Ê ¤·μ¦¦¥° Saccharomyces cerevisiae. „²Ö ¢ÒÖ¢²¥´¨Ö
·μ²¨ Î¥±¶μ°´É-£¥´μ¢ RAD9, RAD17, RAD24 ¨ RAD53 ¢ · ¤¨μ·¥§¨¸É¥´É´μ¸É¨ ±²¥Éμ± ¶·μ-
 ´ ²¨§¨·μ¢ ´  ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¤¢μ°´ÒÌ ³ÊÉ ´Éμ¢ ± ¨μ´¨§¨·ÊÕÐ¥° · ¤¨ Í¨¨. �μ± § ´
Ô¶¨¸É É¨Î¥¸±¨° Ì · ±É¥· ¢§ ¨³μ¤¥°¸É¢¨Ö ÔÉ¨Ì ³ÊÉ Í¨¨° ¸ ³ÊÉ Í¨¥° rad9Δ. �μ²ÊÎ¥´-
´Ò¥ ¤ ´´Ò¥ ¶μ§¢μ²ÖÕÉ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ Î¥±¶μ°´É-£¥´Ò RAD9, RAD17, RAD24 ¨ RAD53
μ¡· §ÊÕÉ ¥¤¨´ÊÕ Ô¶¨¸É É¨Î¥¸±ÊÕ £·Ê¶¶Ê, μ¡μ§´ Î¥´´ÊÕ ± ± RAD9-£·Ê¶¶ , ¨ ·¥£Ê²¨·ÊÕÉ
μ¤¨´ ¨ ÉμÉ ¦¥ ¶ÊÉÓ. �·¨Î¥³ £¥´Ò RAD9 ¨ RAD53 ¨³¥ÕÉ ¶μ§¨É¨¢´Ò°,   £¥´Ò RAD17 ¨
RAD24 ´¥£ É¨¢´Ò° ÔËË¥±É ´  ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ± γ-¨§²ÊÎ¥´¨Õ. „²Ö £ ¶²μ¨¤´ÒÌ ÏÉ ³³μ¢
¢ μÉ´μÏ¥´¨¨ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ± ¢μ§¤¥°¸É¢¨Õ γ-²ÊÎ¥° ¨ “”-¸¢¥É  ¢§ ¨³μ¤¥°¸É¢¨¥ ³ÊÉ -
Í¨° ³μ¦¥É μÉ²¨Î ÉÓ¸Ö, ´ ¶·¨³¥·, ¤²Ö ³ÊÉ Í¨° rad9Δ ¨ rad24Δ ´ ¡²Õ¤ ¥É¸Ö  ¤¤¨É¨¢´μ¸ÉÓ
¢ ¶¥·¢μ³ ¸²ÊÎ ¥ ¨ Ô¶¨¸É § ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥. �´ ²¨§¨·Ê¥³Ò¥ £¥´Ò ³μ£ÊÉ É ±¦¥ ÊÎ ¸É¢μ-
¢ ÉÓ ¢ ³¨´μ·´ÒÌ ³¥Ì ´¨§³ Ì · ¤¨μ·¥§¨¸É¥´É´μ¸É¨, ±μÉμ·Ò¥ μÉ´μ¸¨É¥²Ó´μ ´¥§ ¢¨¸¨³Ò μÉ
¢ÒÏ¥Ê¶μ³Ö´ÊÉμ£μ μ¸´μ¢´μ£μ ³¥Ì ´¨§³ .
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RAD9, RAD17, RAD24, and RAD53 Control One Pathway of Resistance
to γ Irradiation in Saccharomyces cerevisiae

Mechanisms for the genetic control of the cell cycle transition (checkpoint control) have
been studied in more detail in yeast Saccharomyces cerevisiae. To clarify the role of the RAD9,
RAD17, RAD24, and RAD53 checkpoint genes in cell radioresistance, diploid double mutants
were analyzed for cell sensitivity to ionizing radiation. All mutations in combination with
rad9Δ were shown to manifest the epistatic type of interaction. Our results suggest that the
RAD9, RAD17, RAD24, and RAD53 checkpoint genes belong to a single epistasis group called
the RAD9 group and participate in the same pathway. RAD9 and RAD53 have a positive effect
on sensitivity to γ irradiation, whereas RAD17 and RAD24 have a negative effect. For haploid
interactions between mutations may differ in the case of γ or UV irradiation, mutations Å
for example, rad9Δ and rad24Δ Å were shown to have an additive effect in the ˇrst case
and epistatic Å in the second. The analyzed genes can also participate in minor mechanisms
of radioresistance that are relatively independent of the above major mechanism.

The investigation has been performed at the Laboratory of Radiation Biology, JINR.
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1. INTRODUCTION

The tolerance of eukaryotic cells to the damage of chromosomal
DNA is ensured by processes of lesion recognition and repair and is also me-
diated by the so-called checkpoint control [1]. The genetic control of the cell
division arrest by a DNA break is well studied in yeast Saccharomyces cere-
visiae [2Ä4]. Interruptions of the DNA damage checkpoint often, but not always,
lead to increased cell sensitivity to inactivation by DNA-tropic agents. A chk1
mutant deˇcient in the DNA damage-induced G2/M-arrest did not show any in-
crease in sensitivity to the lethal action of damaging agents [5]. A helicase sgs1
mutant with an affected S/M-checkpoint was as sensitive to γ rays or UV light as
normal strains [6]. Mutual independence between cell cycle arrest and cell sen-
sitivity to radiation was also demonstrated for human cells deˇcient in the ATM
gene [7, 8]. Some data exist suggesting that post hoc may not be completely
propter hoc here. Among these are the results showing that an additional cell cycle
arrest fails to completely suppress an increase in sensitivity to damaging agents in
checkpoint mutants of Saccharomyces cerevisiae, viz. in rad9 [1, 9], rad53 [10],
and mec1 [11], as well as in checkpoint rad mutants of Schizosaccharomyces
pombe [12, 13]. In the case of increased sensitivity a decreased ability to arrest
cell cycle in response to DNA damage does not seem to be the only cause of the
increase in cell lethality. Apart from the cell cycle arrest elimination, checkpoint
disorders that make cells more sensitive to DNA damage and replication blocks
may also interfere with the activation of the repair machinery and/or its proper
delivery to damaged sites in DNA [14].

Published data mainly concern division arrest and survival following cell ex-
posure to UV light [15, 16]. The study of interactions of checkpoint genes that
modulate yeast γ-ray radioresistance is not sufˇciently advanced [17]. Moreover,
little is known of interactions between genes for the repair per se and genes
responsible for the checkpoint control and of the role of these gene interactions
in determining cell radioresistance [2]. Although in the studies of the ramiˇed
system of checkpoint regulation, effects on both the cell cycle arrest and cell
sensitivity to damaging agents have usually been analyzed, caution is still needed
in interpreting the data on radiation sensitivity in terms of checkpoint pathway
branches. On the other hand, it is expedient and interesting to try and com-
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pare checkpoint pathway schemes based on radiation sensitivity data with those
deduced from the analysis of cell cycle arrest modiˇcations.

In this work, the in�uence of pairwise combinations of checkpoint mutations
in genes functioning at different stages of checkpoint regulation on yeast sensi-
tivity to ionizing radiation was analyzed. The RAD9, RAD17, and RAD24 genes
are believed to act at the initial steps of damage recognition; the RAD53 protein
kinase is involved in a signal transduction cascade. The obtained data suggest
that the genes RAD9, RAD17, RAD24, and RAD53 constitute one epistasis group.
The analyzed genes can also participate in minor mechanisms of radioresistance
that are relatively independent of the above major mechanism.

2. MATERIALS AND METHODS

2.1. Yeast strains. The genotypes of the strains of Saccharomyces cerevisiae
are given in the Table. All strains were constructed in the 71a background [18].
As sources of the rad9Δ, rad17Δ, rad24Δ, and rad53 mutations, the strain 7859-
7-4a (rad9::LEU2) from Prof. L. H.Hartwell (University of Washington, Seattle)
and the strains SX46A rad24Δ (rad24::URA3), SX46A rad17Δ (rad17::URA3),
and CRY1 (sad1-1(=rad53)) from Prof. W. Siede (University of Texas, Dallas)
were used, respectively.

2.2. Media. YEPD Å 1% yeast extract (Difco), 2% bacto-pepton (Difco),
2% glucose. Complete medium (CM) Å 0.5% yeast extract, 0.5% pepton, 2%
glucose, 2% agar. Presporulation (PM) and sporulation (SM) media were de-
scribed [19].

2.3. Tetrad Analysis. Diploid hybrids were grown on PM for 1 d and then
transferred onto SM. After 3Ä5 d at room temperature, asci were dissected with
the aid of a micro-manipulator. Asco-spores were isolated on CM surface and
incubated at 30 ◦C for 4 d.

2.4. Irradiation. γ rays. Seven-day-old cultures grown on solid CM and
then resuspended (103 to 107 cells in 1 ml) in water were irradiated at 4 ◦C
on a ®Svet¯ γ installation (25 Gy/min, 137Cs) of the Joint Institute for Nuclear
Research (Dubna) and in special cases on a ®Materialovedcheskaya¯ γ installa-
tion (180 Gy/min, 60Co) of the Kurchatov Institute (a Federal Research Center,
Moscow). The control and irradiated suspensions were diluted immediately after
irradiation, plated on CM at approximately 100 surviving cells per plate, and
incubated for 5Ä7 d at 30 ◦C.

UV light. Cells were grown on the CM plates at 30 ◦C for 7 d and resus-
pended in water. Suspensions were plated on CM at approximately 100 surviving
cells per plate and irradiated with UV lamp (0.28 J/m2· s). The irradiated plates
were kept in the dark. To provide exponential cell irradiation, the yeast strains
were grown overnight to an early logarithmic phase (2Ä5·106 cells in ml) in liquid
YPD at 30 ◦C and UV-irradiated as described above.
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The theoretical additive effect was calculated using the following formula:
lgSadd = lgS1+lgS2−lgSwt, where S1 and S2 are the survival of single mutants
and Sw is the wild type survival.

3. RESULTS

To determine how the RAD9, RAD17, RAD24, and RAD53 checkpoint genes
of budding yeast interact, we generated a panel of closely related single and
double mutants. The diploid strains were constructed with the aid of a micro-
manipulator by crossing the initial strains bearing mutations in the checkpoint
genes with mutually isogenic normal strains 71a and 71α and then repeatedly
backcrossing (at least four times) the progeny with the 71a and 71α parents. Cell
sensitivity to γ radiation was determined for groups of closely related strains
(3Ä4 strains of the same genotype in a group). For irradiation, we have used cul-
tures in a late stationary phase Å practically synchronized non-growing cultures.

3.1. Interaction among RAD9, RAD17, and RAD24. Survival curves for the
double rad9Δ rad17Δ and rad17Δ rad24Δ mutants seem to be in an intermediate
position between the curves for the respective single mutants (Fig. 1). As the
differences in the radiation sensitivity between rad9Δ and rad17Δ strains as
well as between rad17Δ and rad24Δ cells are small and not signiˇcant, one
may conclude that these mutations interact in an epistatic way.

Fig. 1. Interactions of RAD17 with the RAD9 and RAD24 genes. Survival curves of
single and double mutants after γ irradiation of stationary diploid cultures. All survival
curves are the mean of at least three or four independent experiments mostly performed
on independent segregants; the range or SD is shown for each data point: a) mutations
(rad9Δ, rad17Δ), b) mutations (rad17Δ, rad24Δ)
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Fig. 2. Interactions of the RAD9 and RAD24 genes. Survival curves of single and double
mutants rad9Δ and rad24Δ after irradiation by γ ray (a, b) and UV light (cÄf ). Stationary
(aÄd) and exponential (e, f ) phase populations of yeast diploid (a, c, e) and haploid (b, d, f )
cells were irradiated. All survival curves are the mean of at least three or four independent
experiments mostly performed on independent segregants; the range or SD is shown for
each data point: a) γ ray, diploids, stationary phase; b) γ ray, haploids, stationary phase;
c) UV, diploids, stationary phase; d) UV, haploids, stationary phase; e) UV, diploids,
exponential phase; f ) UV, haploids, exponential phase
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On the other hand, there is a more pronounced difference between the rad9Δ
and rad24Δ mutants as regards their radiation sensitivity; the diploid strains
rad9Δ were more sensitive than the rad24Δ strains. The survival curve of
double mutant strains, which is intermediate between the curves of the single
mutants, differs from both of them signiˇcantly (Fig. 2, a). Most probably, the
studied genes act in the same epistatic way, and their mutations interact in a
somewhat compensatory way.

The published data on the sensitivity of the yeast rad9 and rad24 mutants
to DNA-damaging agents seem contradictory [20Ä23]. To ˇll this gap, we have
analyzed the γ and UV sensitivity of haploid and diploid cell cultures irradiated
in various growth phases.

As regards the diploid stationary-phase cultures, similar effects of the two
mutations (taken apart and combined) on the cell survival were observed after
exposure to γ rays (Fig. 2, a) or UV light (Fig. 2, c). On the other hand, an
analysis of the UV-irradiated log-phase cultures failed to reveal any signiˇcant
difference between the single and double mutants (Fig. 2, e).

Figure 2, b shows the single rad9Δ and double rad9Δ rad24Δ mutant
haploid strains are slightly γ-ray sensitive, whereas the rad24Δ strains were just
like the wild-type strains. For the haploid strain, the additive effect of mutations
could be expected. Stationary-phase cultures of the haploid rad9Δ cells were
less UV-sensitive as compared with the haploid rad24Δ cultures, whereas the
double mutant rad9Δ rad24Δ cells manifested an intermediate UV-sensitivity
(Fig. 2, d). Comparing the linear parts of the survival curves, one may conclude
that the exponential haploid single mutant rad9Δ was less UV-sensitive then
rad24Δ mutant, and double-mutant cultures were more UV-sensitive than the
single mutant rad24Δ cultures, although the difference was less than could be
expected for the additive effect of mutations (Fig. 2, f ).

We conclude that the RAD9 and RAD24 act in the same pathway determining
the sensitivity of yeast diploid cells to radiation. Still the mechanism of the
interaction between these two genes may be modiˇed in accordance with the type
of DNA damage, ploidy and phase of culture.

3.2. Interaction of RAD53 with RAD9, RAD17, and RAD24. A compari-
son of the survival curves (Fig. 3) did not reveal any signiˇcant differences in
γ-radiation sensitivity between the double mutant rad9Δ rad53, rad17Δ rad53
or rad24Δ rad53 strains and their single-mutant counterparts. Thus, as far as the
mutational effects on the γ-ray sensitivity are concerned, the mutations rad9Δ,
rad17Δ, rad24Δ were epistatic to the rad53 mutation. Apparently, RAD24, as
RAD9 and RAD17 belong to the same epistasis group with RAD53. This as-
sumption is conˇrmed by some published data concerned with other mutational
effects [24, 25].

For the rad24Δ and rad53 mutations, Fig. 3, d presents the results obtained
following exposure of the same diploid cultures in the stationary growth phase
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Fig. 3. Interactions of RAD53 with the RAD9, RAD17, and RAD24 genes. Survival curves
of single and double mutants after γ (aÄc) and UV (d) irradiation. Stationary phase
cultures of yeast diploid cells were irradiated. All survival curves are the mean of at least
three or four independent experiments mostly performed on independent segregants; the
range or SD is shown for each data point: a) strains (rad9Δ, rad53); b) strains (rad17Δ,
rad53); c) strains (rad24Δ, rad53); d) strains (rad24Δ, rad53)

to UV light. We found that the sensitivity of the double mutants is signiˇcantly
higher than that of each single mutant. In this case, one can speak about additive
interactions between RAD24 and RAD53 with respect to UV light.
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4. DISCUSSION

A study of a group of genes responsible for radioresistance to ionizing ra-
diation allowed us to attribute the checkpoint genes RAD9, RAD17, RAD24, and
RAD53 to a single epistasis group denoted by us the RAD9-dependent pathway
involved in the determination of cell radioresistance. However, these interactions
do not correspond to the checkpoint control scheme following from the study
of various damage agents [26]. In the regulation of the checkpoint control, the
genes RAD9 and RAD17/RAD24 are additive [20Ä22], whereas the genes RAD9
and RAD53 are epistatic [25, 27]. The pathways of activation and checkpoint
regulation may differ depending on various types of damage. Moreover, the ef-
fect of checkpoint genes on radioresistance is likely to be mediated not only by
the regulation of cell cycle arrest, but also by the participation of genes in other
processes, such as repair through the induction of repaired gene transcription or
posttranscriptional regulation of certain repair pathways [25, 9].

We have analyzed radiosensitivity of diploid strains in the stationary growth
phase. In diploid strains with the double set of chromosomes, HR is possible
in all phases of the cell cycle. HR is accomplished by a mechanism of inter-
chromosomal recombination in diploids in the stationary phase and in G1, and
by a mechanism of interchromatid recombination in haploids and diploids in G2.
In diploid strains, the minor repair pathway via NHEJ is suppressed, because
heterozygote for mating type repressed the NEJ1 gene involved in NHEJ and
due to repair via HR pathway [28, 29]. No in�uence of the mutation rad9Δ
on mitotic homologous recombination, gene conversion, and crossing-over was
observed [15]. RAD9 is not related to the repair of an induced break or plas-
mid integration resulting from homologous recombination [30Ä32]. Thus, it was
unreasonable to suggest the direct involvement of the checkpoint gene RAD9 in
DNA DSB repair via homologous recombination. RAD9, RAD24, and RAD17 par-
ticipate in minor repair pathways (NHEJ) [31Ä33] inhibited in diploids [28, 29].
Apparently, their effect is primarily mediated by the cell cycle arrest regula-
tion [9].

Genes can be placed into three groups with respect to their radiosensitivity.
The published data on the sensitivity of the yeast rad9 and rad24 mutants
to DNA-damaging agents seem contradictory [20Ä23]. A comparison of the ra-
diosensitivity of single rad9Δ and rad24Δ mutants showed all possible variants:
equal [23] or greater [20, 21] sensitivity to UV or lower sensitivity for γ ray [23]
and MMS [22]. These data were mostly obtained for haploid exponential cul-
tures. In our experiments with diploid strains, the mutation rad9Δ had a stronger
modifying effect on cell sensitivity to γ irradiation compared to the mutations
rad24Δ and rad17Δ which decreased the effect of rad9Δ on radiosensitivity.
Obviously, the genes RAD9, RAD24, and RAD17 are epistatic in the cell cycle
arrest regulation and it is exactly this fact that is responsible for the determination
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of the radiosensitivity level upon γ and UV irradiation of diploid strains in the
stationary growth phase.

The radiosensitivity of rad53 mutants is higher than that of rad17Δ and
rad24Δ but lower than the radiosensitivity of rad9Δ on the linear segment of the
curve, i.e., in the G1 phase (Fig. 3). It may be assumed that RAD9 is engaged in
an additional RAD53-independent pathway involved in the determination of ra-
diosensitivity, whereas the gene RAD53 controls additional pathways apart from
the RAD17/RAD24-dependent pathway. The RAD9-branch plays more impor-
tant role in the determination of radioresistance, probably, at the expense of the
CHK1-pathway. These branches are not completely independent. For the activa-
tion of the checkpoint control, the activated phosphorylation of Rad9 and Rad53
is needed. The phosphorylation of Rad9 in G2 is associated with Mec1, and also
with Rad24, Rad17-Ddc1-Mec3 in G1 [27]. The DNA damage-induced modi-
ˇcation of Rad53 in cells blocked in G1 and G2 depends on intact RAD9- and
RAD24-branches of the checkpoint control [25]. The overproduction of Rad9 in
rad24Δ or Rad24 in rad9Δ restores the G1/S arrest, G2/M arrest, transcriptional
response, and cell survival.

Upon irradiation of diploid cultures with UV light, the suppressive effect of
rad17Δ and rad24Δ with respect to the mutation rad9Δ was observed. It is
known that upon UV irradiation, cell cycle arrest led to a slight increase in the
survival of mutant rad9Δ [9]. RAD9 and RAD24 were shown to participate in
inducible nucleotide excision repair (NER) of pyrimidine dimers in transcribed
and non-transcribed regions [33]. However, the type of interaction of these genes
was not determined. Moreover, RAD9, RAD17, and RAD24 are indispensable
for the replication across non-repaired DNA damage [15]. The analysis revealed
that RAD9 and RAD52 positively regulate sister-chromatid exchange, whereas
RAD24 and RAD17 down-regulate this process, and these mutations are epistatic
with each other. The analogous pattern was observed upon UV irradiation of
stationary diploid cultures. Thus, it cannot be ruled out that mutations involved
in the determination of radiosensitivity interact epistatically not only in the process
of the cell cycle arrest but also in some repair processes.
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