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INTRODUCTION

Systematic analysis of yeast deletion mutants [1]
allowed the replenishment of the list of loci responsible
for yeast sensitivity to 

 

γ

 

-irradiation [2]. In the mean-
time, the essential genes may be missed during deletion
analysis. Therefore, as applied to this problem, it is still
important to analyze viability-compatible (point) muta-
tions, for example, 

 

srm

 

 gene mutations that not only
change the maintenance of mitochondrial 

 

rho

 

-mutabil-
ity but also cause changes in mitotic stability of chro-
mosomes and radioresistance [3–5]. Some 

 

SRM

 

 genes
were identified; in particular, it was shown that genes

 

SRM5

 

, 

 

SRM8

 

, and 

 

SRM12

 

 correspond to 

 

CDC28

 

,

 

NET1

 

, and 

 

HFI1

 

 genes [3, 4, 6, 7].

Since the 

 

CDC28

 

 gene for cyclin-dependent kinase
is essential, the influence of 

 

cdc28

 

 mutations on cell
sensitivity to the damage agents depends on mutation
localization and on the degree of protein disfunction.
For instance, as shown previously, mutation 

 

cdc28

 

-

 

1

 

does not affect UV-sensitivity [8], whereas mutation

 

cdc28

 

-

 

1N

 

 exerts the influence on yeast cell sensitivity
to UV light [9]. The latter mutation represents a base-
pair substitution [P250L], and the nature of 

 

cdc28

 

-

 

1N

 

has not been identified [10]. The mutation 

 

cdc28

 

-

 

1

 

[G16S] isolated by us has been localized in the conser-
vative glycine-rich G-loop [11], which is significant for

protein architecture, manifests pleiotropic effects; par-
ticularly, it affects radioresistance [6, 12–14]. The
involvement of cyclins, the regulatory kinase subunits,
in response to DNA damage was shown in various sys-
tems. Thus, the loss of S-phase cyclins Clb5 and Clb6
was shown to increase cell sensitivity to MMS, UV
light, and ionizing radiation [15]. Obviously, these data
reliably testify to the participation of kinase CDC28 in
determining the level of radioresistance.

Gene 

 

NET1

 

/

 

SRM8

 

 encodes the structural subunit of
the nucleolar RENT complex tethers the Cdc14 phos-
phatase and deacetylase Sir2 within the nucleus [16,
17]. The involvement of 

 

NET1

 

 in cell radioresistance
was shown for the first time in our works using frame-
shift mutation 

 

net1-srm

 

 [4, 6, 7, 18]. The structural sub-
unit Srm12/Ada1/Hfi1 is a component of the SAGA
complex possessing the histone-acetyltransferase activ-
ity mediated by the subunit Gen5 [19]. Radioresistance
of 

 

HFI1

 

 was shown for the first time in our works with
the help of a nonsense mutation 

 

hfi1-srm

 

 [4, 6, 7, 18].
Gene 

 

HFI1

 

 was also identified as a gene for radiosensi-
tivity in the deletion analysis [1].

In this work, the influence of pairwise combinations
of checkpoint gene mutations and 

 

srm

 

 mutations on
yeast sensitivity to ionizing radiation was studied. The
obtained data suggest that genes 

 

RAD9

 

, 

 

RAD17

 

,

 

RAD24

 

, 

 

RAD53

 

, 

 

CDC28

 

, and 

 

NET1

 

 constitute an
epistasis group probably maintained by a single major

 

RAD9

 

-dependent mechanism of radioresistance in 

 

Sac-

 

Interaction between Checkpoint Genes 

 

RAD9

 

, 

 

RAD17

 

, 

 

RAD24

 

, 

 

RAD53

 

, and Genes 

 

SRM5/CDC28

 

, 

 

SRM8/NET1

 

, 
and 

 

SRM12/HFI1

 

 Involved in the Determination of Yeast 

 

Saccharomyces cerevisiae

 

 Sensitivity to Ionizing Radiation

 

N. A. Koltovaya

 

a

 

, Yu. V. Nikulushkina

 

a

 

, E. Yu. Kadyshevskaya

 

a

 

, M. P. Roshina

 

b

 

, and A. B. Devin

 

†

 

a

 

Joint Institute for Nuclear Research, Moscow oblast, Dubna, 141980 Russia
e-mail: koltovaya@jinr.ru

 

b

 

Institute of Molecular Genetics, Russian Academy of Sciences, Moscow, 123182 Russia

 

Received September 7, 2007

 

Abstract

 

—Analysis of radiosensitivity of double mutants in the yeast 

 

Saccharomyces cerevisiae

 

 revealed that
checkpoint genes 

 

RAD9,

 

 

 

RAD17

 

, 

 

RAD24

 

, and 

 

RAD53

 

 along with genes 

 

CDC28

 

 and 

 

NET1

 

 belong to one epista-
sis group  designated the 

 

RAD9

 

 group. The use of 

 

srm

 

 mutations allowed the demonstration of a branched

 

RAD9

 

-dependent pathway of cell radioresistance. Mutation 

 

cdc28-srm

 

 is hypostatic to 

 

rad9

 

∆

 

, 

 

rad17

 

∆

 

, and

 

rad24

 

∆

 

 being additive with 

 

rad53

 

. Mutation 

 

net1-srm

 

 is hypostatic to 

 

rad9

 

∆

 

 and 

 

rad53

 

 but additively enhance
the effects of mutations 

 

rad17

 

∆

 

 and 

 

rad24

 

∆

 

. Gene 

 

SRM12/HFI1

 

 is not a member of the 

 

RAD9

 

 group. Mutation
in gene 

 

hfi1-srm

 

 manifests the additive effect on mutations 

 

rad24

 

∆

 

 and 

 

rad9

 

∆

 

. The analyzed genes can also
participate in minor mechanisms of radioresistance that are relatively independent of the above 

 

RAD9

 

-depen-
dent mechanism.
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charomyces cerevisiae

 

. The attempt to identify the
epistasis group  containing 

 

HFI1

 

 gene failed.

MATERIALS AND METHODS

 

Saccharomyces cerevisiae

 

 used in this study (table)
are closely related and were constructed by introducing
the mutations listed below in the genotype of isogenic
parental strains. Mutations were introduced via cross-
ing the source strains with parental strains 71a or 

 

71

 

α

 

[14], by producing sexual progeny, and by at least three
sequential backcrosses with 71a and 

 

71

 

α

 

. Mutants

 

srm5

 

/

 

cdc28

 

-

 

srm

 

 [3], 

 

srm8/net1

 

-

 

srm

 

 and 

 

srm12

 

/

 

hfi1

 

-

 

srm

 

 [4] were obtained by the authors. As a source of
mutation 

 

rad52-1, we used a strain gl60/2b (rad52-1)
from the Yeast Genetic Stock Center, Berkeley, United
States (further on, ATCC). Strains 7859-7-4a
(rad9::LEU2), SX46A rad24∆, SX46Ä rad17∆, and
CRY1 (sad1-I = rad53) were used as sources of muta-
tions rad9∆, rad17∆, rad24∆, and rad53. The first of
these strains was provided by L. Hartwell (University
of Washington, Seattle), the others were provided by
W. Siede (University of Texas, Dallas).

Media and reagents. We used the standard complete
nutrient medium YEPD [20] and BS, PMG, and SMK
media described in [3].

Tetrad analysis. Cultures of diploid hybrids were
grown on a presporulation medium PMG and trans-
ferred onto the sporulation medium SMK. After 3–5
days of incubation at room temperature, ascospores
were isolated by a micromanipulator on an agar plug of
BS medium and incubated for 4 days at 30°ë.

Irradiation. Cells were irradiated with γ-rays UV
light under standard conditions by a method described
in [21].

RESULTS
Since mutation cdc28-srm enhances cell sensitivity

to ionizing radiation [13], it was of interest to highlight
the epistasis group  of radiosensitive genes to which
gene SRM5/CDC28 belongs. In S. cerevisiae, cell sen-
sitivity to ionizing radiation is mediated by genes of the
epistasis RAD6 and RAD52 groups. Genes of the latter
group are responsible for repair of the major part of
γ-radiation-induced DNA damage effected due to the
repair of DNA double-strand breaks (DSB) via homol-
ogous recombination (HR). Genes of the RAD6 epista-
sis group  are responsible for replication across DNA
damage and recovery of stalled replication forks and
postreplication repair of a smaller, although essential,
portion of DNA lethal lesions. The action of cdc28-srm,
rad6-1 and cdc28-srm, rad52-1 mutation pairs was
shown to affect γ-radiation sensitivity in double
mutants and manifest the synergistic effect [6, 22].
Thus, mutation cdc28-srm could not be assigned to the
epistasis RAD6 or RAD52 groups. The influence of this
mutation on radiosensitivity probably is not confined to
a specific disturbance in either corresponding repair

pathway. It is known that an important role in mediating
radioresistance plays, apart from repair, the checkpoint
control that ensures cell cycle arrest sufficient for DNA
damage repair. The interaction of gene CDC28 and
checkpoint genes in determining radioresistance is of
obvious interest.

Analysis of Changes in Cell Radiosensitivity upon 
Interaction between Mutation cdc28-srm 

and Mutations rad9∆, rad17∆, rad24∆, and rad53

The checkpoint gene RAD9 plays a key role in cell
response to DNA damage. In order to examine the
interaction between CDC28 and RAD9 genes, we
employed the impaired rad9::LEU2 allele and muta-
tion cdc28-srm. The following diploid strains (by 4
strains of similar genotype) were constructed: cdc28-
srm/cdc28-srm rad9∆/rad9∆, CDC28/CDC28
rad9∆/rad9∆, cdc28-srm/cdc28-srm RAD9/RAD9,
RAD9/RAD9 CDC28/CDC28. Figure 1a presents sur-
vival curves of these mutants. It is shown that these
mutations are epistatic to each other: the double rad9∆
cdc28-srm mutant is not more sensitive to γ-irradiation
than the most sensitive single mutant rad9∆. Thus,
mutations of genes CDC28 and RAD9 belong to a sin-
gle epistasis group  responsible for the determination of
cell radiosensitivity to γ-irradiation.

To examine the interaction between gene CDC28
and checkpoint genes RAD17, RAD24, and RAD53, we
constructed strains carrying single and double muta-
tions. Cell sensitivity to γ-irradiation was determined,
as previously, in a series of closely related strains
(table). Survival curves obtained after irradiation of sta-
tionary diploid cultures are shown in Figs. 1b and 1c.
Double mutants cdc28-srm rad17∆ exhibit radiosensi-
tivity similar to that expected upon additive effect (Fig. 1b).
Double mutants cdc28-srm rad24∆ exhibit radiosensi-
tivity similar to that of the most sensitive of single
mutants rad24∆ (Fig. 1c). Thus, mutation rad24∆ is epi-
static and mutation rad17∆ is additive with cdc28-srm
mutation.

To analyze the interaction between gene CDC28 and
the checkpoint gene RAD53, we constructed the corre-
sponding strains carrying single and double mutations.
Double mutants cdc28-srm rad53 exhibit radiosensitiv-
ity similar to that expected upon additive effect
(Fig. 1d). Thus, mutation rad53 is additive with cdc28-srm
mutation, i.e., CDC28 and RAD53 protein kinases
mediate the control of different pathways of cell
radioresistance.

As the pair of genes CDC28 and RAD52 control dif-
ferent pathways as well, it was of interest to analyze tri-
ple mutants. As seen in Fig. 1e, the triple mutant rad52-1
rad53 cdc28-srm is not more sensitive than the double
mutant rad52-1 cdc28-srm. Although we did not con-
duct analysis of double mutants rad52-1 rad53-1, anal-
ysis of radiosensitivity in diploid double mutants
rad52-1 rad53-1 at the stationary growth phase made
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Strains used in the study

Strain Genotype Origin

7859-7-4a MATa  rad9::LEU2leu2-3,112trp1-289ura3-52his7 L.H. Hartwell (University of Washing-
ton, Seattle)

SX46A rad24∆ MATa rad24::URA3ade2his3-532trp1-289ura3-52 W.Siede (University of Texas, Dallas)

SX46A rad17∆ MATa rad17::URA3ade2his3-532trp1-289ura3-52 The same

CRY1 MATa rad53 (=sad1-1)ade2-1ura3-1trp1-1his3-11,15leu2-
3,112can1-100 

"

g160/2b MATa rad52-1ade2-1arg4arg9trp1his5lys1-1ilv3leu pet YGSC*

JG-6 MATa rad6-1 The same

71a MATa SRM+ ade1 Constructed by authors [4, 14]

71α MATα SRM+ ade1 The same

R8a MATa net1-srm (=srm8)ade2trp1ura3 "

R8α MATα net1-srm ade2trp1ura3 "

R12a MATa hfi1-srm (=srm12)ade2trp1ura3 "

R12α MATα hfi1-srm ade2trp1ura3 "

C50/1–C50/4 MATa/MATαcdc28-srm/cdc28-srm ade1/ade1 "

C40/1, C40/2 MATa/MATα rad52-1/rad52-1ade1/ade1cyh2/+ leu1/+ ade6/+ "

C54/1, C54/2 MATa/MATα rad52-1/rad52-1cdc28-srm/cdc28-srmcyh2/+ 
leu1/+ ade6/+ ade1/ade1 

"

C3/1, C3/2 MATa/MATα rad52-1/rad52-1cdc28-srm/cdc28-
srmrad53/rad53 ade2/ade2

"

C59/1–C59/4 MATa/MATα cdc28-srm/cdc28-srm rad9::LEU2/rad9::LEU2 
ade1/ade1leu2-3,112/leu2-3,112

"

C09/1–C09/4 MATa/MATα rad9::LEU2/rad9::LEU2ade1/ade1leu2-
3,112/leu2-3,112 

"

C05/5–C05/8 MATa/MATα cdc28-srm/cdc28-srm ade1/ade1leu2-
3,112/leu2-3,112 

"

C00/5–C00/8 MATa/MATα ade1/ade1leu2-3,112/leu2-3,112 "

Series 5/17:

5/+ 17/+ (1–3) MATa/MATα CDC28/cdc28-srm RAD17/rad17::URA3 Constructed by authors in this work

5/5 17/+ (1–3) MATa/MATα cdc28-srm/cdc28-srm RAD17/rad17::URA3 The same

5/+ 17/17 (1–3) MATa/MATα CDC28/cdc28-srmrad17::URA3/rad17::URA3 "

5/5 17/17 (1–3) MATa/MATαcdc28-srm/cdc28-srm rad17::URA3/rad17::URA3 "

Series 5/24:

5/+ 24/+ (1–3) MATa/MATα CDC28/cdc28-srm RAD24/rad24::URA3 "

5/5 24/+ (1–3) MATa/MATα cdc28-srm/cdc28-srm RAD24/rad24::URA3 "

5/+ 24/24 (1–3) MATa/MATα CDC28/cdc28-srm rad24::URA3/rad24::URA3 "

5/5 24/24 (1–3) MATa/MATα cdc28-srm/cdc28-srm 
rad24::URA3/rad24::URA3 

"

Series 5/53:

5/+ 53/+ (1, 2) MATa/MATα CDC28/cdc28-srm RAD53/rad53 "

5/5 53/+ (1, 2) MATa/MATα cdc28-srm/cdc28-srm RAD53/rad53 "

5/+ 53/53 (1–3) MATa/MATα CDC28/cdc28-srm rad53/rad53 "

5/5 53/53 (1–3) MATa/MATα cdc28-srm/cdc28-srm rad53/rad53 "

Series 8/9:

+/8 +/9 (1–4) MATa/MATα NET1/net1-srm RAD9/rad9::URA3 "
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Table (Contd.)

Strain Genotype Origin

8/+ 9/9 (1–4) MATa/MATα NET1/net1-srm rad9::URA3/rad9::URA3 "

8/8 9/+ (1–4) MATa/MATα net1-srm/net1-srm RAD9/rad9::URA3 "

9/9 8/8 (1–4) MATa/MATα net1-srm/net1-srm rad9::URA3/rad9::URA3 "

Series 8/17:

8/+ 17/+ (1–4) MATa/MATα NET1/net1-srm RAD17/rad17::URA3 "

8/8 17/+ (1–4) MATa/MATα net1-srm/net1-srm RAD17/rad17::URA3 "

8/+ 17/17 (1–4) MATa/MATα NET1/net1-srm rad17::URA3/rad17::URA3 "

8/8 17/17 (1–4) MATa/MATα net1-srm/net1-srm rad17::URA3/rad17::URA3 "

Series 8/24:

8/+ 24/+ (1–3) MATa/MATα NET1/net1-srm RAD24/rad24::URA3 "

8/+ 24/24 (1–3) MATa/MATα NET1/net1-srm rad24::URA3/rad24::URA3 "

8/8 24/+ (1–4) MATa/MATα net1-srm/net1-srm RAD24/rad24::URA3 "

8/8 24/24 (1–3) MATa/MATα net1-srm/net1-srm rad24::URA3/rad24::URA3 "

Series 8/53:

8/+ 53/+(1–3) MATa/MATα NET1/net1-srm RAD53/rad53 "

8/8 53/+ (1–3) MATa/MATα net1-srm/net1-srm RAD53/rad53 "

8/+ 53/53 (1–3) MATa/MATα NET1/net1-srm rad53/rad53 "

8/8 53/53 (1–3) MATa/MATα net1-srm/net1-srm rad53/rad53 "

Series 5/12:

5/+ 12/+ (1–4) MATa/MATα CDC28/cdc28-srm HFI1/hfi1-srm "

5/5 12/+ (1–4) MATa/MATαcdc28-srm/cdc28-srm HFI1/hfi1-srm "

5/+ 12/12 (1–3) MATa/MATα CDC28/cdc28-srm hfi1-srm/hfi1-srm "

5/5 12/12 (1–4) MATa/MATα cdc28-srm/cdc28-srm hfi1-srm/hfi1-srm "

Series 12/9:

12/+ 9/+ (1.2) MATa/MATαHFI1/hfi1-srm RAD9/rad9::LEU2 "

12/+ 9/9 (1) MATa/MATα HFI1/hfi1-srm rad9::LEU2/rad9::LEU2 "

12/12 9/+ (1–4) MATa/MATα hfi1-srm/hfi1-srm RAD9/rad9::LEU2 "

12/12 9/9 (1–4) MATa/MATα hfi1-srm/hfi1-srm rad9::LEU2/rad9::LEU2 "

Series 12/24:

12/+ 24/+ (1–4) MATa/MATα HFI1/hfi1-srm RAD24/rad24::URA3 "

12/12 24/+ (1–3) MATa/MATα hfi1-srm/hfi1-srm RAD24/rad24::URA3 "

12/+ 24/24 (1–4) MATa/MATα HFI1/hfi1-srm rad24::URA3/rad24::URA3 "

12/12 24/24 (1–4) MATa/MATα hfi1-srm/hfi1-srm rad24::URA3/rad24::URA3 "

Series 12/53:

12/+ 53/+ (1.2) MATa/MATα HFI1/hfi1-srm RAD53/rad53 "

12/+ 53/53 (1) MATa/MATα HFI1/hfi1-srm rad53/rad53 "

12/12 53/+ (1–3) MATa/MATα hfi1-srm/hfi1-srm RAD53/rad53 "

12/12 53/53 (1–3) MATa/MATα hfi1-srm/hfi1-srm rad53/rad53 "

* Yeast Genetic Stock Center, Berkeley, United States.
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ducted by Lawrence [23] revealed that radiosensitivity
of the double mutant rad52-1 rad53-1 coincides with
radiosensitivity of the single mutant rad52-1. Thus,
genes RAD52 or RAD53 belong to the same epistasis
group  of radiosensitivity genes. One can assume that
genes CDC28 and RAD52/RAD53 compose two
branches of pathway determining sensitivity to γ-irradi-
ation.

Analysis of Changes in Cell Radiosensitivity upon 
Interaction between Mutation net1-srm and Mutations 

rad9∆, rad17∆, rad24∆, and rad53

For each of four pairwise combinations of net1-srm
and checkpoint mutations, we constructed a series of
the corresponding single and double mutants along
with nonmutant strains (table). Survival curves shown
in Fig. 2a indicate that radiosensitivity of double
mutants net1-srm rad9∆ coincides with radiosensitivity
of single mutants. Functions of genes NET1 and RAD9

seem to belong to the same pathway involved in deter-
mination of cell radioresistance.

Data shown in Fig. 2b suggest that radiosensitivity
of the double mutant net1-srm rad17∆ revealed on the
linear segment of radiosensitivity curve is higher than
that of single mutants and coincides with the calculated
curve of additivity. Hence, functions of the pair of
genes NET1 and RAD17 cannot be assigned to the sim-
ilar nonbranched pathway involved in determination of
cell radioresistance. On the basis of the results illus-
trated in Fig. 2c, we arrived at the analogous conclusion
with respect to the pair of functions mediated by genes
NET1 and RAD24.

Figure 2d presents survival curves of a series of sin-
gle and double mutants in NET1 and RAD53 along with
nonmutant strains. At high doses, the survival curve of
double mutants has a “tail” and mainly reflects the
behavior of budding cells, for which increased radiore-
sistance is a typical feature [24]. To ensure correctness
of the analysis, the initial linear segments of survival
curves should be compared. At low doses, radiosensi-
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Fig. 1. Survival curves obtained following γ-irradiation of diploid single and double mutants homozygous for mutations cdc28-srm
and rad9∆ (a), cdc28-srm and rad17∆ (b), cdc28-srm and rad24∆ (c), cdc28-srm and rad53 (d), single (cdc28-srm, rad52), double
(rad52 cdc28-srm), and triple (rad52 rad53 cdc28-srm) mutants (e). Strains were irradiated on a Svet γ installation (Cs137,
25 Gy/min), and triple mutant rad52 rad53 cdc28-srm was irradiated on a Materialovedcheskaya γ installation (60Co, 180 Gy/min).
Each curve corresponds to the averaged data for four or three strains of the same genotype; standard errors are given. For compar-
ison, a curve expected upon additive effect of two mutations on cell radiosensitivity is presented.
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tivity of double mutants net1-srm rad53 is higher than
that of single mutants and coincides with the calculated
additivy curve. Hence, a function of RAD53 falls out of
the nonbranched pathway controlled by genes NET1
and RAD9. Although survival curves for budding cells
were linearly approximated, we cannot speak about the
epistatic type of interactions between net1-srm and
rad53 mutations with respect to radiosensitivity,
because a proportion of budding cells was not evaluated
in each culture.

Analysis of the interaction between net1-srm and
cdc28-srm mutations with respect to radiosensitivity of
double mutants is not available, because double
mutants cdc28-srm net1-srm are nonviable.

Analysis of Changes in Cell Radiosensitivity upon 
Interaction between Mutation hfi1-srm and Mutations 

rad9∆, rad24∆, and cdc28-srm

In order to examine effects of pairwise combina-
tions of hfi1-srm with checkpoint gene mutations and
mutation cdc28-srm, we constructed a series of the cor-
responding single and double mutants along with non-
mutant strains (table). The hfi1-srm mutation alone
causes only relatively slight change in cell sensitivity to
γ-irradiation and has the ability to revert. Survival
curves shown in Fig. 3 do not allow to determine the
interaction between mutation hfi1-srm and rad9∆ or
rad24∆ mutations. At small irradiation doses (up to 300
Gy), additive effects of mutations were observed in the
above pairs, whereas the additivity disappeared when
the dose increased.

Double mutants hfi1-srm rad53 and hfi1-srm net1-srm
[4] are virtually nonviable. In contrast, hfi1-srm cdc28-srm
cells retain viability. Survival curves shown in Fig. 3a
testify in favor of additive effects of mutations hfi1-srm
and cdc28-srm that cause changes in cell radiosensitiv-
ity. Ultimately, we cannot establish with confidence
HF11-dependent pathway of yeast radiosensitivity.

DISCUSSION

There are many works devoted to genetic control of
yeast sensitivity to ionizing radiation [2]. epistasis
group s of genes corresponding to various pathways of
DNA DSB repair have been established. A large group
of genes controlling cell cycle arrest upon DNA dam-
age and enhancing repair capacity has been isolated
[25]. The results of studying checkpoint genes RAD9,
RAD17, RAD24, and RAD53 showed that these genes
could be assigned to a single epistasis group  seemingly
corresponding to RAD9-dependent pathway involved in
the determination of cell radioresistance [21]. However,
the ultimate identification of radioresistance genes is
not completed [1, 26]. In particular, we identified for
the first time CDC28/SRM5, NET1/SRM8, and
HFI1/SRM12 as radioresistance genes [22, 6]. In this
work, effects caused by combinations of mutations in
these genes and mutations in other radioresistance
genes were studied.

Analysis of epistatic relationships between muta-
tions revealed that mutation rad9∆ is epistatic with
cdc28-srm and net1-srm mutations. Meanwhile, the
effects of srm mutation and of at least one of mutations
rad17∆, rad24∆, and rad53 (in combinations cdc28-srm
and rad53; cdc28-srm and rad17∆; net1-srm and
rad17∆; net1-srm and rad24∆; net1-srm and rad53;
hfi1-srm and rad9∆; hfi1-srm and rad24∆; hfi1-srm and
cdc28-srm) were additive. Thus, all analyzed genes
belong to a single though branched, RAD9 epistasis,
group; for instance, RAD53 and CDC28 kinases are
attributed to different branches of the RAD9-dependent
pathway involved in the determination of yeast radiore-
sistance.

Our data indicate that the CDC28 kinase is involved
in interchromosomal recombination [14]; its mutants
are characterized by an essential enhancement of sensi-
tivity to ionizing radiation in diploids and by only a
slight increase in haploid mutant cells. These properties
are characteristic of, for instance, Srs2 DNA helicase
[27, 28], whose activity depends on kinase CDC28
[29]. The influence of CDC28 on the frequency of
spontaneous and induced mitotic recombination has
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been detected [14]. The rate of spontaneous gene con-
version in mutant cdc28-srm is increased by a factor of
10, compared to the wild-type cells, the frequency of
induced mitotic recombination being inhibited in cells
of this mutant and accompanied by a decrease in the
frequency of gene conversion and crossingover. Gene
CDC28 does not belong to the RAD6 or RAD52 epista-
sis groups mediating the repair of a major portion of
DNA radiation lesions via postreplication repair and
HR. Mutations confererring disturbance in minor path-
ways of DNA DSB repair, for example NHEJ, virtually
do not change sensitivity to ionizing radiations in
RAD52 cells with competent HR but exert quite notice-
able effect in mutant rad52 cells [30, 31]. Radiosensi-
tivity of these double mutants, for one, sir2 rad52 cells
[32] is close to that of double mutants cdc28-srm rad52.
Gene CDC28 can be assumed to also regulate the minor
repair pathway (pathways).

However, the effect on radiosensitivity of double
cdc28-srm rad52 mutants may be related to the
involvement of gene CDC28 in the checkpoint control
[33]. This is also confirmed by indirect data, such as the
epistatic type of mutation in checkpoint genes RAD9,
RAD17, and RAD24 with respect to cdc28-srm muta-
tion. The additivity of cdc28-srm and rad53 effects
points in this case to the branched pathway of check-
point control. The introduction of rad53 in the geno-
type of double mutant cdc28-srm rad52 does not addi-
tionally enhance γ-sensitivity. Nevertheless, mutation
rad53 decreases the effectiveness of NHEJ [34] and, in
contrast to mutations rad9∆, rad24∆, and rad17∆,
decreases the effectiveness of HR [35]. Apparently,
exactly this is the reason for the additivity of rad53 and
cdc28-srm effects.

The results obtained by us about the role of gene
CDC28 in repair and checkpoint control agree with
data of the other authors [36]. CDC28 kinase activity is
required for efficient resection of DSB ends depending
on the MRX (MRE11/RAD59/XRS2) comlex and for
DNA damage checkpoint activation by a DSB. The
functional interaction between kinase Cdc28/Gib2 and
the MRX complex during the cell cycle transition,
recombination, and repair has been shown in [37, 38].
Although some proteins required for DNA recombina-
tion (including Mre11p, Rad50p, Srs2p, and Rad9p) are
targets of the CDC28 kinase [29, 39], the functional
significance of phosphorylation is still unclear. In non-
irradiated cells, the Mre11 protein forms a complex
with Srs2 and Sgs1 helicases. The irradiation leads to
the inducible CDC28-dependent Srs2 helicase phos-
phorylation and Mec1p-dependent formation of two
Sgs1p–Mre11p and Srs2p–Mre11p complexes [40].
The Mre11 protein having DNA-nuclease and DNA-
helicase activities may be potentially phosphorylated
with the CDC28 kinase at several sites. However, it was
shown that mutations at these sites do not affect the
checkpoint control activation and, probably, the resec-
tion of DSBs [36]. Moreover, the possibility of CDC28
involvement in a minor BIR repair pathway is not

excluded. Dihybrid interaction was shown between Clb2
and the Mus81p protein involved in BIR repair [41].

It should be noted that HR is not fully inhibited in
G1-arrested cells (the low activity level of kinase) or in
Cdc28-inhibited cells, in which resection of DNA DSB
ends, which is possibly accomplished by Cdc28-inde-
pendent exonuclease, was observed. Nevertheless, for
cells irradiated with UV light at G1 phase, it is known
that radiation-induced phosphorylation of Rad53
kinase depends on kinase activity of Cdc28/Clb [42].
Correspondingly, in tests of cell sensitivity to UV light
we will expect that mutations cdc28 and rad53 should
be epistatic to each other. In experiments with γ-irradi-
ation, we found additive effects of these mutations, sug-
gesting that there is an additional CDC28 dependent
pathway of postradiation recovery. Note that cdc28-srm
rad53 cells are more sensitive to γ-irradiation than the
corresponding single mutants and double mutants
rad9∆ cdc28-srm and rad9∆ rad53, Apparently, the
noticeable role in determining yeast radioresistance
may be attributed to the RAD9-independent regulatory
mechanism mediated by CDC28 and RAD53 genes.
When these two genes are simultaneously damaged, the
mechanism of radioresistance seems to be inactivated.

The impact of the nucleolar protein Net1 on radi-
osensitivity is likely to be mediated by its participation
in regulating the localization of deacetylase Sir2.
Deacetylase Sir2 is involved in processes affecting cell
radiosensitivity, namely, in silencing the sex expression
loci [43, 44] and in histone deacetylation [45]. Diploid
cells that express both alleles of the mating type locus,
åÄía and åÄíα, manifested a decreased repair of
NHEJ compared to haploids that express only åÄí‡
or åÄíα allele [43, 44, 46]. Disturbance in genes
SIR2, SIR3, and SIR4 involved in transcriptional gene
silencing decreases the effectiveness of NHEJ in hap-
loids [32] mainly, as a consequence of derepression and
simultaneous expression of HMLa and HMLα loci [44,
45]. Disturbance in the distribution of silencing pro-
teins in diploid cells of mutant net1-srm may lead to a
change in NHEJ effectiveness at the expense of an
incomplete expression of MAT loci or, more likely, to
the enhancement of NHEJ effectiveness.

In our case, the enhancement of radiosensitivity in
net1-srm mutants is apparently related to modification,
deacetylation of histones, and/or other proteins at DNA
break rather than to silencing at MAT loci. Activation of
DNA repair and checkpoint regulation of cell cycle are
coupled with changes in chromatin structure related, in
particular, to chemical modification of histones.
Deacetylases Rpd3, Hst1, and Sir2 involved in deacety-
lation of N-tails of H4 and H3 histones are shown to
come together in the DSB region during HR [45].

In the course of HR, histone-acetyltransferases
Gcn5 and Esa1, components of the corresponding
SAGA and NuA4 complexes that accomplish the acety-
lation of histones H3 and H4, respectively, also were
detected near DSB [45]. Deletion of the N-tail of his-
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tone H3 causes more pronounced enhancement of sen-
sitivity upon DSB induction, compared to disturbance
in ç4-tail∆ [45]. The acetylation of N-tails of H4 his-
tones is essential for the regulation of minor pathways
in DNA repair, NHEJ and BIR [47]. Mutations affect-
ing acetylated lysine residues in positions 14 and 23 of
histone H3 [48] and mutation of gcn5 histone-acetyl-
transferase [49] enhance cell sensitivity to the agents
that induce DNA DSB. Mutation hfi1-srm of the struc-
tural subunit of the SAGA complex Ada1/Hfi1 also
enhances sensitivity to ionizing radiation [6, 4]. The
interaction between acetyltransferase hGCN5 and the
Ku70 protein [50], which, as a heteromer, together with
the Ku70 protein, regulates binding of DNA-dependent
proteinkinase to DNA, was detected in human cells. As
shown in [51–53], the acetylation by the STAGA com-
plex (components hADA3 and hGCN5) and NAD-
dependent deacetylation of Sir2α histones mediated by
a modified p53 protein are involved in apoptose and
determination of radioresistance level in human cells.

The results obtained in this work with respect to
radioresistance showed that gene NET1 is epistatic with
the RAD9 gene but additive with genes RAD17,
RAD24, and RAD53. Gene HFI1 manifests the additive
type of interaction with RAD9 and RAD24. Apparently,
gene NET1 functions via the same pathway as gene
RAD9, differing from RAD24-dependent pathway,
whereas the HFI1 pathway differs from RAD9- and
RAD24-dependent pathways. Genetic data testify to the
interaction between genes CDC28, NET1, and
HFI1/ADA1. Double mutants cdc28-srm net1-srm, and
net1-srm hfi1-srm are nonviable [4]. Mutations hfi1-srm
and cdc28-srm manifest additive effect following expo-
sure to γ-ray radiation.

Interactions between mutation cdc28-srm and
rad17∆ or rad24∆ are puzzling. It is possible that the
Rad17–Mec3–Ddcl complex is loaded onto the DNA
DSB with the aid of the Rad24–Rfc1-5 complex [54].
According to our data, mutation rad24∆ is epistatic
with cdc28-srm, and mutation rad17∆ is additive with
cdc28-srm. These results suggest that the Rad17 com-
plex might be engaged in an unknown CDC28-inde-
pendent process. As shown previously, there are at least
two REC-like complexes, Rad24–RFC and
Chl12/Ctf18–RFC, which are involved in checkpoint
regulation when replication fork is stalled [55]. These
complexes are likely to control two branches, one of
which is independent of CDC28. We demonstrated ear-
lier that kinase CDC28 has no influence on the check-
point control upon replication block [56]. Note that
Rad9p is not the only activator protein for kinase
Rad53. In response to replication block, the Mre1 pro-
tein mediates the Rad53 kinase activation. The additive
interaction between mutations in genes RAD24 and
RAD53 with respect to irradiation with UV light and
epistatic effect upon γ-irradiation also do not corre-
spond to the scheme of checkpoint regulation path-
ways. The study of radioresistance pathways requires
further analysis and consideration of additional genes.
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