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Konros 4 H. A. u np. E19-2009-95
Tenst CDC28, NETI v HFI] HeoOX0MuMBbI U1l YEKTIOUHT-KOHTPOJIS
y Opoxxeit Saccharomyces cerevisiae

H3ydeHo yu crue renoB SRM, BbIIETIEHHBIX T10 UX BIMSHUIO H T€HETHYECKYIO CT OHIIBHOCTD
U P IUOYYBCTBUTEJIBHOCTb, B OCT HOBKE KJIETOYHOIO LIMKJI IO JeiHcTBUEM IMOBpeX] IOIUX
reHToB. [Tok 3 Ho, 4ro MyT wuu srmS/cdc28-srm, srm8/netl-srm, srmi2/hfil-srm coxp U1 10T
OCT HOBKY KjleTouyHoro nukjia npu nospexieHud JHK u BIMSIOT H 4EKIOMHT-OCT HOBKY
B § 3 x Go/S (srm5, srm8), G1/S (srm5, srm8, srmI2), S (srm5, srmi12) u S/Ga (srm5).
[Mo-Bupumomy, y moukymwomuxcs npoxxeil rensl CDC28, HFII/ADAI w NETI y4 cTBYIOT B
¢opmupoB Huu oTBeT KieTKu H nospexzenusd JHK, B 4 CTHOCTH, B 4EKIIOHHT-perysauum.
B oOTHOIIEHMH YYBCTBUTEIBHOCTH K <y-HU3Iy4eHHIO OOH PYXEHO, YTO H3BECTHbIE YEKITOWHT-
reHsl RAD9, RAD17, RAD24 n RADS53 wu uccnenyemsie reasl CDC28 u NETI npun anex T K
OJHOI1 3MUCT TUYECKOM IpyIlle reHOB, H 3B HHOM RAD9-rpynnoil. AH U3 p AMOYYBCTBUTEIb-
HOCTH JIBOMHBIX MYT HTOB HOK 3 JI, YTO MYT LHs cdc28-srm THIOCT THYH MYT LM rad9A
u rad24A, vo poutuBH radl7A. Myt ums netl-srm THIOCT THYH MyT wuu rad9/, HO
IUTUBH  MYT LM radl7A, rad24A u rad53. Myt uust hfil-srm uMmeet IIUTHBHBIA d-
(et B KOMIT yHIE C MyT MU rad24A u rad9A. T xum oOp 30M, H JIA3 SIUCT TUYECKHUX
B3 MMOJAEHCTBHI MPOJEMOHCTPHPOB J1 P 3BETBICHHOCTh RAD9-3 BUCHMOTO MyTH. AH JIM3UPY-
eMble I'eHbl MOI'YT T KX€ y4 CTBOB Tb B MUHOPHOM MEX HU3Me, Y4 CTBYIOLIEM B J€TEPMHUH LHU
P AUOYYBCTBUTEIBHOCTH KJIETOK HE3 BUCHMO OT BBILIEYIOMAHYTOr0 RAD9-3 BUCUMOIO IIyTH.

P Gor Bemonden BJI Gop Topuu p au uuoHHOU Guonoruu OUSIU.

Ipenpunt OGbeIUHEHHOTO UHCTUTYT SIIEPHBIX HccnenoB Huil. JyoH , 2009
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CDC28, NETI, and HFII Are Required
for Checkpoints in Saccharomyces cerevisiae

The involvement of SRM genes selected as genes affecting genetic stability and radiosen-
sitivity in a cell cycle arrest under the action of damaging agents was studied. It was shown
that the srmS/cdc28-srm, srm8/netl-srm, and srml2/hfil-srm mutations prevent checkpoint
activation by DNA damage, particularly the Go/S (srm5, srmS8), G1/S (srm5, srmS, srmi2),
S (srm8, srmi2), and S/G2 (srm5) checkpoints. It seems that in budding yeast the CDC28,
HFII/ADAI, and NETI genes mediate cellular response induced by DNA damage with check-
point control. The well-known checkpoint-genes RADY, RAD17, RAD24, and RADS53, and the
genes CDC28, and NETI have been found to belong to one epistasis group named RAD9Y-
group as regards cell sensitivity to « radiation. An analysis of the radiosensitivity of double
mutants has revealed that the mutation cdc28-srm is hypostatic to each of mutations rad9A,
and rad24A, and additive to radl7/A. The mutation netl-srm is hypostatic to the mutations
rad9A but additive to radl7A, rad24A, and rad53. The mutation hfil-srm has an additive
effect in compound with the mutations rad24A and rad9A. So, investigations of epistatic
interactions have demonstrated a branched RAD9-dependent pathway. The analyzed genes
can also participate in a minor mechanism involved in determining cell radiation sensitivity
independently of the mentioned RAD9-dependent pathway.

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

Preprint of the Joint Institute for Nuclear Research. Dubna, 2009




1. INTRODUCTION

The budding yeast Saccharomyces cerevisiae is a suitable eukaryotic model
and the first for which the concept of checkpoint regulation was elaborated [1].
It is still used in numerous investigations of this mechanism [2]. Yeast and other
eukaryotic organisms have several checkpoints at which the cell cycle progres-
sion is controlled in response to DNA damage or aberrant structures when DNA
replication is blocked. The activation of checkpoints by DNA damage in G; or
Gy causes a cell cycle arrest in these phases [3]. DNA damage in the S phase
leads to the inhibition of DNA replication and to its block in Gy. DNA replication
inhibition is a consequence of a combined effect of the checkpoint-independent
inhibition of the replication fork progression and the checkpoint-dependent in-
hibition of late-firing ori. The DNA replication delay is controlled by intra-S
checkpoint by suppressing the activation of late-firing ori [4]. The replicative S
checkpoint causes a cell cycle arrest in response to the DNA replication block,
for example, by hydroxyurea (HU), as a result of the depletion of nucleotides [5].
These signaling pathways check the completion of DNA replication and prevents
mitosis until replication is finished. Checkpoints are critical for preventing ge-
nomic instability induced by DNA damage, because checkpoints delay or arrest
the cell cycle progression in response to DNA damage to allow its repair [6-8].

Although the cell cycle regulation is best studied in S. cerevisiae, many
components of this process are still unknown. We demonstrated earlier that mu-
tations in the CDC28, NETI, and HFII genes are accompanied by a decrease in
the mitotic stability of natural and recombinant nuclear genetic structures and by
an increase in sensitivity to the lethal effect of v irradiation [9-11], properties
characteristic for checkpoint genes. In this work, the involvement of the CDC28,
NETI, and HFII genes in checkpoint regulation is shown by the results of a direct
analysis of a cell cycle arrest after exposure to damaging agents. Morphological
studies had shown the involvement of these genes in practically all checkpoints.
An analysis of the epistatic interaction of mutations in determining radiosensi-
tivity revealed that CDC28 and NETI belong to the RAD9 group of checkpoint
genes [12].



2. MATERIALS AND METHODS

2.1. Yeast strains. The used genotypes of Saccharomyces cerevisiae strains
are given in Table 1. The yeast strains were constructed by genetic methods using
a micro-manipulator in the 71a background [10]. The yeast strains constructed
in this work carry the mutations srml and srmS/cdc28-srm [9]; srm8/netl-srm
and srm12/hfil-srm [11]; rad9A, radl7A, rad24 A, and rad53 [12]. The rad52-1
mutation was derived from the strain g160/2b (rad52-1) of the Yeast Genetic Stock
Center in Berkeley. As sources of the cdc6-1 and cdc9-1 mutations, strains 327A
(MATa cdc6-1 adel ade2 ural his7 lys2 tyrl gall) and STX435-1-3B (MAT«
cdc9-1 adel ade?2 lys2 ural his7 leul gall) were kindly offered by Dr. Yu. Pavlov
(St. Petersburg State University).

2.2. Media. YPD [13] and complete medium (CM) [9] were used.

2.3. Synchronization in G; was obtained by S. cerevisiae c-mating factor
(Sigma) [14].

2.4. Irradiation by v rays and UV light was performed as was described
before [12].

2.5. Determination of rho -mutant frequencies has already been descri-
bed [11].

3. RESULTS

3.1. G;- and Gy-arrests after UV irradiation. Cell synchronization in
G; was obtained by a treatment of exponentially growing YPD cell cultures
with 5 pg/ml a-factor [14] followed by their release into YPD. The appearance
of small-budded cells is commonly used as an indicator of the progression of
yeast cells from G; to S and the initiation of DNA replication. We calculated
the budding delay by subtracting the time of appearance of small-budded cells
in untreated cultures from that in treated cultures (Table 2). When synchronized
cultures were irradiated with UV light and immediately released from the a-factor
arrest, we observed a delay in the emergence of small-budded cells in a wild-type
strain (Fig. 1,a). In the checkpoint mutant rad9A, no UV light inhibition of
cell cycle is observed according to literature data [14]. In the srm5, srm8, and
srml2 mutants, both irradiated and unirradiated cells restart division practically
simultaneously. Time of generation is increased in the srm5, srm8, and srmi2
mutants [10, 11], rad9A did not alter it. Budding kinetic is delayed by irradiation,
and this difference is more pronounced in the mutants (Fig. 1, a).

Budding delay was also observed after UV irradiation of stationary-phase
cultures (Fig.1,b). Cultures were grown in a liquid medium for 36-48 h with
intensive agitation. Unirradiated cultures of the wild type began budding within
~ 50 min after their replacing into a fresh medium; irradiation of stationary



[6] sioyine £q peajonnsuo))
*xISDA

:

(se[eq ‘sexal, Jo ANSIaAIu())

cvan [day gapv uiis-[ifyy O LV

goan du gopy (gjuus=) ulis-rify ey
coan [diay Zapp uLis-[1au 0LV

coan [day gapp (Quiis=) uiis-[1au BV
1PV + WS OLVIN

[2pY +WYS BLVIN

copy £6pvL IV

£04n gnaj zapv Zruils 0LV

ZoPY VAN FIpvL BLYIN

2PV EVIN--LIPP4 OLVIN

2Py CNAT -6PP4 BLVIN

[d1y gpan gnaj zapp zruils eIy

C2pp gna] QUILS BLYIN

[2pD CULLS BLYIN

[PV [ULLS B LY

7opPD LWYS eIV
1ad naj gajr [-[s&] ¢sny [diy 6840 84D [-Zopy [-ZSpYL BIVA

001-[UPd Z[[‘€-gna] ST [[-€S1Y [-[da3 [-Evan [-Zapv ([-[pvs=) £6pv4 CLVIA
76-E0an 697-[d41 ZEG-ES1Y TopD EVA L PP4 BIVIN

R |
BCIY
o8y
B8y
OIL
BIL
ocl
oyl
q91
art
o€
B6
€D
BSIN
BIIN

elIL
Qz/0913

1A

VLIPBI VOrXS

OPAIS M TS-E0An 68T-1d43 TEG-ESTY ToPY EVANHTPP4 BIVI | VHIPRI VOPXS
(omeas ‘uoiSurysepy Jo AJISIOATU())
[[omyeH "H "1 LS1Y TG-E0An 68-[d41 T ['€-2n2] TNAT: 6PV CLYIN Bi-L-6S8L
(81nqs19194 1S ‘SIngs1ared 1S
Jo Ais1oAtu) AO[AR MK [108 [12] £S1Y [DAN TSK] 2Py [2PD [-69P OLVI de-1-SEPX LS
(31nqs19394 1S ‘SIngsidled 1S
JO ANisIoATu()) AO[AR] ‘MK [108 [443 gSK] /S1Yy [D4n Zapv [PV [-9oP2 EIVN VLTE
uIg1I0 Jo 92In0S adKyousn urens

Apnjs 3y) ur pasn surens 1 dqel




sioyIne Aq pajonnsuo)

£CPD4/ESPDL ULIS-§TIPI/ULIS-§Z P
£CPPA/ESPDL ULIS-§ZOP/SZIAD
ECPPU/ESAVY ULIS-§ZIP ULLS-§TIP2

OLVIN/RLYIN
OLVN/CLYIN
OLVN/RLYIN

ECPYA/ECAVY WiS-8ZoP/STOUICLYN/CLYIN

EVAN: $TPVA/SVIN: $ TPV ULIS-§TIP ULIS-§TIPO
EVAN: FZPVA/SVAN: $ TPV UAS-§ZOPY/STIAD
EVAN:FTPPA/PTAVY WS-§TIPI/ULIS-§ZOPO
SVHN: $TPPA/PTAVY WS-§79P/SZOAD

EVAN::LIPVA/SVAN L PP Ul1S-§ZOPIULIS-§TIPO
EVHN:LIPPYEVHN 2L [PP1 UliS-§Z9PI/SZIAD
SVHN:LIPPA/LIAVY ULIS-§TOPI/ULIS-§Z PO
SVIN:LIPPA/LIAVY WiS-879P/SZOAD

CIIE-TMdI/CI [ ‘€-CNa] [2pD/[9pD

CII€-TN2Y/TI [ *E-TN2] [IPV/[PD ULLS-QTIPI/US-8TIPI

CIIE-TMIYZI[°€-gna] [2pv/[9pD TNAT:6PPY/TNAT: 6PV
CII€-TMdI/ZI1*E€-gn2] [opv/[2pD AT 6PP4/TNA T 6PPA UldS-QTIPIUS-8TIPI

C2PP/ToPP EGPPA/ECPDA WIS-8CIPI/ULLS-8CIPI [-CSPVA/[-CEPPA
[2PV/[2PD +/92PV +/[13] +/THLD ULIS-QTIPIULIS-QZIPI [-TSPD/[-TGPDH
+/92PD +/[12] +/Z4L> [2pv/[pV [-ZCPP/[-TSPDA

[2PD/[2PD ULIS-QZOPI/ULIS-§T P

OLVIN/RLYIN
OLVN/CLYIN
OLVN/RLYIN
OLVN/CLVIN

OLVN/CLYIN
OLVIN/RLYIN
OLVN/CLVIN
OLVN/CLYIN

OLVIN/OLVIN
OLVW/PLVIN
OLVIN/OLVIN
OLVW/PLVIN

OLVW/PLVIN
OLVW/PLVIN
OLVN/OLVIN
OLVN/RLYIN

(€T1) €5/56 SIS
(€T €5/€S +/§
(T1) +/€S S/S
(T-1) +/€S +/S
1£6/6 sara8
(€-1) veve s/is
(€-1) ¥TT +/S
(€-1) +/¥C S/S
(€-1) +/¥C +/S
FT/S SIS
(€-1) L1/LT S/S
(€-1) LI/LT +/S
(€-1) +/L1 S/S
(€-1) +/L1 +/S
LI/ sa1198
8/S00-$/00D
L/S0D-7/S0D
$/600-1/60D
$/652-1/6SD
..Q\m, .am.:.w_w
TED-1/€D
TUPSD ‘14SD
TOYD ‘T/I0FD
£/0SD-1/0SD
1T8/S sauag

urs1Io Jo 90Ios§

adKyousn

urens

uoyenuUNUo) T Qe




sioyne Aq pajonnsuo))

£SPVA/ECPDL ULLS-[19U/ ULLS-[19U O LVA/CLVIN
£SPVA/ECPDA ULLS-[19U/[ TAN OLVIN/CLVIN
ESPPA/ECAVY WS- [12U LIS~ [19U O LVI/CLVIN
£SPPY/ECAVY utis-[12U/[ LN ©LVI/CLVIN

SV pZPPA/SVA: pTPPA ULLS-[12U/ULIS- [19U O LVI/CLVIN
SV HTPPY/PTAVY WS- [12U/ULLS-[19U O LVIN/CLVIN
SVAN:HZPPY/SVAN:HTPP4 wids-[12U/[ JIN ©LVI/CLVIN
SVANpZPP/ETAVY WS- [12U/[ LN ©LVI/CLVIN

SVAN::LIPPYEVAN L [PD4 UkiS-[12UpuLLS-[12U O LY/ LYIN
EVAN::LIPPYEVEN::LIPP4 ukis-[12u/ IAN ©LVI/CLYIN
SVHN:LIPVA/L[AVY UkiS-[12U/uLis-[12u © LVIN/RLVI
EVN:LIPPYLIAVY was-[12U/[ TN OLVIN/RLYIN

SVAN::6PPA/SVAN::6PD4 ULLS-[12U/ULLS-[12U © LY/ LYIN
EVHN::6PPL/6AVY WS- [12U/uLis-[12u OLVI/CLVI
EVAN::6PPY/EVAN:6PP4 ULis-[12U/[ LN ©OLVA/CLVI
SVN:6PPA/6AVY wis-[12U/[IIN OLVIN/CLVIN

(€-1) €5/€6 8/8
(€-1) €5/€S +/8
(€-1) +/¢S 8/8
(€-D+/€S +/8
1£6/8 sau1a8
(€-1) ¥T/vT 8/8
(P-1) +/vC 8/8
(€1 vTrve +/8
(€-1) +/¥T +/8
$T/8 oIS
(1) L1/LT 8/8
(1) L1/LT +/8
(1) +/LT 8/8
(1) +/LT +/8
L1/8 $a1198
(#-1) 8/8 6/6
(#-1) 8/8 +/6
(#-1) +/8 6/6
(#-1) 6/+ 8/+
”Q\% wm.:m%

u13LI0 JO 92In0S

adKyouan

urens

uopenuUO) I e,




VSN ‘A[odIag “I101ua)) JO01S JMUAL) ISBIX

sioyne Aq pajonnsuo)

£SPDA/ESPYL wliS- [ifiutts- [y 0L VIN/CLVIN
Spo/ceqvy wis-[ifyypuris-[ify O LYN/CLVIN
£Spo/ecpva utds-TUfy/[IIH OLVN/CLVIN
sspoy/ceqvy wis-1y/I11H O LVN/RLVIN

VAN pTPPA/EVEN HTPP4 uiis- [fyjyuiis-[1fyf ©LVN/CLVI
VYN FTPPA/SVYN - pTpP4 wis- Ty [TIH ©OLVIN/RLVIN
VN pTPPA/HTAVY WS- [ifyyyuiis-Tifif 0 LVIN/CLVI
VYN pTPrA/b7aAVy was- Ty [I4H ©OLVIN/eLVIN

AT 6PPY/Z AT 6pD4 ulds- [y uis-[ifyy ©LVA/RLVIN
ZNAT:6PPY6AVY wiis- [y utis-[1fyy ©VN/RLVIN
AT :6PPYZATT::6PP4 ults- [/ [[IH OLVIN/CLVIN
ZNAT:6P0Y/6aVy was- [/ [[1H OLVN/CLVIN

uLiS- [ 1fif/utis- [y uL1S-@zopa utis-gzopd O LVN/CLYIN
uLis- [ifyjpurts- rify wias-9zopa/9z0AD OLVIN/CLYIN
uLdS- [/ [[AH WAS-§ZIP2/uliS-97Ip2 O LVIN/CLVIN
uLis- [Yfyy/ [1AH WiS-§Zop2/970dD O LVIN/eLVIN

(¢-1) €/€S TI/Tl
(€-1) +/¢S T1/2l
(1) €5/€S +Tl
(T1) +/€S +Tl
66/ZT sarag
-1 ¥Tve ciiel
(F-1) ¥Tve +2l
(€-1) +/¥T C1/el
(-1) +¥T +2Tl
W/l SIS
(1) 6/6 T1/C1
(b-1) +/6 TI/T1
(1) 6/6 +/T1

(T1) +6 +/T1
6/C1 Sa1198

(-1 T1/er s/s
(¢-1) T1/21 +/§
(#-1) +/21 S/S
(=1 +/21 +/S
S/ZI sauag

u13LI0 JO 92In0S

adKouan

urens

uopenUYUo) Y AL,




80 SRM

F: a b
(5]
%o 60 -Uv 35 SRM
%‘; 40 /r 2 30 +UV
m [5)
= 20 . UV o 25 . /
= / \.\.7[/\7.\ %‘) 20 / v o
OE.'-’: .\l g
oy g 15 /l
2 80 <10 s
= M UV rad9A 7- -
° 60 Sl Fa o
=]
@ 40 " Ow\'. .
=
m
.20 la A 22
ES N 20, rad9A
] L e 18

14 -Uv +UV

80 -Uv srm5 .
60 10
8
40 6
4
20 2
\x o

.

i UL U
0 20 40 60 80 100 120140 160

%, Budding cells
I~

%, Budding cells

40+
o A*UV ”
5 2
‘é’n 304 e srm8 S
5 . .A)m- £
kS| 3
r::ﬂi 204 / n ®\ +UV &
X N
104 /. .\/- .\Fro =
° '
0
0 100 200 300
50 s
25 srml2 2 20 srm -Uv
» -Uv 54
= 20 /'Q " +UV
. [ § en
S 15 .t \"/(-f . £ 30 v
-_S /.\ofo’ "‘;:;’
g 10 X 2 20
3 N S s
$ S-W 10 .
= [ ] ,/0017
0 [ B | 0 .,--.'.7
0 100 200 300 400 500 0 50 100 150 200
Time, min Time, min

Fig. 1. Percentage of small budding cells as a function of time after their release from an
a-factor arrest (a) or Go in untreated (—UV) or UV-irradiated (+UV) strains with different
genotypes: 711 (SRM*), M5 (srm5), C3 (srm8), 9 (srmi2), and 3C (rad9A). No less
than 200 cells were examined for each point
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Table 2. Effect of exposure to UV radiation (10 J/m?) on the kinetics of early bud
formation in wild type and mutant cells

Genotype | Synchronization Time of emergence DNA damage-induced

method of budding cells, min emergence delay, min
-UvV +UV

SRM™ Go 52.0 £3.7 | 102.5 £8.5 50

rad9 Go 53.3+£6.7 70 +£ 10 17

srmS Go 56.7 £ 3.3 75E5 18

srm8 Go 75.0+0 75£0 0

srmi2 Go 90.0£0 | 141.7+44 52

SRM™ o factor 15 30 15

rad9 « factor 15 20 5

srm5 « factor 30 30 0

srm8 a factor 40 60 20

srmli2 « factor 40 50 10

cultures causes a long delay (~ 100 min). Practically no delay was observed
in the rad9A mutant, while in srm5 and srm8 the delay was shorter than in the
wild-type cells. Thus, UV irradiation decreases the arrest time in G; in the srm)5,
srm8, and srml2 mutants and in Gg in the srm5 and srm8 mutants (Table 2).

3.2. Cell-cycle response to HU (S checkpoint). HU inhibits DNA replication
by depleting cells of dNTP precursors, presumably by inhibiting ribonucleotide
reductase, and causes wild-type cells to arrest cell division in the phase S [15].
Using a first cycle arrest assay showed that wild-type cells plated onto a HU-
containing medium arrested in the first cycle (forming micro-colonies of large-
budded and two adjacent large-budded cells) and eventually recovered to resume
cell division. For comparison, we also used the well-known HU-sensitive rad53
mutation. The rad53 cells plated onto a HU-containing medium also appeared
to arrest in the first cycle as large-budded cells but never resumed cell division
because cells attempt mitosis before the completion of DNA replication, die. The
srm5 and srmli2 cells divide in a similar way irrespective of HU presence, and
the growth of micro-colonies is blocked irreversibly. Probably, mutations disturb
the division restart in the presence of HU and thus lead to the enhancement of
the lethal effect. The lethal effect of the srm5 and srml2 mutations is lower than
that of the rad53 mutation.

The mutations srm8 and srml2 did not affect the arrest of division and
sensitivity (Fig.2,a) to incubation with 0.2 M HU during some limited time (2—
8 h). However, cell synchronization by « factor in G; and an increase in the
HU concentration to 0.5 M revealed the influence of the srm/2 mutation on the
sensitivity to the lethal action of HU (Fig. 2, b).
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Fig. 2. Viability of strains in HU. Mid-log phase overnight cultures (a) or « factor-arrested
mid-log phase overnight cultures (b) were spun down and resuspended in a fresh medium
containing 200 mM (a) or 500 mM (b) HU. Aliquots were withdrawn at 0, 2, 4, 6, and
8 h and plated on a synthetic complete medium. The graph shows the percentage of cells
that could form macroscopic colonies after 4 d of incubation at 30 °C. Typical curves are
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The next and most dramatic result that indicates an S-phase arrest defect in
rad53 mutant cells was their response to constant incubation with 0.2 M HU
(data not shown). HU-treated rad53 mutant cells failed to actuate a cell cycle
arrest and died rapidly, whereas wild-type cells arrested and remained viable. The
checkpoint rad and srm mutations can be arranged by increasing sensitivity to
HU:

SRM™ /RAD" < srm5 < rad9A < srm1 < rad2{A < srm8 <
< radl7A < srm12 < rad53.

Since UV-induced thymine dimers also block replication [16], we studied the
capacity of the srm mutations to maintain survival in response to UV irradiation.
The srm5 and srm8 mutations increase the sensitivity of cells to UV light as
compared to that of the wild-type cells (Fig.3). The srm/2 mutation has no
influence on the UV sensitivity in haploid strains (data not shown). These data
indirectly confirm that SRM5/CDC28 and SRM8/NET1 are important for survival
under replicative stress.

3.3. Interactions of the cdc28/srm5 mutation with replicative cdc mutations.

There is a class of thermosensitive cdc mutations arresting cell division in Gg
at nonpermissive temperature through the checkpoint-dependent pathway [17].
To analyze the role of srm5 in the S/Gy checkpoint, we used two mutations:
cdc9-1 and cdc6-1. Corresponding genes encode the products involved in DNA
metabolism, e.g., the CDC9 gene of DNA ligase and the CDC6 gene of a compo-



1oo§sx

i

104

Survival, %

Fig. 3. Viability of strains after expo-
sure to UV. The yeast strains were grown
| overnight to an early logarithmic phase
_m— SRM (2—5 - 10° cells/ml) in YPD at 30°C.

0.1 —eo— srm5 The cells were harvested and resuspended
—A— srm8 in water. Suspensions were plated on
CM and irradiated with an UV lamp

A (0.28 J/m?. s5.). The graph shows the per-

L e e L centage of cells that could form macro-

0 20 40 60 80 100 120 140 scopic colonies after 4 d of incubation at
¥, Jm? 30°C

0.01

nent of the prereplicative complex. Thus, cells of the cdc9 mutant are arrested in
Go with a completed DNA synthesis, but with unlinked Okazaki fragments [18].
Temporary inactivation of DNA ligase is not lethal for most cells. The cdc9 cells
survive after a short incubation at nonpermissive temperature. In the absence of
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Fig. 4. Thermoinactivation of cells. Cells grown at a permissive temperature were shifted
to the restrictive temperature of 37°C in a liquid culture; at various times, cells were
plated at a permissive themperature (28 °C); and cell viability was determined by colony

formation after 5-d incubation. The srmS5 cells are not thermosensitive and are not arrested
at a restrictive temperature
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Table 3. Checkpoint mutants fail to arrest the cell cycle after - irradiation

Genotypes | Dose, Gy | Arrest®, % | Lethality®, % Arrest/Lethality©
SRM™ 20 333 333 1.01 £0.04
40 52.0 60.7 0.86 = 0.06
srm5 20 29.7 31.3 0.94 +0.06
40 48.8 56.3 0.89 + 0.07
srm8 20 36.7 49.0 0.74 £ 0.04
40 64.0 77.7 0.83 = 0.06
srmli2 20 32.0 34.0 0.95 + 0.07
40 61.3 61.7 0.99 + 0.07
rad9 20 9.3 59.7 0.16 £ 0.01
40 15.0 83.5 0.18 = 0.03

@ Arrest was determined as the proportion of microcolonies consisting of two (one cell with a
large bud) or four cells (two cells with large buds) within 10 h after irradiation and plating.
bLethality was determined as the proportion of microcolonies within 24 h after irradiation.
Results are averaged over three experiments.

“The metric characteristic of the cell cycle arrest was the arrested cells/cell lethality ratio.
The cells were grown in a rich liquid medium to a mid-log phase, sonicated, plated

on a solid medium, and treated with a low dose of ~ rays (2 and 4 Gy).

RAD9Y, however, DNA ligase-defective cells quickly die at nonpermissive temper-
ature because they enter mitosis with damaged DNA. The cdc6 mutation arrests
cells in late S/G, [17].

Both mutations were introduced in the genotype of the strain 71a. Then the
cdc9-1 srm5 and cdc6-1 srm5 double mutants were constructed. The qualitative
analysis of the lethal effect of temperature on the cultures of single and double
mutants showed that the cdc9-1 srm5 (Fig. 4, a) and cdc6-1 srm5 (Fig. 4, b) double
mutants are more sensitive to higher temperature than the single mutants cdc9-1
and cdc6-1, and that cdc6-1 srm5 cells are inactivated more rapidly than cdc9-1
srm5. In the double mutants, as compared to the single mutants, most of the
cells die at a higher temperature at the stage of several cells probably due to
a checkpoint defect. These results demonstrate that SRM5/CDC28 is necessary
for an arrest in S/Gs induced by unreplicated DNA, i.e., it participates in the S
checkpoint.

3.4. Go/M checkpoint. It is known that ~ irradiation induces a long-term
arrest in Gy for DNA damage repair. Since the srm5, srm8, and srml2 muta-
tions increase the sensitivity to -y irradiation [10, 12], it was interesting to find
out whether this increase is associated with a defect in the Gy checkpoint. The
rad9/A mutation, which failed the G checkpoint induced by DNA damage, was
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also used [1]. The fraction of arrested cells/cell lethality provides a conve-
nient metric of the cell cycle arrest. Haploid strains with different genotypes
were exposed to the doses of 20 and 40 Gy, which induce a small number of
double-strand breaks per cell [1], and the size of micro-colonies was analyzed
depending on the postirradiation incubation time (Table 3). It is seen that only
the rad9A mutation influences the cell cycle arrest in Gg after + irradiation.
In the srm5, srm8, and srml2 mutants this method revealed no defect in the
Gy checkpoint.

3.5. The SRM genes belong to the RAD9 epistasis group. To determine
the epistatic interactions between SRM and checkpoint genes, we generated a
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panel of closely related single and double mutants (three or four strains of the
same genotype) (Table 1). The diploid strains were constructed with the aid of
a micromanipulator in the 71a genetic background by crossing the initial strains
bearing mutations in the checkpoint genes with mutually isogenic normal strains
71a and 71a and then repeatedly backcrossing (at least four times) the progeny
with 71a and 71« parents.

Strains carrying the single rad9A alleles showed very similar sensitivity to
~ irradiation, which was indistinguishable from that of a cdc28-srm rad9/A and
netl-srm rad9/A double mutant, indicating that the CDC28 and NET1 genes belong
to the same RADY epistasis group (Figs.5,a and 6,a). The rad24/A mutations
were also epistatic to cdc28-srm (Fig.5,c). Others double mutants had additive
effects, for example, the cdc28 rad53 double mutants were more sensitive than
each single mutant (Fig.5,d) and so protein kinases CDC28 and RAD53 mediate
the control of different pathways. CDC28 and RADS52 also control different
pathways, but rad52-1 rad53 cdc28-srm triple mutant is not more sensitive than
the rad52-1 cdc28-srm double mutant (Fig.5,e). Therefore, SRM5/CDC28 and
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SRMS8/NETI belong to the branched RAD9 epistasis group that also includes the
RADI7, RAD24, and RAD53 genes [12], while SRM12/HFII represents a different
group (Fig.7,b). Some double mutants are nonviable, in particularly, cdc28-srm
netl-srm and hfil-srm rad53.

3.6. Checkpoint genes and mutability of mitochondrial genome. The phe-
notypic manifestations of mutations in the CDC28, NETI, and HFII genes are
similar to the phenotypic manifestations of checkpoint gene mutations responsible
for genetic instability [6,8]. CDC28, NETI, and HFII participate in the stabiliza-
tion of various genetic structures, such as natural chromosomes and recombinant
structures, and in the maintenance of mitochondrial genome [9, 11]. We analyzed
mitochondrial rho™-mutability in the cultures of segregants from two tetrads of
postmeiotic products of heterozygotes for rad9A, radl7A, rad24/, and rad53
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mutations. It is seen from Table 4 that in contrast to the srm mutations these
mutations increased the frequency of the mitochondrial rho~-mutants.

4. DISCUSSION

It has been demonstrated that the SRM5/CDC28, SRMS8/NETI, and
SRM12/HFII genes participate in the regulation of the DNA damage-induced
arrest in budding yeast. The cyclin-dependent kinase CDC28 is an attractive
target for the G; and Gy checkpoints, as it is involved in the regulation of the
cell cycle progression and is necessary for DNA replication and mitosis [19].
However, the mechanism of CDC28 inactivation and involvement in the regula-
tion of the checkpoints is not yet clear. In early G, the kinases CDC28/CLN1,2
activate the Swi6/Mbp1 factor of the transcription of the CLBS and CLB6 cyclins
involved in the assembly of a prereplicative complex and DNA replication genes.
DNA damages activate the kinase Rad53, which phosphorylates and inactivates
the Swi6 coactivator of transcription of the G; cyclins [20]. Hyperexpression of
cyclins suppresses the checkpoint defect. Mutations of the catalytic subunit also
abrogate the cell cycle arrest. The mutation cdc28-5M not only affects the arrest
caused by UV-induced damage, but also decreases the kinase activity, including
that associated with CLB5 and CLB6 [21]. We observed a decrease in the cell
cycle delay in Gg or G; upon UV light irradiation in the cdc28-srm mutant, but
the activity of the kinase complexes in the cdc28-srm mutant was not studied. It
can be assumed that the G; checkpoint controls the activity of some of kinase
complexes by regulating cyclin transcription. The inhibition of cyclin transcrip-
tion or the mutations of the catalytic subunit decreasing affinity to G; cyclins
inactivate the Gjcheckpoint.

The involvement of CDC28 in the S and intra-S checkpoints was not revealed.
The mutations cdc28-srm (this work), cdc28-5M [21], and cdc28-Y19F [22], or the
inhibition of CDC28 kinase activity [22] had no influence on the S checkpoint and
on the sensitivity to HU. But the cdc28-srm mutation influences the checkpoint-
dependent arrest of the replicative mutants cdc6-1 and cdc9-1 in the late S/G2 and
Ga, respectively. Moreover, cdc28-srm increased the frequency of conversion,
crossing-over and chromosome loss [9,10]. It is known that defects in the
replicative S checkpoint and in the intra-S checkpoint, rather than in the G; or
Gy checkpoints, cause an increase in the level of spontaneous rearrangements in
the genome [8]. It is possible that the influence of CDC28 on the checkpoint in
the phase S is not yet determined.

CDC28 is involved in the arrest in the phase Gy. Posttranslational modifi-
cations play an important role in this process. Bud emergence required a stable
polarization of the actine cytoskeleton beginning at the end of G; and its control
by cyclins CLN1,2. Phosphorylation of Y19-CDC28 by the kinase Swel was
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Table 4. Proportion of rh0~ mutants in haploid segregants of different genotypes™

Genotypes Number Number Proportion of rho™,
of strains tested | of colonies screened mutants, %
RAD9 8 3441 39.5+4.9
rad9A 8 8215 55.1 8.8
RADI17 7 5279 23.5+5.9
radl7A 8 7576 43.14+7.8
RAD24 8 4462 19.8 +6.8
rad24 A 8 4420 23.24+4.9
RADS53 8 6504 22.2+3.4
rad53 8 5989 32.2+6.6

*The colonies were obtained after 5-day growth in a nonselective CM medium. Five colonies
were suspended in water, and diluted cell suspensions were plated on CM. After 4-day
incubation, rho~ colonies were scored. The colonies of rho~ mutants are easily
distinguishable due to their small size and altered pigmentation in the adel,2-strains.

removed by the phosphatase Mihl causing an increase in kinase activity in Ga.
In the case of bud emergence disruption, phosphorylation of Y19 is critical for
the morphological checkpoint, which delays nuclear division in Gg and prevents
occurrence of binuclear cells. A delay of nuclear division is completely elimi-
nated by cdc28-Y19F preventing tyrosine phosphorylation or by overexpression
of MIHI [22]. Thus, the direct targets of the morphological checkpoint are the
kinase Swel and phosphatase Mihl.

However, this mechanism does not function in the case of the spindle body
checkpoint [23] or DNA damage-inducible checkpoint [24], which also induces
an arrest in Go. Mitosis in budding yeast is regulated at several points. The
spindle assembly is controlled in G; soon after the START, and the mitotic
segregation of chromosomes is controlled later in the metaphase/anaphase; in
addition, the exit from mitosis is also controlled. Different stages of mito-
sis are orchestrated by two or more forms of CDC28. Some of these forms
(CDC28/CLB3 and CDC28/CLB4) are required for the initiation of mitosis and
for the formation of the mitotic spindle, and other forms (CDC28/CLB1 and
CDC28/CLB2) are necessary for the exit from mitosis and for the completion
of the cell cycle.

For transition metaphase/anaphase degradation of the inhibitor of the separa-
tion of sister chromatids, securine Pdsl, are required. The mitotic form of the
kinase CDC28 takes part in the activation of the proteasome APC/C®?“?0 by phos-
phorylating the regulatory subunit Cdc20 and following the ubiquitin-dependent
degradation of the anaphase inhibitor Pdsl and the cyclins CLBS and CLB3.
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The DNA damage checkpoint causes a delay in mitosis through the inhibition of
Pds1p ubiquitinization due to phosphorylation of securine by CDC28 [25]. Phos-
phorylated securine Pdsl mediates binding and nuclear localization of separase
Espl [26] which cleave one of the subunits of the cohesine complex (Med1/Sccl)
responsible for the cohesion of chromatids. The second pathway includes the
Rad53-dependent phosphorylation of Cdc20p that inhibits the interaction between
the Cdc20p and Pdslp [27] and also mediates the inducible phosphorylation of
the subunit of the cohesine complex Sccl [20]. The exit from mitosis is associ-
ated with the inactivation of CDC28/CLB2. With the arrest of the cell cycle in
the Go/M, the kinase Rad53 maintains the high activity of CDC28 through the
inhibition of the kinase Cdc5 involved in the degradation of cyclins and the exit
from mitosis [25].

In our experiments with cdc28-srm, no defects in the DNA damage-induced
Gy checkpoint and replication block (HU) were detected, but disturbances in the
Gq-arrest were observed in the replicative cdc6 and cdc9 mutants at nonpermissive
temperature. However, using the cdc28-asl [F88G] mutation it was shown that
CDC28 is required for activation by a double-strand DNA break of Meclp-
dependent arrest in Gy [28]. Moreover, in the mutant cdc28-M abrogating cell
cycle arrest induced by DNA-damage a decrease of the CLB2-associated kinase
activity required for the exit from mitosis, is observed [21]. Thus, the different
mutant kinase subunit alleles evoke different consequences of the dysfunction of
CDC28 and phenotypic properties. It is very interesting to study the specificity
of kinase structural rearrangements and their functional role.

We demonstrate for the first time the involvement of NETI and HFII in the
G1/S checkpoints and HFII in S checkpoint. Netlp is localized in the nucleolus,
where it sequesters the deacetylase Sir2 and the phosphatase Cdc14 [29]. Netlp is
a substrate of CDC28 and its phosphorylation is probably necessary for the release
of Cdcl4p from the nucleolus. One of the Cdcl4p substrates is Nbplp required
for the duplication of spindle polar bodies [30]. Hfilp/Adalp is a component of
the transcription coactivators SAGA and GCN5/ADA [31]. Another component
of these complexes, acetylase GenS, mediates the global genome acetylation of
histones [32]. Acetylation/deacetylation of histones plays the regulatory role both
in repair and checkpoint processes.

It was shown that the loss of acetylated lysines 5, 8, 12, and 16 of the his-
tone H4 or a defect of the acetylase Esal in NuA4 activates the RAD9-dependent
G2/M checkpoint [33-35]. The loss of the deacetylase Sin3 restores the Go/M
arrest of the cell cycle after UV irradiation in checkpoint-deficient strains [36].
This restoration depends on the spindle checkpoint. The Sin3p also regulates the
late-firing ori and intra-S checkpoint [37]. There is evidence of the role of the
acetylation/deacetylation of nonhistone proteins in the control of the apoptosis
and radiosensitivity of human cells [38—-42]. The component of acetylase com-
plexes hADA3 is a cofactor of the activation of the transcription factor p53 [43]
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involved in the G;-arrest and in apoptosis. The p53 is acetylated by the acetylase
PCAF/yGCNS in response to DNA damage [38-40]. The p53-dependent pathway
is also mediated by Sir2« deacetylation of histones [41, 42].

We have investigated the interactions between checkpoint genes in the de-
termination of yeast radioresistance [12]. CDC28 and NETI genes belong to a
single, though branched, RAD9 epistasis group; for instance, kinases RAD53 and
CDC?28 are attributed to different branches of the RAD9-dependent pathway. The
cdc28-srm is epistatic to rad24/\, the others analyzed interactions are additive.
CDC(C?28 does not belong to the RAD6 and RADS52 epistasis groups mediating the
repair of a major portion of DNA radiation lesions via postreplication repair and
HR. Checkpoint genes participate not only in checkpoints but in repair. Muta-
tions rad9A, radl7A, and rad24A decrease the efficacy of NHEJ [44], rad53 —
NHEJ [44] and HR [45], cdc28 — HR [10], NHEJ [28], and BIR [46]. Activa-
tion of DNA repair and checkpoint control are coupled with changes in chromatin
structure related, in particular, to chromatin modification of histones. The impact
of the nucleolar protein Netl on radioresistance is likely mediated by deacetylase
Sir2 localization. Deacetylase Sir2 or acetylase GenS (with Hfilp — components
of SAGA complex) modifying the histones H3 and H4 are shown to recruit in
the DSB region in HR process [47]. The acetylation of N-tails of histone H4 is
essential also for minor pathways of DNA repair, NHEJ and BIR [48]. Genetic
data testify to the interaction between CDC28, NETI, and HFII. Double mutants
cdc28-srm netl-srm, netl-srm hfil-srm [11] and hfil-srm rad53 are nonviable.
Mutations hfil-srm and cdc28-srm manifest additive effect following exposure to
~ ray radiation.

In this study, we have shown that RAD9, RAD17, RAD24, and RAD53 genes
increase (but SRM genes decrease [9,12]) stability of mitochondrial genome.
It is shown that the Meclp/Rad53p pathway can influence mtDNA copy num-
ber [49]. The study of the role of the CDC28, NETI, and HFII in checkpoints
and checkpoint genes in nuclear and mitochondrial genome maintenance arouses
great interest and should be continued.
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