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Phenotypic Suppression of Rad53 Mutation by CYCS8
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RADS3 functions as an effector kinase of checkpoint pathways in Saccharomyces cerevisiae, which
plays a central role to regulate many downstream cellular processes in response to DNA damage. It
also involves in transcriptional activation of various genes including RNR genes which encode the key
enzyme required for dNTP synthesis. In this study, we identified CYC8 as a suppressor for the
hydroxyurea sensitivity of rad534 mutation. Rad534 mutant transformed with a multi-copy plasmid
containing CYCS8 showed increased hydroxyurea resistance. In contrast, TUP1 which forms a complex
with CYC8 did not function as a suppressor. In the case of mutations, both cyc84 and rupiA
suppressed hydroxyurea sensitivity of rad534. Since CYC8 can propagate as a prion in yeast,
overexpression of CYC8 induced misfolding of the normal CYCS8 proteins, resulting in dominant cyc§
phenotype. Therefore, it is suggested that CYC8 can act as a multi-copy suppressor due to its prion
property. It was observed that the levels of RNR transcription were increased in the yeast strains
containing either multi-copies of CYCS8 gene or cyc84 mutation, suggesting that the increased level of
RNR will elevate the intracellular pools of dANTPs, which, in turn, suppress the phenotype of rad534
mutation.
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HEAZ(checkpoint)> ZEH 7% FX(mismatched
base-pairing), ©]% 715 AT (double-strand break), EA1E7]7
(replication fork)®] A & 8] FF<2 DNA odol dl-g3}
o FHAY AL FABR=E w9 S8 A A Aok
A% AAeltk ©]#dk DNA o2 DNA 4|, DNA ¢
(repair), DNA |23} (recombination), sister chromatid cohesion
I 22 HHANAM F2 APEE, 15). EZ(Saccharomyces
cerevisiae)?|4] MEC13} RADS3S Z4Zt ¥/-5E9 ATRY
Chk29] homolog®|™, BE HABAHNAN HAEFVIE HFE
ol A2 98 ot ARAR Akt 8424 R A
Eo BFAA FHAeIth2, 4).

MEC13} RAD53& AEAR A=l #efsh= A eloll=
DNA 739l ¥-g3l= AL 843 A= IS Tri(13).
Ribonucleotide reductase (RNR)= MEC13} RADS539l 23]
Ar} Z2-dEeE ¥F f38x £9 3}EA, ribonucleoside
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diphosphate (NDP)Z deoxy HE|(ANDP)Z ZHEA|7]= 34
S Zn5h= @4o|tk MEC13} RAD53-S DNA 4o vk8
3le] DUN1S E4931417]3, E4J3l¥ DUN1-2 RNR 312}
9] FRE F53H)(7, 21). ERNA deoxyribonucleotide tripho-
sphate (ANTP)] AL HAH o2 RNR &40l &3 (11),

DNA %2 RNR f32te] 23S S7MA dNTP F55

6-8¥] A= Z7FAZITKS). ANTPL] %7} translesion DNA
47 22 DNA 2] Z2E £3147]% DNA &4 0%
R AEe] AEES A3 FIATIh

FHAE2] RNRS 2 AT (subunit) 9} 22 AT9E
AE wped] olFALEA(heterotetramer) ©|H, X< 4712
RNR §347} 9lti12, 19). RNR1Z} RNR3E Az wA|d
F e & A0S 9HES stk RNRIo] T8 HE|
o]F1, RNR3= A44Z< ZANE g v 5o
AL 3% &4 2B 2 93 HApE fEn
(10). A& A= RNR2¢F RNR4E FAIE 0] lET], o7
ol FA& Aol B4 tyrosine #2719 2 gHiZo] &

it

s



A3t DNA EA] A3#|2] hydroxyurea (HU)= ©] tyrosine
ZHrjzS AAske] RNR G4F Bl&As A7tk o 23, A
X Yo] NTPE 2= AlZe= AFEEHA Fok1l).
FHo|A RNR 73S #&F w&A]7] 4} RNRS] @
) A3 A (protein inhibitor) S ¥33}eH= SML1 34 4t
AAA AE WY ANTP 5 Z7HF1H mecld T== rad534
Edmole] XA (lethality)o] AAIET) o243 NS =
2 MEC1¥ RAD539] 7% Folx &R A& B2l
715& AE U dNTP 55 FA8k 283k 71549 Aol
g ARFEATKG, 14). BIE smlid EAHOI7} mecld =
rads34 E4W0)Y] XA JAIBIAE DNA &gl dish
H7ALe FEBAFR] EEH, mec] H EAWele] HU, UV,
methyl methanesulfonate (MMS)oll t3t WAL smil EA
Holol] 2J3)] ZEX] gheths B o]l 7MdS N
3tH20). B AFANXME rad534 EQH0] A% F52] HUO
g 93AES AATle o2 Al 32K multi-copy
suppressor) & =T &]'g3t] FHLg AL JAAZ 2-gsh=
CYC8S 5743IAtk CYC8 FRAE g HAA 7 A 214
31 rad534 EQWHolel HU T7HAo] AIHR ™ dNTP
Aol BeJsh= F2AAR] RNRE] AP S7be e dde
Gk olHd AHE HIEOeE CYC8 Ak ool
rad534 E4e]9] HU Y173S A= 712 RNR] 2
d 2712 B3 AE U dNTP 2] 71 Aog F=Ho

Mz H aE

=3, HX| Y SHHO| M=

B Al ARERE T B YPH499 (17)9lA Fref =
ouv Table 19] HsAch ER wjdo] ARSE Shu)z|
(YPD)$} 48| X|(synthetic drop-out, SD)+= Chris 5(9)2] 1
HE wsith 3R AA EAHo] A= one-step gene
replacement *H(1, 17)2 AHE-SIATE CYC83} TUPL F-3}
£ 257 Y34 2k ORFL] 5" = 3’ flanking region®}
55 base-pairoll A ‘FEdE ZH= primers AMESld PCR

Table 2. Primers used in this study

rad53 E4Wole] ®EE A 123

Table 1. Yeast strains used in this study

Strains Genotype

MATa ura3-52 lys2-801 ade2-101 trpl-463
his3-4200 leu2-41

YHM1 YPH499 sml14:URA3

YPH499

ARMS531 YPH499 rad534::HIS3 sml1A::URA3
YKIC11 ARMS31 cyc84::TRP1

YKIT10 ARMS31 tuplA::TRPI

YKIJIR1 YPH499 rad534::HIS3 /pRS325-CYC8

W o 2 qul FAJZHTRP1 = HIS3)E ZE31gch ARS-3H
primer= Table 29} 2tk

CIE x| |RTX A32]'E

RAD532 &% A& 52l FHA | AT smild &
o] FFolAME 2HAl EAHOF AE 7153 E(20) °lE
o] &3t smlld rad534 ©1F Bl TF ARM531S A=
3tk ARMS531S AN E8k2~0] =(multi-copy plasmid) <]
pRS3255 7|Hto 2 3lo] AZH F4A DNA library (A%
FAARE Lew 2 3AASS &, 5 mM HUE X3}l leucine
o] Z¥¥ 14 SD FHAu|R] oA ujksle] HUS Wldo] Qe
FHAE F2UE AEsISth old HUZF fiE viRdAx
A5 AEXE wigste] 34 DNA library 2 HAZ8E 4
Z2Y FE FHTOEN A A% TEV} Addts]e wl

O

HUZ} 23+ wfjAollx @49 S2UE B 22 afAl
Tste] AR E2Y TS I F, AA wjAl

HUOi| cHSt 21Zked A}

o= YPD HjR|o|A] A|4=7](exponential phase)7}A] Bl U4SH
FR AZEAx107 cellsmDE 1094 2= 348te] 5 mM
HUZS 3 14 SD FHAHiAe] 10 wl® A1, 30°Col|A]

Primers Sequences

CYC8-Del3 5-GGC ATA TGA CGC CAC TTT AC A GTT CAA TCC CTC ATC TGC AGA TTG TAC TGA GAG
TGC ACC-3

CYCS8-Del4 5-TTG GTT GGA CAC TAG ATG ACT CTG GTIT CCG TAT TAA GCG GCG CAT CTG TGC GGT
ATT TCA C-¥

TUP1-Dell 5'-CAT CAG CGA AGC AAG AAC AAC TGG CTG AAC ACG TGC CCC TCT ATC TGT CC GAT
TGT ACT GAG AGT GCA CC-3¥

TUP1-Del2 5-GAC GAA TCA CCA GAT ATT GCC AAA GAG TGT GAA GTG ACG GCT ATG CCC AC CGC
ATC TGT GCG GTA TTT CAC-¥

RNRI1-RT1 5'-GCA GCC GAT CGT TCT GTC TA-3'

RNR1-RT2 5'-CAA TCC CTT CTT CCA TCC GT-3'

RNR3-RT1 5-TGG AAG ATA GTG TTG CCC CA-3'

RNR3-RT2 5-CCG GAA CAT GAC TCA CAA GC-¥

* The underlined sequences are homologous to either 5 or 3’ flanking region of the target ORFs.
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cDNA H|=

RNA FZ& 9J8iH & AEE2x10" cells)S F3H3laL
glass bead 2 A|EZE H43F & RNeasy® Mini kit (QIAGEN,
USA)S A83fed RNAE EIelith 93AL G (reverse
transcriptase, RT) ¥F8-2 oligo(dT)E ©]&3%F random cDNA
T S AFESIOH, RNA 1 g AHESIS] T18 -
AZ R8sy WA oligo(dT)s primer 0.5 pg (Bioneer,
Korea)S X3 Whg EFE(11 ul)S 70°CollA 583 59
o} I T2 Z 2 mM dNTPS} 10x M-MLV RT reaction buffer
(0.5 M Tris-HCI; pH 8.3, 0.75 M KCI, 30 mM MgCl,, 0.1 M
DTT)E 27+ 2 pl, Ribonuclease inhibitor (20 unit/pl) 0.5 pl,
M-MLV reverse transcriptase (200 unit/pl, Enzynomics, Korea)
1w, 283 B 3.5 WE A7iste] 3% 20 ot HA Sk
RT 9h&-& 42°Col|A 60%7F MLV reverse transcriptase (200
unit/ul, Enzynomics) 1 pl, 283l & 3.5 pls ksl HE
20 w7F HA Sk RT ¥Hg-2 42°CollA 6033 1183421
T PCRS] T80 AHEAT

Real-time PCR

RNR F327} AAE = 55 Hlashr] 98] Al o
RNAE FZ3l] cDNAE AX3}, o]E FHOZ A1g3at]
RNR FHAE S23)= primerZ real-time PCRS 3313
o} PCR W3- E3M2(20 u)< o34 2t 2 mM dNTP 2 pl,
10x Tag polymerase buffer 2 pl, primers (10 pmol/ul) 1 pl,
Tag polymerase 1 pl (Enzynomics), SyBR Green 1 (Invitrogen,
USA) 0.05 pl, cDNA 1 pl. Real-time PCRO| AF&-3}+ primer
+ Table 20l EAISFJTH

PCR %h3-2 7300 Real Time PCR System (Applied Bio-
systems, USA)& AH§-ato] t53t o] =3ty 94°Cell
A 583 FHE HAAIRL F 94°C 30 sec, 55°C 30 sec,
72°C 30 sec®] S 409 WHESITE 7 Alme] g
260 nmolXe] FF= Bl 7123 FF3} ol wsith %
#% ZA3+= Sequence detection System software (Applied
Biosystems) & A8l £33tk

=t

Zn 9 A

= =

[

CYC8 1|2 Hisio)| oI5t rads34 SIHO[C| HU TIZMA 2ix|

2 A7ZL o)A AFellA ERA EdmolrE dojud
AIZE W] INTP 55 WISIAA rad53 EAWClY] XAMS
AATh= 2L F3A SRLAE 3G TkS). et oy}
srld4 EARIOlE oK E R HUA o s WS B
o) o]Hg AL ngo g B AFAME rads3q B
TF9] HU 9178438 A7) 9A f3xE 2a8dsia
A} 3IATE Rad534 smllA ©1% 4] B5(ARMS3DE A}
g3l Az 2 oM AHIE oF 5x10°70e] AN
Z2Y(colony)E 2Tl 12709 FRTS AUtk &

FRES Wsle] Behar|EE FE5w, Hehev|so] Sof
£ #77 DNA 27 9] 971992 B4 ofd &
AA7L BolgleA) ZAEE. 1 Ak s7kel Fuot 35E

O

CYC8 vho] 5802 Sheh A=z EA)8kth CYC8o]
E0IUA] e FH Alojole olH FFEE FEE fllen
ARl dEgls AoE FAEE DNA 247 ¥3tsial
A7] WEel o o) EA8HA] ZUTh

CYC80] A FHARIA BR1F]
2 ¥3hsl= CYCS 3842 a7 #34 DNAZFE PCR
2 ZEZ3le] a1, AR Zajan =] pRS3259 SR
pRS325-CYC8-S LUt oMYH(YPH499)T} smild EAWO]
THYHMD) ] A373459} HUO th3k 7171432 pRS325-CYCS
o] Q&S WEA] eISIKFig. 1A). Ly} TRARE A} 2=
Joll A3t rad534 smlld ol =AWl THARMS31)<]
73, HU®ll vl 917}5te] 5 mM HU &4 sl A< A%
34 Bale Wb, pRS325-CYC8 O & HAAZSIH obyda)
H=gE 508 Aol IEEE As BESIATHFg. 1A).
T3 CYC80] AR 2 ZA51E SML1 5347} opd &l
BFl% rad534 EQWol7t AESR= s AsHAtHFig.
1A, bottom). HIE o] #HYKIRD)Y] 47 &= wl$ =&
Ak HUO| W3 WAL rad534 smild T3(ARMS31)RTH

(A)
vector
WT
CYC8 ?
vector |8 . ™ @_53 e
smliA

CYC8 . @ @ ‘?

rad534 vector

smllA CYCS

rad534 CYC8

(B) no HU 5mM HU

Fig. 1. Multi-copy suppression of HU sensitivity of rad534 mutation
by CYCS8. (A) Ten-fold serial dilutions (from 10° to 107 cells) of
YPH499 (WT), YHM1 (smii4), ARM531 (rad534 smiiA), and YKIR1
(rad534) grown in liquid SD media were spotted onto YPD plates
with or without 5 mM hydroxyurea (HU), followed by incubation
at 30°C. Each strain was transformed with either multi-copy
plasmid pRS325 (vector) or pRS325-CYC8 (CYCS8). (B) ARMS531
cells were transformed with pRS325 (vector), pRS325-CYCS8
(CYC8), pRS325-TUP1 (TUP1), or both (CYC8+TUPI), grown in
SD, and spotted onto YPD plates with or without 5 mM HU.



Zsle] 5 mM HUZF Qlol= 22UE JA4sc) olzs 2
= gollA 23893 7304 DNA library 2] 34 Foll
A CYC8O] HARE AIRleh= AL wejEt)

CYC8L TUP1Y EFAE o]Fo] 283Hi(18). uwhetA
TUP1S #&# WHAAE rad534 S]] HU ¥IgAo]
A E=A] ZARIAEE 13 CYC8Z= €8] TUP1S thAh
B Axxlz Z83lx] Ea9em, CYC8H TUPIS SAl9)
= BN 7)E ASole CYCsRHS Tk A e AR
O ozt AR 3] A EA ) YEE AL B
3}%1thFig. 1B).

Cyc8414 tupl4 SHHO|0f| 2fst x|
T Hao] w2 gwo] CYC8©] Z](prion) THE
o] AEE& /A e o] HEAThe). ©] =RolAE
CYC8S #&F WAA|H CYC89] glutamine©] FHg+ F-9]
7} 271 2ol AE A R)(misfolding) S frdetal ©]E o
£ CYC8 DA Hufale] 49 cye8 FPF0] YR
ok ope}, )3t ks MEAS Bl fddte R
BAck webA Fig. 1614 CYC80] T AARR A}-8-5h=
A HolARk AA2E Aol ARE Y wjitel &4
< 7171 cYC8 ©do] glojx #EEe ddY F Utk
3 o]E 7L TUPLS 9 i AAxtZ 28317 &
sleR|s AHalErh i olg Mol BT cyes
EdHo|= AARIE A48T Aoz oAfHTh ol ERIEH]
A3t rads3a TFoA CYC83 TUPLS 22t 2HA|3 &4
HolE AFsle] xEYPe AFsI9TE
Cyc84 EAHo] HFH(YKIC11)E oY B (ARMS31)<l 13|
4o w9 =2 RS AT = A0 upla TS(YKIT10)
S B9tk 23y 5 mM HUZF 98 we
Ao Jslr] Fale i, E¢9dlo] g5 HUY 2

cyc8 T tupl S| WEAA] RIS {5t EAR0]
ol G AANE(single-copy) ZEF=F]=%] pRS3159]] 24
® TUP1 B CYC8 F3AHE Fdxdskete] 18F 0] o4 E
o7 HEolyl=x RISy 1 A3, mpla w5 TUPI
FHARE, cye84 TFo CYC8 A =43 79 HU
gk yido] AEMAlE RE TESSITHFig. 2, middle and
bottom). L& cyc84 TF| TUP1-S =S -9 muplid
Tl CYC8-S T3 Afole ob-dd aapt gidleh wet
A tuplAZ} cyc840] JA| EdHolglE AL & 4 glom,
CYC8 A7} tANEY W rad534 57} HUO WAS 7}
A He 22 CYC8o] =2 vlde] EXS 7HAAL 317

wEolekar AzhE

CYC8 O|&0il 2|5t RNR Waio| 7}

HUE RNR &249] dAAt2 ZFg-35te] ANTP HAS Al
stE2 HUOl| digh iAo S7lske 8 714 WHE RNR
AR} W] Z71E X ) dNTP AAe] Z7lske Aotk
CYC8-TUP1 EAE 71 FHLAe JAF AR 9 skt

rad53 EdWole] ®EF A 125

no HU 5 mM HU

tupiA

cyc84

pRS315 tuplA
-TUP1

cyce84

PRS315 | 4,14
-CYC8

cyc84

Fig. 2. Suppression of HU sensitivity of rad534 mutation by cyc84
and tupld mutations. Ten-fold serial dilutions (from 10° to 10°
cells) of ARM531 (+), YKIT10 (tup14), and YKIC11 (cyc84) were
spotted onto YPD plates with or without 5 mM HU (top). Each
strain  was transformed with either single-copy plasmid
pRS315-TUP1 (middle) or pRS315-CYC8 (bottom), and spotted
onto YPD plates with or without 5 mM HU.

2 88 FRA] oF 3% sidsle 15070 o] At
MRS AAIRIH(18). whebA] gkeF RNR fAEe] AL 24
o= CYC8-TUP1°¢] #ghH, CYC8 E= TUPL &R0
o °J3] RNR F3Ake] HAPE S71ekAl =i, 1 A Alx
U dNTP o] Z718 Rolok o5 7#g3r] sl &= A=
°] RNAS FZ3l1 9#A} &4 vh33} real-time PCRS &
Aoz 43)5te] RNR1Z RNR3 mRNAS] sl S
Hl8lth CYC8 3127} op¥& Y el Hlaste] CYC8
FRAAE o E =319S w9} cye84 =AWHolY o,
RNR13} RNR3 25 ¢k 25400 6] A% walo] Z7}1614
HFig. 3). Wb CYC8 frxizte] wstol] o3 rads3a

D+
6 B o
51 Dcycé’A
g 4
=
g 3 |
2 -
1 -
0

RNR1 RNR3

Fig. 3. RNR expression levels in ARM531 (+), ARM532 containing
PpRS325-CYC8 (CYCS8), and YKIC11 (cyc84). The cDNAs were
prepared from total RNAs extracted from each strain as described
in the ‘Materials and Methods’ section, and the levels of RNR1 and
RNR3 cDNAs were quantitated by real-time PCR using the primers
listed in Table 2. The averages and standard deviations from three
independent experiments are shown.
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o] HU W4 $71= RNR 5302 @& Z7lell 93 7H8 3R
JFolgla FZHrL Rad53 EW0lY] XA AE
dNTP9] & 7 FIe =24 AAETh &, RNR 32
AME O 2 w134 RNR 842 AAISh= smll FAAE
Aste] ANTP A4S Z7FA71H RADS3 §-34= axe] Al
FEoll IFo)A] Al ok wehA CYC8o] AAAZ =183}
€ 71A%= RNRY] XS S7HAA AlE W] INTPY 4S5 &
e Zew Az a2} CYCS-TUP1 B34 ol
RNR #ut olujzg} o9 Be Frxje] walo) Jgks v]x)7]
o] B Ao Ad oA e B B 444
FaAgol 71Q1%k AY = Utk wEhA CYCS-TUP1 =9
Ho|7} RADS30) HX& J&e B} WEd] A8 $lsiA
= CYC8-TUP1 E§Ae] 23S e B U2 F3xE
gk AL e Aoz AZE.

re

A i )

iod

43

RAD532 79 HAZAR 427} DNA &5 A8t
oy 7FA] $4220 ME ] ¥-S dod|e o A4 9
&g shs QitEl g4y Wk ofle), dNTP Al F83
RNR 34} 59 AL 843t HPGox Fofshe a2 A
Fol 5] Fxelth B AFANME rad534 S0l
hydroxyurea®l] ™3t W17H3S JAISH= AAAZA CYC8S
T8I CYC8 At B2 ARZoR EANE ) rads534
9] hydroxyurea®l] thgh Aol 7kl ot Cycs# &
FAZ 288k TUPLS THARE AAIRE 2H8-8H4] Zratsith
HhE, 2k Edwole] B, cye84F upld B5F JAAZ
83tk CYC8-S aRoA 22l gulda 2857] wi
o ek W EH GaFQl cYcs wEe] Ard H3S &
welA Ha, dgFoz 949 cye8 TEFo] e H
ok w2 CYCRo] Tk AR Agshe o= ol2igh =
o B wiEo g F=Hrh CYC80| TARLO] AL cyc84
EdRiold A9 EF RNR 34k HApt S7tEle As
s wEbA CYC8) 93 rads34 EdRIol Al
RNR Z7}ol] W2 AIZ U] dNTP 27} WiEoz Az=d)

ZAte] o

o] =2 20099% AH-o] Aoz smATATe] 2
ulo} =35 21729)(20090083702).
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