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Abstract — N-acetyl-L-cysteine(NAC) having a thiol, a precursor for glutathione(GSH), is known
as one of the antioxidants. NAC used as a radioprotector against ionizing radiation (IR)-induced
injury and damage. The aim of this study was to evaluate the radiopr otective effects of NAC against
IR-induced cell damage in Saccharomyces cerevisiae and the antioxidative effect of NAC on tran-
scriptional level of yeast antioxidant enzyme genes such as super oxide dismutase(SOD) and catalase.
In the present study, yeast cells were pretreated with various concentrations of NAC and/or irra-
diated with various doses of gamma rays. The cell viability was measured by counting the cell
forming unit (CFU). The quantitative real-time PCR was performed for analysis of gene expression
of SOD and catalase. The viability of irradiated cellswas not improved by pretreatment with NAC.
lonizing radiation with 100 Gy highly induced the gene expression of antioxidant enzymes. In the
irradiated group with NAC pretreatment, the gene expression of SOD and catalase was gradually
reduced with the increased concentrations of NAC. These results indicate that NAC can act as a
useful antioxidant to scavenge reactive oxygen species in vivo, but does not protect cells against
IR-induced cell death in S. cerevisiae.
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M =

ERE W2 BE 574 AR 5704 YAt 3y
ol &= superoxide radical (O2"), hydroxyl radical (OH")=}
FAESFA (H202)9F 22 S AFAZ (reactive oxygen
species)o] A F T} =g 72, o] 23} HFALA (ionizing
radiation), UV, 34 53 22 9% g7aqle] o5
Mw FAAEAFe] A4 Hle (Jamieson 1998). o] &3}
ARl kY AR AE & B B 24
PRSELEERIE S RES R BRI SR RO
o (Esnault et al. 2010). o]l o &3} WAtA 2AR: A
o} 2Ao] w7t £AE Rl AEE AEA
71}

YR FANAZES ALEPH AE# A (oxidative stre-
9T oF7sted AAe] QBT tiAel] = Holrelew 7}
43P, DNA F7}1= At (DNA double-strand breaks),
7] &4, A Tz WA A ks e gl
Helel Az &8 2Hste], 23571, AW Ay 2
2, AN A% F gAY el 9 AzAEe
SEA] 715} (Ward 1985; Wolff et al. 1986; Jamieson 1998;
Johnson 2002; Pandey et al. 2003) A A= o]&|st AFEHA
2EHAZHE A E Hlo]E EAH o7 superoxide dismu-
tase (SOD), catalase, glutathione peroxidase (GPx) ¢} 72
Azl &4E3) glutathione (GSH), B1ElRl C2} wlEl
EZ2 Al s 233 gkt welA28lE 753
3 glew kst EAES U Aoz AYA|le]
' H3ES 3k 1ok (Yu 1994; Jamieson 1998).
SOD+= metd cofectorel] whe} -5 &v &x2] 73§
= e¢] SOD7} =3} SOD1-e cytosolic CuzZn-
SOD& M ZA|A], SOD2= Mn-SODZ 1| EZ=g| o}
A &3 AkA cascade HE-S-2] UAHH FAJARAEC O &
278 9&s 3o} (Sturtz et al. 2001). SODE= %+ Oy
2 A 4a B Exle ABe Ae 38 @
AT a7 A W dAAl2E SODel| o3
149 Ateipat catdased] o8] AT} (Berg et
al. 2004). Catalase= ubiquitous heme ghil 2 2 3}ALS}4=
& 3AE B ALz P Bl 254
%4 (peroxisome)el] ¢ |3t catdase A} A Aol £]*]3t
cytosolic catalase T7} &) gk} (Petrovaet al. 2004).

N-acetyl-L-cysteine(NAC):= thiol 7| =S x38}sl= 33HE
24 GSHE| Al o)n Farska] 5 shiz 2 el
elt} (Zafarullah et al. 2003). dHALE}A| = HRARA HlolA|
= AgE 4 glom, WA xZ o) ol WS 4

Al ke ARAA A £ s gl 35 =

N

>

>

>

Z Y2 3% ¢] deacetylationg E3l cysteinec = %3t
AbR ~Ed sz Q) wzdd GSHE A4 3+
FozH AR AEHAES ZRAA|T|H, A E S
A2FS APH oz A A= Aolth(Aruoma et al. 1989;
Sjodin et al. 1989; Raftos et al. 2007). o]x]8 NAC:= w}
ARAdel o3 GSH7} 4mEe= A& W8k, GSHE
AL ol g=& o+3}sl] glutathione peroxidase,
akaline phosphatase 5 &4 A& =95+ 98 3
o} uleArs o] 83 ol FoA] NACE amifosine, cystea-
mines} b2 wRARARlel &35 713l o2 thiol 3 HE
ZF AA=A o] 7H Yk B wE gioh (Weiss et al. 2000).
NACS] WhARA whe] &abe whe-, aw, Mz 3 AL
o] o F& dideR 3 o3 invivo, invitro 7
Al o] ol A 2 gleh NAC 2= WA Al o] A
ZAE g Welstel A B4ol AYFALPYA
(granulocyte/macrophage colony-forming cells)e] 2§
4 Z7MXFH o (Selig et al. 1993), NAC2] o] A& A ]l
L-NAC$} D-NAC 25 wp9-A 223 A3 ol A vlA}
A 24 F 3725 GSHE FF3te] AlZ9 ASA &
& whelshdaz (Ned et al. 2003), Akt el x] 414 <]
lo] A A& Allo]sta A}=3l= 41522l cytokine IL-
lo, IL-1B, IL-2d9] 8% 5=5 Z7HAFHHE dTE0
ks ¢] o) (Baier et al. 1996). =3k NAC 22 upox
o] ZhollA] XAl ZAtol] €]3h AbshH DNA =48 7HAsA]
7]31 (Liu et al. 2007), Ak wAd# W =]4) £ (Human
microvascular endoyhelial cells, HMEC)Z ¢]£-3} invitro
Aol A wWhabd ALl 213 DNA 5 7=t A=k 34
(DSB double-strand breaks, DSBs)2 7}AA|Zlvta ®.11
=i} (Kataoka et al. 2006; Kataoka et al. 2007). o] 2]
AR el 2)gt Mz 4 5 AlE APEel Hjs] NACH
AR el E3hE AEE AFET B 234 e A
TFEx= FxFSIH NAC 2= invitroo| A Ak =
AL AbgE Wz 2] DNA £44e] -5 comet assay . 5}
13 Az DNA 48 7H4A7]4) ek (Abtetal,
1997), WA A Al wlAlE R B M 22 Az H
At = &R o) x] gkt B 31E o) (Kataoka et al.

2007).

B o FolA] o]4% &F Saccharomyces cerevisae:
AZE ZFI BE AW AE F 7P 2on, 4
2o guidls Ha 2dz §48 B Est 2 A%
AESH AFel FGA o] gH oIkt S cerevisaers A2
Well Al dejut= o= AL 3 F M 257], DNA 5
A, A2 A2, Nz 54 22 B A7
of o]g=w, QIzt Bt A F ot iAo iiol
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ERZ o] 43 dAFolM AL WAFHAH.

A2 NACE w|£3t shabstA| o] stalst 9 N ZR 3
7152 DNA &4 2 DNA % 7}t Atk comet assay, Al
Z AEE, A} 20 BAS o8 FHriEd 1
At SRAbstA] M F AR ZAbe] o AlE W A
AbpFll ] A7 W AZEAEAY 72k 2 oA
WA et ek, B AFerE ARE o 43 NAC

Azl el mA=F o] 23 WA ZAlel - SOD$} catar
lasee} 722 Akl a4 E9 °7<4x} nhy HAS Eg)
NAC®] A= o a3}t 5H& Fr1sisdeh w3t /q] z

W) 28 990 o] E2eA NAC 2B 5
2181915 NAC HAl2] sl whatdl Zafel w)
AZ AEASE D], mTolx NACS HhAMA
o m31E rolusieh ol & AT BALEAl Aele]
2§04 08 9 AzAEAD 72 B 7]
Q72 o4 & 3leh

o

b E

L ERT

1LAIAE 9 ek

Saccharomyces cerevisiae W303-1A strain MATa (leu2-
3/112 trp1-1 can1-100 ura3-1 ade2-1 his3-11/15 ybpl-1)-=
1% Y east extract, 2% Dextrose, 2% Bacto Peptone, 0.002%
Adenine hemi-sulfate salt=. &A% YPDA v #]¢|A] 30°C,
48217k 271 0= v sl

2. N-acetyl-L-cysteinedl] oj&t 9174 =4

&% W303-1A F2o] =t A S YPDA wjx]o] A%
3t & 30°C, 484] 7} vl oF3}¢d =} Spotting assay 4302 ¢
3], OD600NMel| M EFF =S A3l Az 2 A3}
93, 10°cellsmL 12 A F AL 3|Asl9c)h 5|45
A EE5L 0mMoA 50mM =2 NACS &¢-3F YPDA
wjz]el] 10uL¥ "ojr=dl 3, 30°Col| A 48A]zF wljoFs}
vt Image J == 13-4 o]8-3}e], YPDA %] $Jo)| =t
T A ZEES] HAS 573 stavh A A W 5gH o
2 p3aiglom, Az g %
<+ e %ili‘r%}aiv‘r.

3 ERAES A4S 242 guha 24

2R A ZE YPDAuIA| oA 30°C, 48417 wliofsl % 0
mM oAl 20mM 3 x=2] NACE 2417+ A2 slt) Al
X AYEEE =A3817] ¢ CFU (colony forming unit)2&-
o] gsheiet. FH=S 600nmel A EA o] 1 577} 2

7b 2 AR Wk 3 (600nmel A Fwsh 29 S
Mz dxE= 2x107cels mLY), A =7} Ago=10%cells
L’1 H =5 YPDA wix|el| A 3 A3t v
A2 A7 W st v o] AR %Co
gamma irradiator (7.4 PBq of capacity; AECL, Canada)Z-
o] g-3loy FZFFA7Fo] 50, 100, 200, 300, 400Gy 7} = =
= 2A18e 2AF ¥, £RA 2] 100uLE YPDA WA
o xrkshe] 30°Cell A 48A17F Wikt & A S A %3}
gk g A W 5oz sYsigon, A
& 33) 2w AYke) FFE el $A 50

4.RNA £2] % xpgel] oJ% cDNA §4

A7) e elalr] g9 x4 A
o] & A=A TRIZOL Reagent (Invitrogen)E o]
o] RNAZS FZ3l9it. RNA 222 93le] 7+ A =0
TRIZOL 1mLS Y1 A=zZ 233t =& chloroform
%3 isopropanol A A& 71X RNAE E2]3ksi
2215l RNA®] & oF2 gpectrophotometryE o] -3}
260nm zpgef| A ZA 3 3, A 7]°d 52 48 3ke] ribo-
somal RNA band= #¢l3l9ic}. 2£2]%] RNA¢] DNasel
(Sigma) & 4124 103+ #2] 5 DNasel & 11543}

A)7]7] €3} 72°Col|lA] 1047+ 2)2]ste] RNAY DNA=

A Astdeh 223 = RNA 1pge MaximeTM RT
Premix-Oligo (dT)15 primer (Intron)&- ©]-&-3}o] 45°Col|
4] 602 complementary DNA (cDNA) &H4d 713 1}, 95°Ce)
A] 5% RTasew|&4 #4& 7134 cDNAZ A3t

)
S My

5. Quantitative Real-time PCR

cDNAE 34 &, 7 f-A Aol sk primer (Table 1)E
s}oc] Real-time PCRE 43 &}9]t}. Real-time PCR
A % g9 10uL: 10u 3]A3 cDNA 3ul, Z+

°]

Rl

T
o]o o

Table 1. Primer sequences used in the quantitative real-time PCR

method
Primers Sequence of primers
CTAL F 5-CAACTT CGGCTCAGA ACCTAC-Z
R 5-ACGAAA TCT ACA TCA CCT GGG-3'
CTT1 F 5-TGA TTC CGT TCT ACA AGC CAG-3
R 5-TGT TCG GCA GTG TAT TGG G-3
OD1 F  5-AGT GTT AAA GGG TGA TGC CG-3
R 5-TTCTGC GTT AGG ACT GTT ACC-3
OD2 F  5-ACCAACACA AAG CTA GCA GG-3
R  5-CGT CAA TGG CAA CTA GAG GAA C-3
ACTINI F 5-GAATTGAGA GTT GCC CCA GA-3
R  5-GGCTTG GAT GGA AAC GTA GA-3
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primer 0.3uM £} 1X QuantiTect SYBR Green PCR Master
Mix (Qiagen) SuL& =3 whg271-> 1A 95°Cel
A 168 7193t & 95°Cel|A] 10%, 55°Cel|A] 15%, 72°C
oA 20&7ke] A& 503] ubE-3le] 33| F ). Red-time
PCR->- Rotor-Gene® Q system (Qiagen)&- ¢]-8-3e] 43
3l , &% A KW= Roter-Gene 6000 series software
172 BAsge AA el transcriptef2  comparative
Cr methodE- o] 8-3fed AlAeFsAtt. & AgelA] Actinl2-
Z2F iz FAA=E o] 43tk ACT (Cr, geneof interes— Cr,
acting), AACt [A Cr—A Cr, 06y and noNAc] F2)& 0] £-5} o]
Z; ke Tk, Al AR R 2740 24
< o] g3l Atk Zvkd s} NACE A=8hA] o2
Y Pe) 200 e 1z HFShahodch[2 240 (e CroGya
noNAC—AcT,oeyandnoNAC)zzozl]_

3w o o@

1. ERdA NAC 91714 H7}

NACE o|-43 A& APstr] 13 ¢4, 2% v=

20mM NAC

10mM NAC

50mM NAC

Fig. 1. NAC sengitivity of S cerevisiae W303-1A strain. Sensitivity
to NAC was determined by spotting assays. Ten-fold seria
dilutions of yeast cells spotted onto the YPDA agar medium
containing various concentrations of NAC. Plates were
incubated at 30°C for 48 hr. Scale bar, 5mm.

Table 2. Cell areas of yeast on the YPDA medium supplemented
with various concentrations of NAC

Treatment concentration Cell area(mny?)

0mM NAC 77.5+£6.6
1mM NAC 75.7£6.3
5mM NAC 64.7+£34
10mM NAC 549443
20mM NAC 49.6+14
30mM NAC 436+26
40mM NAC 343+22
50mM NAC 27.3t14

Yeast cells were dropped onto the YPDA agar medium containing O to 50
mM of NAC. Plates were incubated at 30°C for 48 hr. Cell areas were
measured using Image J program. Data are means=+ SE (n=3).

1mMo|A] 50mM NACE -3t v z|ol| A o) 3 &
X W303-1A¢] A 2 9 A5 FgFozn NAC
of Wg R F AL FAskds(Fig 1). 1mM
NACE =33t YPDAu|A|o| M A}3t & RAH Z0] WA
NACE x2]3tA] ¢k> YPDA wiz|e|A] A}t djxd &
Az} wlaste] Aol HolA| koket(Fig. 1). o)<}
gzA oz, 5mMolA 50mM=z NAC? %7} =713
of whel EeAZe] XA A=), 30mMeA 50
mMe] NACE Z3Hst YPDA wjx|ol| A 212t & mA] ze]
A2 53] A= el aRAl 2] WA S FA st &
A2 FelsiE A Az 1,5 10, 20, 30, 40, 50
mM 5= A Zh7h 2.3%, 16.5%, 29.2%, 36%, 43.7%,
55.7%, 64.8% 7+ A glch (Table 2). o9} e Axz 1
of 30mM o]} 315 = NACE & RA 22| A& A3
o=z, weir 2 dToME S5mMeA 20mM F=
912 NACE o] 43l

2. 0] &3} WA =} F ARAE] AEE ZH

o] &3} WAkl 2ARE A EO| HIZFYH &S &
Wale] A5 APEAZIe dbpA] W303-1A6l A o] -3}
WA 2Abel] mhE Al EAARES delry] 913, 30°C
oAl 48417k Wik ARAMZE FHFF5Ee] 50, 100,
200, 300, 400Gy©] === Fold-g zAFsSITh Al 29
A EE-2 50Gy 2hrl, 100Gy 2hrt upAbAd el A Zhzh
24.5%, 15.7%%].0™ (Fig. 2), 2 &34412ko] 300Gy |
Ao 2 WA o] 2AM Felle aRAE2] 90% o]}
o] AE3A| F3T mEA 2 AYEE (percent of survival)
o WAt -k HAE o Aoz A olEl.

FwAz JZ2g  99.9925+0.2921D
(Percent of survival)™  140.0725D

(R2 = 0.9996)

o7]A], D WA A=k (radiation dose)2 iRt
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ERAE JEES A dabael Al
o Feat dE 449 delHz ogd & e

3AIE AEAA NACS) A ol &3} 37t

Kataoka 5= NACe] &3}7} cell cycelol|A] S350
2 vehgon, o] 23 uhabAe] o3t Mz AbHel] s
Me Alzgs 1eshA] gsteta wastolv (Kataoka et
al. 2007). NAC M 2|7} o]-3} ukatAlell 2|3t M ZApE
< wlojsle] A EE HE3=R] dolr 7] 9 5ked 30°Cel
Al 48A)7F wjoFst & m A Zel S5mMel|A] 20mM NACE

1207 e Saccharomyces cerevisiae

W303-1A
100+

Percent of survival (%)
8 & 8 8

o
T

0 100 200 300 400
Radiation dose (Gy)

Fig. 2. Cell viability of the yeast strain W303-1A after irradiation
with gammarays. Error bars represent means=+ SD (n=3).

1204
I no NAC
3 5mM NAC
100+ I 10mM NAC
1 20mM NAC

®
?

Percent of survival (%)
5 83

N
Q@

0 50 100 200 300 400
Radiation dose (Gy)

Fig. 3. Cell viahility of the yeast strain W303-1A pretreated with 0
to 20mM of NAC after irradiation with gamma rays. Error
bars represent means+ SD (n=3).

T A AR g F, oekat Adske] whabAd (10~
1,200Gy)& =AY 24 aRAz 5 dAHANE
YPDA vl ®]ef| =wt3le] 30°Cel|A] 48A|7F v} = A=
g Az 5 ASstde NAC Fx9} #Agle] NAC
Aol w2 HEZzHEES NACE HEshx] o2 Al
ZAEE (Fig. 23 zbelE HelA| oshot(Fig. 3). o] 3t
Az, avA Zo] NACS A& o3} WA =
Abell M2 Al ZAPE S 2353514 4SS o 5 sk

4.NAC AAE ¥ o3} WA =4l wE
SOD$} Catalase 312 W&

BRAEel| wE &S FE A 100Gy 3ok

AL F AN A #abst &5 SOD, catalase

(A)
1 sop1
I no NAC
—3 5mM NAC
B 10mM NAC
3 20mM NAC

Relative mRNA levels
N

0 100
Radiation dose (Gy)
B
®),
SOD2
(%] 34
T
3
<
z
T2
3]
2
®
T
4
14
0-
0 100

Radiation dose (Gy)

Fig. 4. Superoxide dismutase gene expression in response to ioniz-
ing radiation and NAC. SOD1 (A) and SOD2 (B) expression
in yeast treated with 5 to 20mM of NAC and 100 Gy gamma
rays. Error bars represent means+ SD (n=3).
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% 100Gy Zeld e 2418 ¥ RNAZ Bejsje] 2
A} wrele shelslglt). 100Gy P& zAlsk &

, SOD13} SOD2 = 4-71xe] wralo] of 3] =715
NACHF x2)3}ele& A% 0D1x 0D2
Bﬂi]— glglem], NAC Hxg] & 100Gy v}
%% W, SOD17} SOD29] Wl NACe)
Z7}gel we} W3k 7+askglh NAC A2 2
s bkl 24} F AAEE ROSH 2adhed, an
W] SOD AV helo] Zhad= AL sHeld 4 Ut

i T
et 9
rlo 4:;

E'i
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P
>
“5'

rlo \-\rll o

CTAL I no NAC

1 5mM NAC
B 10mM NAC
44 1 20mM NAC

Relative mRNA levels

0 100
Radiation dose (Gy)

(B)

CTT1

Relative mRNA levels

0 100
Radiation dose (Gy)

Fig. 5. Catalase gene expression in response to ionizing radiation
and NAC. CTAL1 (A) and CTT1 (B) expression in yeast
treated with 5 to 20mM of NAC and 100 Gy gamma rays.
Error bars represent means+ SD (n=3).

NAC A2 & Zulxd FAlel| ule}l Catalase 4%}
CTAlz} CTT1e] W3wsts ololry] 9J3), & wA| 2ol
0mMel|A] 20mM NACES #x]2] 2 100Gy Z1upAd 24}
& RNAES 23} real-time PCRS 4=3)3}git}. 100
Gy Zvtd& 24Kk o, CTALS} CTT1e] a2 of
35u) Z7}aedch (Fig. 5A, B). Thekst =2 NAC A3
2lo] o3 CTALS] wHale wisl7h g19i|ah, CTT1e] wt
2 NAC =xd] g} - =7}3le] 20mM NACE
A2l stds W 2.1e o] Frkehe vk v =
°] NAC HA2g] % 100Gy #vtd =AM 3kl o
CTAlz} CTT19] w32 NAC = Z7}ol| wha} 748}
Ar}. o= FAHEAd NACH o8] AZ W rad
AAAakag st akskeseel] oJFt Aoz Mzl

AgHez £ dFel AHE NACE &2 2
=2 o4 A MEAR AdE e, o] L8 wa)
A ZAbel o Al zAPE 2 w3 4= gllond, o] 23
Mabel ola) AAE BRALEE A Az
BESE U 543 AL 2 5 A

off

N 9
NACE GSHe| A7-Ed=z, thiol7]E ZFste it
Al & shtz A el glom, WAkl 2ab A A

s A W) GFE FanT QA £ e R 5
Bol =5 F A WefAl R o] 4%t} S cerevisiae
oA s NACE MA2] ol whe} o] &3} WA
FAbel| w2 &we] AZAbg vlol& 3z %W superoxide
dismutase (SOD), catalase, glutathione peroxidase (GPx) <}
722 alkst a4 A dYdE £33k NACY
gzt &g Fdsdoh aRE YT v=9
NAC A Ae] F chekgt Ad=ke] o] 23} whapel zALS
Rem, NEZAYEES AEZITES (CFU)E A5 =
e , sake &4 §xx B3-S red-time PCR
S8 F 2Msglch $Adoe mwe] NAC A s
¥ BRFeE AAHAEA, B o) NAC 5
oA muAze) el oAl Foleh NAC AH el 7
P 2Ab o3 Al EAFEE welsha) ekgkom, 100Gy
WAL AR s angel A% BAE fe
%ok NAC Axl2] & JAkst a4Ee] fAx
NAC?| 5= Z7tel wet Zasladet. o3 2=
NACS =2 %% (35mM oA FwA|Eo] AL
A 5o, NACE o] 231 wpabAl zatel] whe A Al
& Wl 4 glok A Weld BYAEFS AA 3
of MEE REsH $53 PN & 5 99t
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:|o
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