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YH(12, 20). Enterococcus hirae= cop operon Woll T /N2l p-
type ATPase?] CopAS} CopB 12)3l § FH9) 2HFH=S]
CopY$t CopzE ol183te] AlZ ) 78] sx& Aojstn Ut
(15, 22). CopAc TEIFTE 3h= WM CopBe Cu(l/Ag(® i
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AA e A= 2E dds ALdvad, 15).
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gl A 29A< CopAt CopC )7 A xELul
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o} ¥R AR B8 sk FE 22 Ao Foled
ogk A oy Baug uk gl ueld B AFdaE, b
radiodurans®] 729 EH?_ 3348 2 A AFE 99 2
A AL 5L, IR AR 7158 FAEIET

ME o

AL, HiX], Alof & MEZZ

D. radiodurans R1 T5-(ATCC13939Tye> American Type Culture
Collection (USA)IA T3t WA= TGY HlA0.5%
tryptone, 0.3% yeast extract, 0.1% glucoseyZ ©|-&3}glem,
fol) wet §34(1.5%) 2 chloramphenicol (3 ug/mlyS Hristad
3oecell A el FEIATE AA wGA NEFEE EFFEA
(Beckman Coulter, USA)E ©]-8-8t 600 nmol| 4] <43}
TR F2A2S YT Escheﬁchia coli 7+ Promega AHUSA)
2] IM1098 AHE-3Ict. ¥k Luria-Bertani WiA}(Difco, USA)
2 Agstgon, "gao w}a} 3H2(1.5%), ampicillin (100 pg/
ml), isopropyl-B-D-1-thiogalactoside (0.5 mM), “L#]3L 5-bromo-
4-chloro-3-indolyl-8-D-galactopyranoside (80 pg/ml)yS 75Tt

el FAHEE dubdRl CaCl W OE Sth22). 243

o AME BE 33E4L Sigma and Aldrich chemical company
(USA)] A& AHE-3HTt.

DNA microarray K| %}

E o] ALEE DNA microamays ¥HEA] 7eg 7o =
HelE waferE 0|83} slide HNA probeE AT
CustomArray™ 12K Microarray®, CombiMatrix AHUSA)S £]
Zate] AZ3FE S Microarray slides= D. radiodurans®] 3,187
ORF (open reading frameyE TIYO.E ThEOIH oW, slide Al
+ 7t ORF EZ #)e] MZ & M E9] oligonucleotide probe
7} A& = o] ]]t]

RNA £&, cDNA &4, hybridization ¥ Z 1} £4
TGY SH-ax|of A &gt D. radiodurans R1 @ &L 5

mle] TGY WA wiA]o] HE5te] 24A12F BF MEH200 rpm)H]
oFstdch. wiekel-g 100 miel TGY A wjAjel 3)43(1/100)8}
of YFF2A7ODg=~1.07}F = wi7bx] B wljoksldie). & wjok
HE T 50 mi vre] AEels 250 uMe) CuCLE A
3l 308 B9 g vt AEE 4°C 4,000xg004] 102
T EA B H54IPY. RNAE  TriZol-reagent
(Invirogen, USA)E AME-&te] $Z35}% 31, RNeasy Mini Kit
(QIAGEN, USA)2} RNase-Free DNase I set (QIAGEN)Z o]-&
sted AASAY. AAE RNAE ZA 2@ B BAS s
(2100 Bioanalyzer, Agilent Biotechnologies, USA) 165/23S tRNAZ]
integrity”} 1.6 o]/3?1 R& AME-3}o] (DNA $4E dslsict
AAE 10 uge] RNAS Amino Allyl MessageAmp™ aRNA Kit
(Ambion Inc., USAYE |83l CysE HEA1H cDNAE A%s
%At} Hybridization CombiMairixAtollA] Al F-8h= A% thupy/
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Awww.combimatrix.com/support_docshtm)oll |02} Fisher Scientific
AHUSA)YS] Isotemp hybridization incubator® ©]-88}d 45°ColiA]
18717 BoF Ha3iTh Microarray®] image™ GenePix 4000B
Array Scanner (Axon Instruments, USA)E '©]-8-3}¢] 16 bit TIFF
oz AT} B oln|xE EUE GenePix 6.0 software
(Axon Instruments)S AME-31] signal intensity® BSSHAA,
3 D B4 B4 Genespring software package (Agilent,
USAYE ©]g3td Z3Pel9it). Microarray AES A2 OE F
N NEE o) 83t v AE At

AlAJZF H 3 PCR (quantitative real-time PCR, gqRT-PCR)

U532 70D =~1.07HA AFd £ v Ao CuCl, (250
uM), Cda2 (50 uM), ZnCl, (250 uM), NiCl, (250 uM), FeCl,
(250 pM), bathocuproine disulphonate (250 uM, BCS), Z&]3L 2
2-dipyridyl (250 uM, Dipy& Z}Z} A7Vel 308 B2 AFE
ok A= 4°C 4,000xgo04] 108 B2t A4 Bt sla3)9)
O, microarray &%} %%l?} HPH o g RNAZ +&319ch
cDNAT> Maxime RT Premix Kit (Intron Biotechnology, Korea)
& ARgste] ARSIt wir g whe) A3t RTPCR
Hh-2-2.000. SYBR Premix Fx Tag (TaKaRa, Japany& A}-8-8}cd
A&g)Ake] vy del] wEbA F8ISEIL, 7300 Real time PCR
system (Applied Biosystems, USAyE ©]-83}od 95°CollA 1537k
denaturation, 55°Co|A] 1527F annealing, 72°ColA 15&7F
extension 73S 403 ¥HE3%T) SYBR Greend F3MsE
PCR cycle & AgHESo] Z8H & opH 24319k pCR 4F
o] FEAEL] Rt Ao Frkske S Hole
ZE ZI)o] 718 P (horizontal line)E FOIAE PCR cycle
9] Bl4E “Threshold cycle (Cty"ol@kar dH26). B AHo)A
T Cghg o8-8t faxle] g WskE S48l AE %

HolZ2 BAF] S reference THHRIEE DR1343 (glyceraldehyde
-phesphate dehydrogenase, gapye AME3193Y). PCR WHe 3
¥ ZZ3 PCR AHEC] £33 DNA GHUR] Lol A} 60°C
oA 99°Col M 27 0.2°CH 2EF FEA7IH FFE PCR AF
o] g f%‘/%‘ Blod 1kt Aol ]84 primer A
&2 Table 19 71&3}3ch

SAUHOZF ME
E¥oldFE Funayama S99 WS Huste] A=
o} DRB00149] AR 9(~1.1 kb)S DRBO0I4-UFS} Stl 14
G7ES MR EE Holg DRBO014-UR primerE ©)-§314
FFH3AA AL~ kb Sl 14 FUIMES AHA
DRB0014 DFSF A48 9714 E-% 7F4 DRBO014-DR primers
SE3IcH(Table 1). ©1F- $FE F £7S PCR S T
gis}sz DRBO014-UFS} DRB0014-DR primerS  A}&3}ho]
DRBO014 WH-o] sul 14 @71MEo] =UE oF 2.1 kb9l PCR
MEE BESST ©) PCR 222 pCRA-TOPO4 (Invitrogen)ol
Fg4sle] pDMTDRBO014E A)=F81%c}. Chloramphenicol 4

A A canES TS F 09 kb =7]¢ Hinel AT
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Table 1. Sequences of oligonucleotide primers used in this study,

D. radiodurans®] 7] WS- -FRR} B2 2 BA 177

Primer Sequence (5° — 3°)
Construction of DRB0014 mutant
DRB0014-UF CGAGGCTCAGACCATAAG
DRB0014-UR? GCGAATCGAGITGTCCACAGGCCTAGTCTTCTGCTTGCCCAG
DRB0014-DF* CTGGGCAAGCAGAAGACTAGGCCTGTGGACAACTCGATTCGC
DRB0014-DR CTAGCACCAGCAATGCTG
DRB0014-C GICAGCACATCCAGCTTCAG
Construction of DRB0125 mutant
DRBO0125-F CATTTCACCTTGTCCAGCAG
DRBO0125-R TGITCACGGTGCTTAGCAAC
DRB0125-C ATCGCTGAACAGCTGGCGC
Quantatative real time PCR
DRB0014-F GGCTTTTCTGTCCACGTT
DRB0014-R CCAGGCGGTAGATCATTT
DRBO125-F TGGTGGCTTTGGTGTTCA
DRBO0125-R GGCGGGTGTGTTCAAGA
DR1343-F GTGGAGTACGACGAAAGCAG
DR1343-R GTGGATTCGATCACGATGIC

& Stul sites are underlined. -

pKatCAT (13) 257 EEgt & o5 sulo g Ae]dt pDMT-
DRBO0014°] 4F$18}>] DRB0014 -3} Alole| car G227} 4
Y¥  pDMT-CAT-DRB0014Z A&ttt DRB0014-UFS}
DRB0014-DR primerE AF&-3}] pDMT-CAT-DRB0014.0 2 3-E]
DRB0014 ¥H0]-& PCR Mz (disruption cassette, DRB0014::caf)S
Y5319, °l8 D. radiodurans Rl 50 A A58
chloramphenicol A4 w5 APt M¥E gFe
DRBO0014-C/DRB00I4-DR primer set® diagnostic PCRS E35}o]
=] F4E RIS DRBO12S F4AHE WolAl7]7] 9]
skl DRBOI2SE Z 3l oF 1.6 kbS] A ¥ES DRBOI2S-F/
DRBOI25-R primer set® ©]§3}%] PCR %333, o=
pCR4-TOPO4 (Invitrogen)oll & 2343} pDMT-DRBO125S A|
23t pDMTDRBO125Z Nul&Z X 2|3k pKatCATS]
Hincll $38(can& 243k pDMT-CAT-DRB0125Z A <+513Th,
ol% HhHE AL primer2 AlQjslais ot FYEA Sals)
SAct. AR AMS-E primer L2 Tuble 19l 71%31900). AHE
o} FA= QlAquick MinElute PCR Purification Kit (QIAGEN)
£ AHEEFAIL, plasmid 2 alkaline lysis BFH (211 ©]-451%
o F4A DNAE 100% €28 xe)ato] A Zoduhe Ak
% DNeasy Tissue Kit (QIAGEN)S o] 8-3}¢] &350},

T2 W A XE -

D. radiodurans P +e] AFAL f5FA 71(ODgye=
~LOYHA] 237ek AlEel] 05 mMollA 5 mMe] CuClLE H7hat
o 2, 4, 6AI3F B} wjgd 10wE F)sle] HA8E 5 TGY

5 Alze] 5 At F A

‘?'15_01 w32 e AL Ay
15l B njokelof CuCl, (3 mM)yS H71sk

AT, B 20 2
?i? He] M 3 0-60 73 ZAF AJA(AECL, IR-79,
Nordion)2- ©]-§ 0}04 /‘al/‘} . b 2Abe 952 7)
(ODg=~1.0744] 4343 AEE 353t 10 mM sodium
phosphate buffer (pH 7.0)2 M &&}e] 4°Col A £ 70 Gy A
28 A7 3,6, 9, 12, 15 kGy2] & FHAHS 952 319
omn, F FpAEke] oakE £5% o7} HEE §%i) o]
Fod7e 24 5-mm-diameter alanine dosimeter (Bruker
Instruments, Germany)Z 44t HAM ZAF & HEE 3]
A% § TGY iAo vislar 72417 & Al 5 A
Fato] QS STt

AQ

Zut ¢ s
T2 Halofl e UHEF 2N

MEL g FIFe FA Fe FUEES
0.5 mMoA 5 mMe g

S =434 tHFig. 1). D. radiodurans=

a4s17] Ik
FEAAM D. radiodurans®] A
1 mM9] EEol| A FE]

el S W) AAHOP, 3 mM FEME A7) weh
HAHOR AEY F7h PAFAL, 5 mM FEeIAE 4x17t

Bk - 9H18) sl wEby 2 Aol M tierEal 717t
A Ak D, radiodurans®) #FAel] 250 M) CuCLE 30% &
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Fig. 1. Copper resistance response of D. radiodurans. Cells were
grown up to mid-exponential phase and copper chloride was added.
The value of 100% survival represents 1X10° to 3x10° cells/ml. The
viable counts were taken at 0, 2, 4, and 6 hr after copper treatment.
The data represent the means of triplicate experiments with variations
ranging less than 50% of the stated percent log survival value.
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ot AE)3te] Fejole vk WA E B85t

A A3 FAHCE uiyt A LdEol Wskd 70709
AR F el do] 2 ol S en 67 29 o)
#4315tk Ribosomal TR,
reductase, alcohol dehydrogenase & 6709 f-3Ae] T¥Ho] 7
A% W] EYED AR, AEoirl, 24 dd, a8)al 5
Sud T R M| Sk FAAE] W] 24 oM
Z7F st o) wdo] SU1E 6] ARt F iRy 3l
ZH347NyE o8] 7150l B A1A] 22 hypothetical protein®] 1
CHTable 2). 71Hle} @8] J3ABE2] 18] chaperon?] Cox172]
ortholog®. F78 == DRI18859] F-7A} WAL wH3}ehA] eato
WD), & &5 % o8l BoIle Aow FYHe F A
operon (DRB0O014~DRB0017, DRBO125~DRB0121)8] ddo] =
A F7F e Ae AT 4 UATH(Table 2 and Fig. 2A) (10).

F Deinococcus SN F HARE AA] G714Loe] A
D. geothermalis®] 73-%- AF 2ol 2] A AEE copC

chaperonin, ribonucleotide

Table 2. D. radiodurans genes regulated by more than two-fold after copper shock for 30 min

Gene l.:OId change (>2) - Gene description
Induction Repression

Amino acid biosynthesis

trpG 2.1 anthranilate synthase component II

trpE-2 20 anthranilate synthase component I
Biosynthesis of cofactors, prosthetic groups, and carriers

ribE 2.0 riboflavin synthase subunit alpha
Cell envelope

treY 2.1 maltooligosyl trehalose synthase
Cellular process

bacA 2.1 bacitracin resistance protein

DR0415 25 carboxyl esterase,

JisH-1 22 cell division protein FtsH

DR1330 2.1 antibiotic biosynthesis protein

DRAO0352 21 methyl-accepting chemotaxis protein
Central intermediary metabolism

nspC 2.5 carboxy norspermidine decarboxylase

DRA0203 20 oxidoreductase

DRA0224 21 homoprotocatechuate 2’ 3-dioxygenase

DR2279 22 alcohol dehydrogenase
DNA metabolism

DR2356 22 MutT/nudix family protein

DRB0107 22 ribonucleotide reductase; NrdI family
Energy metabolism

DRO0702 22 v-type ATP synthase; D subunit
Protein fate ,

DR1536 2.0 serine protease; subtilase family

groES 2.1 chaperonin
Protein synthesis

prfA 2.0 peptide chain release factor 1

plC 21 ribosomal protein L3

rpmdJ 25 ribosomal protein L36
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Table 2. Continued
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Gene _FOld change (>2) - Gene description
Induction Repression

Regulatory function

DR2518 2.1 serine/threonine protein kinase

DRAO335 2.3 serine/threonine protein kinase
Transport and binding proteins

DR2453 2.0 cation-transporting ATPase

DRB0014 34 hemin ABC transporter

DRBO0015 31 hemin ABC transporter

DRB0016 3.6 hemin ABC transporter

DRBO0017 4.0 iron-chelator utilization protein

DRBO0121 3.8 iron ABC transporter

DRBO0122 39 iron ABC transporter; permease protein

DRB0123 34 iron ABC transporter

DRB0124 34 iron-chelator utilization protein

DRBO0125 39 iron ABC transporter
Unknown function

DR2333 2.5 hypothetical protein

DRC0003 22 hypothetical protein

DR0040 23 hypothetical protein

DR0202 22 hypothetical protein

DR0228 21 hypothetical protein

DRO0308 . 22 hypothetical protein

DRO0351 2.1 hypothetical protein

DR0688 2.0 hypothetical protein

DR0792 2.1 hypothetical protein

DRO0820 22 hypothetical protein

DRO0854 22 hypothetical protein

DR0931 22 hypothetical protein

DR0942 22 hypothetical protein

DR1010 2.6 hypothetical protein

DR1047 22 hypothetical protein

DR1092 2.0 hypothetical protein

DR1254 22 hypothetical protein

DR1528 2.1 hypothetical protein

DR1584 24 hypothetical protein

DR1761 32 hypothetical protein

DR1783 2.1 hypothetical protein

DR1888 2.1 hypothetical protein

DR2103 2.1 hypothetical protein

DR2200 2.0 hypothetical protein

DR2230 2.0 hypothetical protein

DR2282 30 hypothetical protein

DR2297 2.1 hypothetical protein

DR2411 21 hypothetical protein

DR2450 23 hypothetical protein

DR2520 2.2 hypothetical protein

DR2604 29 hypothetical protein

DR2628 22 hypothetical protein

DRA0101 2.7 hypothetical protein

DRAO0302 2.0 hypothetical protein
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{(Dgeol130), P type copper transporter (Dgeo0089), 18] F
70¢] multicopper oxidase (Dgeo2558, Dgeo2590) S-<] -‘r’r%ﬂZ =
o] v BAL N2} D. radiodurans?) 7% A7) kO
2= 73] 1‘4}/\}% Y YurAe] PE NS uLyda 27} 91
MEHn) w72 o

0] =k 5%7<] ] & hypothencal protem'goloi/\ﬂ D. radlodumns/]
T2 oA B vhS WS S4B Rssle) aha)
Yt D. radiodurans®] 3,187 ORF % ¢ 10007 o]4}o]
hypothetical protein®]21(25) Vacuolar (V)-type H*-ATPase, uracil
DNA glycosylase, G/T mismatch-specific thymine DNA glycosylase
& ZEYE AGe T A So] JPRE AR A (100
oA 719 welal el Al Al aEsE kel p,
radiodurans¥re] I Al2lo] EAY S Qlvhs F4E 7}
58HA Ptk Microarray £-41 23} ZH|EAE d iale] @
e AoR FAHEE T M operon FAAEC] Hke] e
ol EA] Al TEo] Z7}5IATHTable 2). ©1= D. radiodurans
o] 7] tiAl Aladle] A o]-9] olg3t BeHo] ke AL
B ARMMEQ] S cerevisaed] 7-2-9F 7o) Fa]s} Hol vj
APE o] S B9l S UATH24), Wb o]F A
= ol FHAE dtez Hesigin

50|20l 2 DRB00142f DRB0125 SR Xto] W 5}
T8, FFEE, ok, U, F, iyt 5o 3% o]y £
(BCS) B &E(Dip) %ﬂ]oliﬂﬂ'%~ HA7¥8te] % operond] A
A FAAte] BHES o E FFo| A gRTI-PCRE 391519
ThFig. 2). $ET= comparative method (244C WS o] &5}
o 34 B ZYESFE M7l F 308 S}t vlokste] wAg
AEe) FRA WS 7)F o= Mo} AHo g AEgc
(9). DRB00142] &&e wgme] felo} A 1 2704 wd
o] Zkz+ 119 Z718}9ithFig. 2B). T18]3 DRB01259] W] o
Al o] T} H 117 2ANA 27 gl 1E)a 3 =
7F 3lAck(Fig. 2B). T HAARS) AAA) wd bt Al
om, e AL 7h=4, ofd, YA, 1elm w7t So 2
ol tﬂsﬂﬁg 248 7}8F wrElo] Zvlslant. e

2] 4
O|E3RHER] BCSE Auldle AL = operon®} W] HE}

I

0
r

= Uitk ©ebA F ooperong] AHES- He] B EL-J A= )
T2 A 1R o] 9le Ao g e, thokst Rlog<s
o trtell e U¥- BT Aog FH=AT

S. cerevisaedl= A4 AFT vlel o] a] o9&A A
FEA7E A o2 Qls) A} Fele) gl MR Uy
TS 931 3Ith24). BCseF 22 7] Aol EsRE-S A7
& A A2 W el B2 gl Wt CTRIS} FREI
I 2 e Fpell #HE fxAEe] Y] e met
Aol Firlpe} Fthlp 22 78] o4 3 ’“*Xﬂ% a2l
3 Al W d g mdsio) H Fol BEE FRE2SF Co2
o FAAE] HET S7VYETH4). =, S, cerevisaed] FRE?
o} CCC2 T2 FRAEL T8 ¢ A oleg] dHolESSHE S
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( A) DR8 DRE ORB DRB ORE DRB
LDtz ge13 9014 0015 0018 6047
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kb

(B)

15,0 £Cu

12,51

10.0

7.54

5.07

Relative expression

2.54

THEHHTETEHIH]

T T

0.0

S
DRB0125

DRB8014

Genes
Fig. 2. Genomic organization and differential expression in response
to various transition metal cations of DRB0014 and DRB0125. (A)
Schematic representation of the two operon regions. (B) Effect of
various transition metal cations on the gene expression of DRB0014
and DRBO0125. When cells were grown to mid-exponential phase,
various transition metal cations cells were treated for 30 min; CuCl,
(250 uM), CdCl, (50 uM), ZnCl, (250 uM), NiCl, (250 uM), FeCl,
(250 uM), bathocuproine disulphonate (250 pM), and 2,2'-dipyridyl
(250 uM). Transcriptional level of the individual gene was analyzed
by qRT-PCR. The level of each transcript was normalized to that of
gap (DR1343). The induction of the transcripts in each sample is
expressed relative to the amount of the transcripts from non-treated
sample. This result is a representative of three independent experiments.

el e A9, T DalA, e 2 He] uizpdA weE
o] = }6&3} 28} D. radiodurans®] DRB0O014$} DRBO125=
Aol W3 o] F7 e HollM= S. cerevisae®] FRE2
% ccom e 7] Sen 3 4 B8 FAdSe S
U ] adzzo] obd ik he] Z7def|A ‘ﬂ‘?‘ﬂfﬂ A
ZTke welAfe e o] M2 tEths A% 2 4 9]
ATk

A Az

PCR A48 D

7t EAElH S A o] FUEIYernyE F operong] T8
284 BE 042 ZAREL) 18k DRB00149‘r DRBO0125
A2} ol g5 AZFSIAT) Mol T pKatCAT (13)0.2 2]
EE chloramphemcol A FA-AHcayE DRB0014$}
DRBO125 312} Witoll 242} AF¢dste] Alasteict. Wolr3-<]
genomic DNAS F& 0% 3le] DRB0014%} DRB0125 -§-7141<]

PCRE a3t A3} =Z5 pCR AHEo] okE Ro} ¢k 1 kb

—LJ
_.\_4
)
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Fig. 3. Disruption of DRB0014 and DRB0125. Gene disruption was
verified using diagnostic PCR. Lane 1, 1 kb DNA ladder marker
(Fermentas, USA); lane 2, Wild type; lane 3, KDH003 (DRB0014::
Cm'); lane 4, Wild type; lane 5, KDH004 (DRB0125::Cm).
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Fig. 4. Copper (A) and radiation (B) resistance of wild type, KDH003,
and KDHO004. (A) Copper resistance was measured as described
above. (B) Radiation resistance was measured after gamma irradiation
using a Co-60 irradiator (AECL, IR-79, Nordion) at a rate of 70 Gy/
min. Irradiated cultures were diluted, plated in triplicate on TGY agar
plates, and incubated for 3 days at 30°C before scoring for survivors.
The data represent the means of triplicate experiments with variations
ranging less than 50% of the stated percent log survival value.
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ABSTRACT : Identification and Characterization of External Copper Responsive Genes of Deino-
coccus radiodurans
Min-Ho Joe, Sang-Yong Lim, Sun-Wook Jung, Du-Sub Song, Young-Ji Choi, and Dong-
Ho Kim* (Radiation Research Center for Biotechnology, Korea Atomic Energy Research Insti-
tute, Jeongeup 580-185, Republic of Korea)

Global gene expression of Deinococcus radiodurans, a highly radiation resistant bacterium, in response to
excess copper was analyzed by using oligonucleotide microarray chip. Among 3,187 open reading frames of D.
radiodurans, seventy genes showed a statistically significant expression ratio of at least 2-fold changes under
growth conditions of excess copper; 64 genes were induced and 6 genes were reduced. Especially, two operons
(DRB0014~DRB0017 and DRB0125~DRB0121) presumably involved in the iron transport and utilization
were the most highly induced genes by excess copper. A quantitative real-time PCR assay revealed that
DRB0014 and DRB0125 are highly transcribed responding to excess copper and 2,2-dipyridyl, an iron chelator.
In addition, the transcription of both genes was not changed by excess iron and bathocuproine disulphonate, a
copper chelator. These results suggested that the copper metabolism may be closely connected with the iron
transport and utilization in D. radiodurans. However, the disruption of each gene, DRB0014 and DRB0125, did
not affect the copper and radiation resistance, the most well-known character of this organism.



