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Abstract

Metal ion-induced and it’s regulatory genes were screened in virulent Salmonella typhimurium UK1 and tested cross-
regulation with various stresses. Using the technique of P22-Mud](Km, lacZ)-directed lacZ operon fusion, LF40 cuiA::Mudj
and LF153 cuiD::Mud] which were induced by copper were selected. cuiA and cuiD were determined anaerobic cop-
per inducible and copper tolerance response gene, respectively. Also cutA and cuiD locus were determined at 81 and
8miin, respectively, on Salmonella Genetic Map. The two regulators were identified as cuaR, and cudR, which controls
cutA and cuiD, respectively. cuaR and cudR appeared as negative regulators because the expression of cuiA-lacZ and
cuiD-lacZ were increased. Copper adapted UK1 showed high resistance to H.O,, but cutD did not. The product of
the cudR locus was responsible for decreasing the tolerance to copper and H.O,. Furthemore cuiA and cuiD locus
were found to be part of a regulon under the control of a trans-acting regulators, 7poS, oxyR and relA. Therefore, the
results suggest CTR participate with oxidative stress on Salmonella.
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Salmonella typhimurium®

Aolth, dutdog F&Ho|LEL MAES X AHA
£ ARAS, AEFee ¥y 2 A Boqe
a2uHge Ad 59 2 24 depdva €A Ao
457910 B3] 334 o] % =g R 7R 52
dg) g3 ARl o]F FEULE o|9d] A3-&
4 ukgo] WeaAe BRI Ee B EAEES T
ks 45945 9A £& TR
Aoz gA Ju®, dA o)F F54
o2 EAEAE § FE3o #dF
53 9tk HTo| Thorvaldsen 522 beta-galactosidase
(lacZ) report FAAES o438t Candida glabratalX
copperst #d3 AMT1 metalloregulatory trans-acting
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Table 1. Bacterial strains

Strain Source Relevant genotype Reference/Source
SF530(UK1) virulent Dr. J. Foster
JF2690 UK1 7p0S::Ap Dr. J. Foster
SF648 SL1344 rpsL hisG colicint+ Xyl- 7e/A'Tn10 virulent Dr. J. Foster
TT7542 LT2 oxyR::Tn10 Dr. M. Spector
LF40 UK1 cuiA’:Mud] P22(SF261) X UK1
LF54 UK1 cuiA:Mud] zxx.:Tnl10 90% linked to cuiA Tn10 pool(LF40) XUK1
LF62 UK1 212.:Tnl10 90% linked to cuiA P22(LF54) X UK1
LF153 UK1 cuiD::Mud] P22(SF261) XUK1
LF171 UK1 22x.:Tn10 100% linked to cuiD Tn10 pool(LF153) X UK1
LF172 UK1 cuiA::Mud] oxyR::Tn10 P22(TT7542) XLF40
LF173 UK1 cuiA:"Mud] 7poS. Ap P22(JF2690) X LF40
LF175 UK1 cuiD:*Mud] oxyR::Tnl0 P22(TT7542) XLF153
LF176 UK1 cuiD:"Mud] rpoS::Ap* P22(LF153) XJF2690
LF178 UK1 cuiAl’Mud] 7elA:Tn10 P22(SLF32) XLF40
LF179 UK1 cuiD::Mud] relA::Tn10 P22(SLF32) XLF153
LF186 UK1 cwiD:Mud] zxx.:Tnl0 Tn10 pool(UK1) XLF153
LF190 UK1 cuiA:Mud] zxx.:Tn10 Tn10 pool(UK1) XLF40
LF194 UK1 cudR::Tn10 P22(LF186) X UK1
LF257 UK1 cuiD:*Mud] pLJ4{cusD clone) Kredrich pool XLF153
SLF32 UK1 relA':Tn10 Dr. J. Foster
SF464 SF1 pNK972 transposase(Ap’) Dr. ]. Foster
SF463 SF1 mini Tn]O0dtet(Tet") Dr. ]. Foster

Isolation of metal ion induced mutants

MudJ(Km,lac) Transductants
(ca. 40,000 cells)

o 0o 0
o O 0O
o 0 0

Microtiter plate
I

' '

o 0 0 o O O
o 0 O o0 e
c o0 Q0 O
Mac plate Mac plate containing metal ion

Fig. 1. The screening strategy for isolation of metal-ion
induced mutants. Transductants were cultured in
microtiter plates at 37C for overnight and then
inoculated on MacConky plate which was con-
tained metal ion. Solid circle was showed red
color on MacConkey plate containing metal ion.
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3l gydog AgHe EQHCIAESS mini TnlO
pool& Aliabadi 59" W& WAt AU tra-
nsposase frAAE ZE Ee20E pNK972E 478 SF
4649] highly transducing phageE AH&-3t] Mud] €%
HolAd Setruj=g PAEAEY, o] 759 mini Tn
10dtet& 43 SF4639] phagest FAEsIY HAHE
22YES 5ml9 LB brotholl (S 10" cells/ml) 3%
t}, et ALS 500ml9 LB brothdll FE3he 1A%t
AgEok(37C, 250rpm)3tL, oJ71e] 1ml®) HT SF1
phage 9% 37kt 20417 Ak FaAT WES 1/
1009 FEZ chloroform$ ¥ @=ste] AFAEES
o % ohe, 9482(3,000rpm, 30min) &t} 2 EEW
o] 59 TnlOdtet pool& AZ3ct

FEXIS| mapping2} 2hed
Mud)7t AYE 129 $2L Tn10°] Mudjel I3



AU Ee Mud] Wil AE 278 dA22 Youde
rian 5°® 121 Benson¥ Goldman9® ¥ & W F e
FY3AT Mud® 98 AR Tn10°] A€ #F9
g8 7tzte] EAHOlA Tnl0 poold UK19 A=Y
< %%} kanamycin® tetracycline 25 P4 & &
et FxUeS sy, d8d 4FES UNLE hi-
ghly transducing phageZ A& o}, o] phages} UK19]
FA=YS A3t Mud9} Tnl10°] o 90% o A
4 @55 Aoz oo A EE Mud] UH Tn
10 & Mud/¥l Tn10 #5¢ #Y¥d 1mlg 4
(12,000rpm, 2min)3lx HFHESE E $FE902
AAE o-F 1mie] YT SF & et Eojd
g5 0.1ml& Nunn F#uA|(tryptone : 10g, yeast
extract ; 5g, NaCl: 10g, glucose : 2g, chlorotetracycline
hydrochloride ; 0.05g, NaH.PO, * HO ; 10g, fusaric acid
(2mg/ml) ; 6ml, zinc chloride(20uM) ; 5ml, agar: 15
g dDW : 1L)o =23, Salmonella FHAGeM oF 3
min ZAH2E oJul fH] AA7F LI Mudpst
MudQ phageE< < 5—10ul¥ ¥oj=# Tnl0°] MudP
/QsH ZAHE E2UEY S §¢oz s #3
#E ZA3Ath MudP/Q mapping setol AMHEEE 45
&2 Salmonella Genetic Stock Center(SGSC)Z+#H £
uroro ™, phage® £VY|¥ Benson¥} Goldman9® W&
AHE3IE T Mud](Km, lacZ)9] 932 B-galactosidased]
A2 AP one B3] TALZANM copperd
A FHe BE= 4> FFE 0D600nm=0.4 7}
A A2 & copper(25ug/ml)E #H7l8te 1A &
< A wjFdE A3l B-galactosidase assayE
F3tgh

Metal Tolerance Response XA}

228 Cu fr=A EQH)AES ez T gt
WAES A7) $8te] Copper Tolerance Response
(CTR) ZAFE FY3Ah EddeladT SG &aHA
(pH 7.7) AvjFdE 1/3009 ¥ =2 FY3 A
%3] OD600NM=0.47} =& AR FE T, CuCl,
7} mg/mlo] HEE H7RElu AZEE AT AEES
ZAP3tY CTRE ZAFSIYHLE g&ol2o dg ¥
0e $78905%Y 45 aALEL CTR A 2

WwHog Egdel #FE 0D600nm=0.4717 WEF
%, copper® 0.6mg/ml9] FE2 H7}13l4 copper 2
A, FAsA e AR g oed WF
o 1mlE Y4%2(12,000rpm, 5min) 3t #AE 34
3a, SG H2HA(pH 7.7)2 AHE o2 20mMY 5
EZ H,0.7F H7FR SG #HaAwj el OD600nm=0.47}
HE2 HEE F AEE A2EE 2 43 23
Wy o ng AAdQ.

cuiD RHMAe| 224

Salmonella DNA HHE0] Fe}2v|= pBR3224] &
A3H= Kredrich pool 49 0.1mi% LF153 cuiD::Mud]
viokel 0.1mlE 3431 LB H | X|(Ap, Km) ol =23}
o WYttt FEEYAES L= copperdl W
WAeE 2AOEA CuiDERE Ze 8¢ Ut
Kredrich pool2 U. of S. Alabama$] Dr. Foster 2%-F &
ofutoba] AE-3}YTh

EERe N E-,

2E0[280| thEt S typhimurium) ME

S. typhimurium UK1S U422 minimum inhibitory
concentration(MIC) & FAMg 27} Table 29 Ve
Atk Table 28 Z#E nigo2 MICEG $dA W&
SJAAMF oA Athe AL AN T AR 2
AVst A3t copperg A€ Mn, Co, Mg, Zn, Ni, ¥ Cr
59 F&0)2 EAFA = R Hlaste] FASH A
A5& Yeflit(data not shown). 131} copperd 3
7b8ted b} FARA ZH|A Zzb el AR, FAkA
F A UK1°] A4 A o}, coppere FAtAaz7)
AS. typhimurium @] AZAZ Qe FL3o] B A}
(Fig. 2). &, S. typhimurium®) anaerobiosis= copperd|
o3ty AFFH e, o] e Ae FAF FuUAT
&8ln) 2§ AFEY §37 el ¢ wdEAgE
Salmonella®) copperol] 3t WH8-4L Lee 012V HTE
E. coiste M2 oldg ou)dit,

E01810{H|2| copper?} pHO| CHEH B2
P22 HT 105/1-int% °183td Mw]E HA=YAZ
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Table 2. The minimal inhibitory concentration to va-
rious metal ions on S. {yphimurium UK1

Conc.

6.25 125 25 50 100 200 400°

Metals

Cu + + + + - - =
Mn + + + - - - =
Co + + o+ o+ - - -
Mg + o+ o+ o+ o+ o+ -
Zn + - - - - -
Ni + + + + - - -
Cr + o+ o+ + - - -

a + Unit was ug/ml, + ; growth, — ; no growth

06

OD600nm

SG containing Cu

6 7 8 9 10

5
Time(hr.)

1 2 a 4

Fig. 2. Anaerobic growth rate of S. typhimurium UK1.
Cultures were grown overnight at 37C in mini-
mal glucose medium and then diluted 1/100 in
minimal glucose medium containing copper(25ug
/ml). Anaerobiosis was achieved by overlaying a
tube of broth with 1ml of sterile paraffin oil.

o 40,0000 EHHOIAESE Fig. 19 HFCZ Mn
(12.5ug/mlb), Co(25ug/ml), Mg(100ug/ml), Zn(3.12
ug/ml), Ni(25ug/ml), Cr(25ug/ml) % Cu(25ug/ml)®]

F&o)2ES Yoz ZAR AW, copperd] FEHE
cuiA”:Mud](Km, lacZ) % cuiD: Mud](Km, lacZ)-& 2ol
Aok 23 EFHOIAES U oE 4 B FAez
I2|3 pH WEEHRE 2AME AP Table 49 Uehd
At} Table 4014 E& vhe} o] Aag} oty =7
&4 copperoll W& cuiA%} cuiDe] LHEE coppers
A stA ge Az Hud o 47 7oujst 7.44 T
7valgem, A zAse wEdE EAQFA e Ao
2 Yeiygth F4he 9ge UM copperdl W
cuir® cuD® THEE 47 279 2.899 22642
et meby oA Tk 2404 feEHe A%
o]HA, copperd EAF A B WAt FA3 A5
3t copperstel A& 2AIAYL e AoR B
caiDe Athst 47 M Ldse FAA o A,
EQHog TAAY AMZANA BRI Svlse @
A& JeRiYY, ojn] Had FiAzAGA frEe £
AAEol copperd] ttd ZATHARI EAst=AE
Aliabadi °]*® 2R3 aniC, aniA, aniG, amiH L anil
55 42 E copper ArEAS FAIE ZHdata not
shown), 4719 FAASE copperdll W3 ¥H&Ao] Ad
e Aoz Yehd, B A7 2dd avAv AE2LE
anaerobic inducible +3A2 QA= Arh

cuiA®} cuiD2| mapping

LF40 cuiA::Mud]$} LF153 cuiD::Mud]® TnlOdtet
poolg 183l cuiA%t oF 90% ATE X Tn100]
ZA8e LF549 cwiDYl Tn10°] AY¥ LF1718 95
Atk £ LF54 TF9 P22 lysate® AH&-3ted Tn10%
ZA3HE LF62T3S 9%on, o) LF549 LF62E
© 2 MudP/Q rapid mapping& A= AH, T 45 BF
81minol4 Tn10dteto] MudP® MudQE X §s ol 2
Ug gAsigen, LF1719 Aol % 8ming Al
A 22U BREQAY. 1322 Salmonella®] KAAA

Table 3. B-galactosidase activity of cusA-lacZ and cuiD-lacZ with various metal ions

Aerobic

Anaerobic

Genotype

None Cu Cr Co Ni Mg Mn

In None Cu C Co Ni Mg Mn In

82 29 15 27 29 22
56 73 69

cuiAlMud] 0
cuiD > Mud] 98 1784 65 33

29 222 948 233 42 133 178 241 107
59 0 446 73 41 71 79 115 72
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Salmonella typhimunium} F40) o] he FAF WS

Table 4. Expression of cuiA-lacZ and cuiD-lacZ in aerobic and anaerobic condition

Aerobic Anaerobic”
Genotype- pH7.7 pH5.8 pH7.7 pH5.8
with Cu  w/o0 Cu with Cu  w/0 Cu with Cu  w/o0 Cu with Cu  w/o Cu
cuiA 70 0 0 1529 539 402 64
cuiD 784 106 683 226 0 260 520

a ; For anaerobic culture with copper, cells were grown upto OD600mn=0.4 and added copper. And then cells were

cultured for an hour and assayed for B-galactosidase activity. Values are averages for triplicate assay.

=N cuiA%} ciDE 22t % 813 8min®] A EA
o] ¥t} 2o Gupta 501'% E. coli9) cuth, cutC,
cutE, cutFSF FA13E 7158 2t ses FRRE S typhimu-
numAA BAGH o, o] {FHAE Salmonella genetic
map}9] o 25.4minol HA|3E AOE HuHYoL) &
AFNA BAE awiAd cuiDe 27 813 8minol HX|
gto], 7]&o] 4R copper WAFAAED = Aol¥ #

Arz e g

cuiA®} cuiDO| CHEt rpoS, oxyR % relA F1}

S. typhimurium® 4H3 2 starvation stressoll ZHFA
AZA LA rpoS D relA 2|3 AR AN Salmone-
lla®] hydrogen peroxide 1(katG) ZERAAEAM U
oxyRY#2Y A FZABA S Lol y] H3le LF40 cuiA9}
LF153 ciDE A2 oS, rdA 2 oyRY 47 o]F
EAHOIAE W5 LacZ HHQFE ZARIATE Table

oryRe) G glv Aoz Yelgon, 53 pH79 A
2z A LacZe] B4 =7t F7H8 T cuiDS] Aol e
D Fatd FPoAM 747} LacZ HE9 F7He BAH:
2B ppoS, oyRY rlA T ZHAFHAES awiAS
oD FAAY HAE 2Ase Vg afdte A=
gel= At webA] katBe} katG Ao B8hs rpoSSt
ogyR 59 ZAFAAEL cuiAs} cuDe ZEE #AF
g & = ok F oxidative stress$} copperd] A& &
HAAALE on)sid, olzre HEL copper’t H.0:0 ol
3 A= g F7hA7ce CTRY Agets dAdhe 3lo]
.

cuiA2} cuiDe| ZEFHX|

S. typhimurium UK19 Tnl1O poold cuiA® cuiD &
A3t copper’t &#¥ MacConkey ¥l ) doll A
ZARFAANZ 29 43 LF190 cuiA:Mud] cuaR::Tn

594 He "ot Po] iAE oS, redA 18I 108 LF186 cwiD:Mud] cudR:Tn10& 273
Table 5. The effect of rpoS, oxyR and relA on cuiA-lacZ and cuiD-lacZ
Genotype . Aerobic . Anaerobic
with Cu w/0 Cu with Cu w/o Cu
cuiA Mud] 81 0 1819 548
cuiA " Mud] 7poS::Ap* 225 53 1902 1089
cwiA:Mud] oxyR::Tn10 377 95 766 478
cuiAMud] relAITnl0 308 36 521 1166
cuiD’*Mud] 798 110 246 2
cwiD:Mud] rpoS: Ap 784 88 260 112
cuiD:Mud] oxyR::Tnl10 793 54 316 109
cwiDMud] relAITn10 786 89 218 88

Values are averages for triplicate assay.
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th. o]§ RAFAANEY Tnl0EAHIMEL cwiA-lacZs
cuiD-lacZE 843lske 222 JYeld(Table 6), cuaRS}
cudRE cuiAt cuiDo] thst) 242t $493 2H 4o
e Aoz w3Hth LF186& P22& ©]43lY highly
transducing phage® TE, ©|§ MY UK1H ¥Ax
Yt 2EKAA ] Tn100] 4YE EHIA LF194°)
9i¥ CTR At ZFe Fig. 39 el gich Fig. 3004
B vig} o] IF194€ ofE UK13 Hjwaly 6004
% 1089 BEE F7HE el Q2N copperd] WE ¥
& HEEE EAFAch m2tbA] cudRE copper sensitive
o #ode FAAYe] wAT

% Log Survival
Thousands
8

1E-07

Fig. 3. Log-phase copper tolerance responses of S. #yphi-
murium UK1, LF153 cusD::Mud], cwiD clone that
located in LF153, and regulatory mutant(LF194)
of cusD. Cells grown to mid-log phase in salt mini-
mal glucose medium were challenged at copper
condition(mg/mi). The bars represent average pe-
rcent survival(+/—0.5 times the stated value) at
copper condition after O, 2, 4, and 6h.

Table 6. B-galactosidase activity of regulatory mutants

S. typhimurium2| CTR

#2138 copper F=FHA ewiAd} aiDE WAL E CTR
FAME FY% A3, cuiAe copper inducible genelZ,
cuiDE copper tolerance responsed] #odhe {FHAZ
B9 & Fig. 3914 B ule} o] oY UK1S
837194 copperdll Wdte 6ANAAE &L 7
290 glo] ¥& WASE BHeFglon) LF153 auD::
Mudj€ 2A1% 279 viasta o 1008, 441339
€ %F 1069 AEE FAE BT, CuiDE copper
tolerance responses] ¥+ 75 Bde Aoz W
ok cuiadl ¥ CTRS 2 WAYHEZE UK13 F438HA
Ul copper #EA FHAZ ¥AHcHdata not
shown). Kredrich poolZ2%E #53% D 8¢ %
Ee20E pLJ4E 538 LF2579) W3 CTR A1 23,
o ¥ UK13% frAKSHA| copperdl] Wi 4d5-S 383
Aoz FFs o, pLJ4dE cwiD f AR} EAde Aoz
FAH Ak

cuiD2} oxidative stress®] mXid &}

copper®l] W& Salmonellas] W43 ot 87 stress9}e]
uAET] et AR A3} £534A CTRE oxidative
stress9} BHE BAV} ERse Aoz BHAL F cop-
perdl ASH Solmonellat H,0,0% $58 A¥5S U
guie, 2 dFe Fig 49 59 dehd gtk d#=A837]
A AR copper(600ug/ml) H¥-& FE3le] F2%
HFE UK1L H0.0 tdted %2 A¥=E Yehl, H,
0. 33%AE A&HoE ARF F71E RAFYT 2
2t copper®] A48t ¥ UK1L H.0.33 241 ¥
of ¥ 10,00089] MFF #AEE Udebdh o€ E. colidl
A copper®] AL A= MEY superoxided] FEE F
7HAA oxidative stress® AFHThs Ao 243} &

Aerobic Anaerobic
Genotype with Cu w/o Cu with Cu w/o Cu
cuiAi:Mud] 85 0 1529 530
cuiA:Mud] cuaR::Tn10 1581 1761 1480 1609
ciD::Mud] 787 112 243 5
c4iD::Mud] cudR::Tn10 1791 2851 4105 4163

Values are averages for triplicate assay.
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Fig. 4. Effect of cross protection to hydrogen peroxide.
Cells grown to mid-log phase in minimal glucose
medium were subjected to adaptation protocol
with copper(0.6mg/ml) and then cultured for
overnight. Adapted cells were collected and chal-
lenged in minimal glucose medium containing 20
mM H,0,. Unadapted cells were challenged di-
rectly to 20mM H,O,. The bars represent ave-
rage percent survival(+/—0.5 times the stated
value) at copper condition after O, 1, 2, and 4h.
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Fig. 5. The repair of CuiD in LF257 containing cuiD
clone. Cells grown to OD600Onm=0.4 in salt
minimal glucose medium were treated with cop-
per(0.6mg/ml) and cultured for overnight. Ada-
pted cells were collected and challenged in 20
mM.
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AR oz #NdE 4 Aok DY Afdle didz
oxidative stressoll T3 AP5o] e AR YR, co-
ppers} oxidative stressol B3hE F2 FEAE WA
th auD 285 %€ FTPH2TE plj4E 4 LF2579
RALE L oY H FAR WAZE FETOEA, plJ4
E CulDE AAdE Roez2 FAHUN(Fig 3 and 5).
HEH 2 coppere B8] A9 A A cofa-
ctor £ 4 AL A% ol e} Salmonellad) THH =
A9 2% signal2M9) 715 ¢ &fshe Roeg By
A5, copperol WA wiAS culDEE ses FrAAY 9
Ao Aol g S fyphimurium®) NZ-E copper F-
FAAZA #HAT. 53] o] FAXEC] npoS% amyR
Y 2ARAAY s EAdhe AL Salmonella®l
HEATHE daAo Az & £ AT Aotk

TSI 4

WAXN Salmonella typhimurium UK1ES WAL 2 thosl
B stressE FoA FEol g Ldde ARG 2 &
AFAAE gA8D, UE stress AP TAEHE =
A}, 228 AREElY Mud)(Km, lacZ)7F DNAAo
AYE EFGHOAES Y F&olE0 ¥ Mac-
Conkey HiAdolA 48 H# copperol A GH3e LF
40 cuiA::MudJ$ LF153 cuiD::MudjE ATk cwiA®
anaerobic copper inducible gene®2 ¥ AL, cuDe
copper tolerance response®] ¥odhe FHzZ AHA
o, o8 FAAE Salmonelad FAARANTS 817 8
mind] 2zt YAk Aog ZAEUT cuiAS cwiD
ZAFAA cuaR} cudRe BF cuiAdacZ® cuiD-lacZE
F7MZ 22 A negative 2HRHERZ FAHAT. cop-
perol A& UK1o] H,0.9 & A5 EAske A
He g, cuDe H0.9 AgAde] EAA G e
Webstth CudR copperst H0,9 that AR Zhaol
Bosle FAA AEE BAAY EF iAY cDES
7908, oxyR¥} relA 59 ZAFHAAEH F32AAAA)
B0, Salmonella®)X] CTRE oxidative stress HH3-3}
4% A0 sle Ao ByAd,
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