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Research advances on zinc ion resistance mechanisms in bacteria
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Abstract: Zinc, thoughan essential tracemetal element, is toxic to the cell at higher concentrations. Mechanisms
to evade metal ion toxicity are prevalent in bacteria. Mechanisms of zinc ion resistance are summaried in this
paper. They range fromefflux, sequestration, post—efflux binding tometal-responsive transcriptional regulatory
proteins. Efflux—mediated zinc resistance mechanisms include RND system, CDF system and P—type ATPase. All
these mechanisms aimat reducing the intracellular concentration of zinc ion so as to protect the cellular targets.
zinc ion resistance isnot unique function, but the result of multiple resistance systems. Mechanisms of zinc ion

resistance are particularly of interest. It helps in the understanding of the homeostatic control of managing the

excess amount of metal.
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oAt Ty fie 4 & 21 38 P R I 5 A A s AT R
Rk, R 5L | 2k, XPDNAL AN
MG = o, KR Zn? b4y Bk
AR IR RE I AL R, REMRPIRAER], X AR
WA AR T o AT I R Zn® A AR 4
P, XPEREEIE Y P SR E T e TR,
T3 e A Py n] 3 O S B R AL RS A U 45 R
Zn* BIBhAPAET, NI & Zn2 (et = A i v
171 O

A M AEmEA T, WEERE N E. A
BT BT A 2R, AT Bk
AW B R Sy, BRI REE R S
AEIAR T AE FH I BRARREA o XA [R)p JE 4i 1 Zn®t i
FEVLEIBT R, AR B n] DAR] ) B — Rl 22
FIHLEIR R FE L Zn® PIRFE, i H AT oT 4 R
KE, MR Zn® PN 2 A
L (0ffresistance—nodulation——cel 1division-RNDEE A
H iR cation diffusion facilitators—CDFEE [ S EA
P-4 ATPase) « ZEEHLHIFISMEE &5 G HLH (B 1) o

1 SMNHEHLHI

MpEHEH Zn> FOHLHI 2 =R, Gl R
G I B ok 5E ;. 3G T RND B A K% CDF
HEAZK WA P- A ATPase [IAMENLH], Horb RND 2
1R I AMHEN L A 2 2% BG40 B T4 A5« RND
ANHERLI I R BB A, BT DL AEAE T 924 [
FIPERE § . i CDF 2% (981 P— & ATPase J& 1 #F 5E
IR, Aelsdl b B In> s s

N MR O

E1 W& Zn* HrIEHLF
A: RND HAKIEMIMENLE: B: CDF & A KRR AME
Pldil; C: P- B ATPase WIAMENLE BEKITTE: R
TSR TAGNEAN: KOATLE: MRRh 58S
THEENEERET MT) ¢ AENEE: Mih 585
TEEARIERBABEH I (GSH) 5 WEK: SR T8E
B <2 B 2 e s s EE A

V5 el 1 P SN ik 2 et s Dl a1 D e
25 B P R B P 4 B A A AL

1 1R FH 4 e N2 e s s B L ERE R B T
AT, XEEASRCNSBEF4E, s
Gt 8 B I I . BEA L MRS R AR
R sk o "eAT12 9 MerR FT ArsR/SmtB Kk
HeBmEraia Mo FIAERm, h3 44 Cys
PIFEE . MerR KikE A R 2l 548 5145
G WOE R e JE P OCKE R ) e s T
ArsR/SmtBZ g H Uk 5 4 )| B 145 & e i
0o 4 TR 4 8 25 DU AH DGR DR e s e, A
22 PHEAE R T 18 F BN AR 42 8 & ek 7Eimd
I (AR, G N o S R A A

Cupriavidus metallidurans CH34WEFE R 3EtEAL
e F M R 2 QIR R R, 0 B F ek S R TS
g (gl BE BRAIER) I Tyt IERIE
Kb A T CRI T 2 M E S B HU L,
RND 25 0% . CDF & A 5 %M P- & ATPase ¥7F
75T CH34 Wbk RND R%%, JUILE Cze REA
AT LA gt o 28 3 L A A R 5T N Zn® R
5, b ReRs A ANE R Gz 2 R i ) v o )
In* B DHER RSN B, XA — 564y Zn® 1
BT B A HT e A, Zn® AR T LA
S=MAMERETAF. CzcCBAAMERSG FHANSH
PR Zn® itk [ BERRAK Zn? Xf 265 P— Y
ATPase (ZntA B CadA) F:A 5 FAEH], CzcCBA J&
R In> AMER S, BRI, Cze A& Zn® HutEm
B JEZPifi RS CDF R FE 22, Zn?
M¥%5iz; P— A ATPase IR ATP /K f# =4 ¥ e 1=
LT N I B 1R Zn®t ) A S 1) ) I
1.1 RND ZREEEIIMNEEHLH

EH T 25750 2 A0 4l i 23 A 5 0% (RND) - 2 R
M e B Zn? A A TG M40 R TR A1, E RND
IR B Zn> AMEER A R G, EmEE AW
SRIEHE A RND H KO, HFH N 2 4R Zn?7,
() I 95 22— A7 KT RS Rl 75 B K Zn? H R,
ERMA . ZFBEM B R s E e, R
&, FEANRARH 12 NMESBEXIRA R, S5 Zn il
() a1 S I o BRI AT R 57 1) DFGX,DGAX,VEN
Lo

T4 B RND 3R B 1) Zn? AMHEDL IR 5215 LE R
RN CH34 BRI Cze REE. il Cze RGN
X (czeC. czeBF czed) @A T-1% % B FURL pMOL30
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L, HIEREP“P CzcA. CzceB fl CzcC A4 58
LR A IE 82 CzcCBA 6. H, CzcA g
T RND BHIEM R, 2HETF/ RnEizEEA,
S B JIRIE T A pH, o B 5 GETE % I 1) 32 ot
T, (R T HIAN R R AT — A Zn® g5
R, MRSl s BRI Zn> . RN &
TEAE) Zn? TN HoAh RG s 22 J8 i (/) 1) Zn? 3
e CzcA I Zn? g5 B mi g, A H 5300
RG] LUK R B S Zn? 183 CzeB M CzeC
R ) AL IS (B 2) « CzeA FRAEE 5 N
[ o WRTE () Asp Z 5 R85, 2 TE T 15
B2 —; T CzeB tLEBHAGEAH, &
P20 A o () 5 A AR, 32 BT R BH 2
TIIE, PR T (A RS TR, CzeB iR
I R ARE =R AR, gifglsoh A 8 AN His BR3E,
PR 2 N Eei G CzeC EAMEEH, F2
Z 5 s, MR B e, CzceC Jf
ABEHE CzcA fle, T2 CzeB Wi 7E CzcA
b, CzeCR—MEMED, HERELSEGEEES
T8, CzcCBA X} Zn* W] ky (HIYAE mmol/L 7K, 4&
MU Zn? WL T ks B, CzcABC RGEPIHKE Zn*
e 5T, TS RSN Zn? WREAR T ks fHI, 1%
REURTCIEPGE A 7%, il CH34 BiARMIpY Zn2*
M A& S Te sk, m/RRE 2 1o,

RND 22 43¢ 1) ML i 35 A7 T oAt 4 22 [
BHH B, Gnil 2B P B (Pseudomonas aeruginosa)
CMGLO3FISE SLAB AU 1 (2 putida) CD2BAKMICzr
ARG RN (P putida) KT2440 WERIK
CzcCBA1FICzcCBA2 2248 Mo Wi | JWRAKT 4 (Helicobacter

e T ADP+P @ ATP
- L

- o P [ ]
GsH
B2 ¢ metallidurans CH34BE#kZn? SMNHEF I
K 22 B A 4K CzcCBA B AMIAMIENLE]. CzeD &
IR AR HENL IR Znt A 85 1 (R ANEERL I

pylori) Czn&R&E113 Coris A LL M CzniE H 5 CH34
IR Cze RGEHA S AR, b CzrA Al
CznA J& T RND S K 01, 5 CH34 Bk Cze BY
PSRRI R AL, A Zn2/HY )ik B it
MR, R PEANE Zn2e o),

RND Z2 Ze AN T LA ek o 300 108 42 4 A 4 e
WUTP Zn® (R, B RER H A AN HE R Si s 2 )
SRS [k ) Zn? 2D HEH BT X AT
— 53 Zn?t FERE NI BB BH IR S g, PRl
Czc A& In* PUiEMIE — B RS
1.2 CDF ZREEAISMHEHLH

BH 2514 B 505 (CDF, T.C.2.A.4.1.1-2) 2}
SEFEEAFER, At -HEEsESET, K
2S5 > [WEEIEY . 4i# CDF & A e T4l i
U, FEA TR R Zn?t WKLTE N B is 2 R R
), FEARMLPY Zn2 WREE, J&TBHE -+ /H i shHE
ARG, AT LIORIE TIREERL B . 228 bh
Ay, ApHECK BiEESENS Bl ZRIREAZ H
3007400 NEIEMRRIEAL L,  FAT 7SN ALE I 5
SR, —AMRRERI N- SRR TP — B
His FRIEM 40 08 25 78l e X3, i X 38T LA C-
Ui 1, N= o, L A A6 T 55 DY 5 55 T R T 2 [T
LB RE R IR R I TR T . SR TLRIER
IS IR TE X 3, AE T e B I Tl aE o), CDF
RAFEN MM EFHATHAZ, I B IPERE
ISR, VA (7422) pm Z 6], Zn* k74
pm, IEUFIELEILIX Y, IRZ 4@ 7, 1 Zn®
Yy oeimad ARR o R G EE N N, T
CDF RAAEH ML AN 2 R 11046 8 BH & 1 (45 d & Zn*
He I R A T R A

CH34 Wtk & A 3 M5 Zn® 121 CDF HH,
Bl CzcD. FieF #1DmeF. czeD EALT ki pMOL30
b, Gefd RS A CzeD, HEH His KIERES &
2734 Zn* 1T, CzeD REm Ak is M It f 1) Zn?,
FEARMI N Zn2 WRJE, JF4% CzcCBA REIMRIL,
PEmfE BT Zn2 Bk (B 2) 5 Migmi FieF Al
DmeF [ PREA T R Ak b, B e A B U=
KT E (Escherichia coli) JG eSS HAE E FIX 72
FEAERUE; AR O CDF A, DmeF &
P HL PR 0 LT A 000 55 DY 5 28 s ISR e
i), T E— BN I EL C Igle ),

—MI £ coli KZ 4 CDF G H) 2 B Zn* )
AV AYiIiP (FieF) MZitB, W En W n]H 3¢
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TERERIE, IR E1E ERXT Zn? S22k,
CATEN TN b, B S 44 In* 4545, YiiP
(FieF) A [RIZ 24K, 5 Zn» d5G A0 ML T =24k
FMTE RS DU PSR IX 2 (8], ZitBH Zn* 454
PR T BRI IB Hyy v Hisgn Digy A1 Dyge AT
I FH 2% S B P (A P IR T Zn? /H A8 et 1o 200,
M AR Zn2 LR
1.3 P-ZIATPase HISMHENL I

P-7ATPase (P-type ATPase) &/ T4 Jifd it Ji,
FE— R ATP ZKAf == I R f 4E R A P9 2 -5
P Ia AR SR 5ESEYUEM LK ATPase 1
PUR —S8kE k. HARMIER N by, HHA5E
SEE TGN BARTRCPx P, 1
5 CPC. CPH 8 CPS JEJ7, WK CPx— BY ATP fif§;
[ s PEAE T C i 355 75 A5 FEEIX 45K 3443 2 JE IR 1) CPx
By b A DR ST I A 2088 - T 2082 (his—pro) k4
oy, AL A 5 DX AT R R A TR S5 4, %4544
RS E R E Ry EAEE A A, Hrp
WIVR/K ORSFFP AN T Zn? Heis 2 0 HE R,

Zn—CPx— 1Y ATPase /& 41 b e 2L 1) Zn? iz 2
iz, {ECH34 Bk 4ihS ZntA 58 CadA 3L
ENL TPtk L, 8T Zn-CPx— B ATPase KR,
REAH ATP 7K fift = AL R e ot ey A i Zn> ™8 220 (1€ 2)
ZntA BN o & & His X3k S50k & Zn> 456, ¥
41 B 5 PN I Z 2 S ) B O 3 A (R
CadA HAMFLAEH LS Cd¥ Wikiz, HY)H
W Zn® Wk m Iy, AR AN &R S s
REB 5 In IR 20, 1E B REAZ AW i
JRNIE RIS B H K (glutathione, GSH) g5 5>
In* S5 In*-GSH BEW), E-AYN I Zn>
HAWHNT Zn-CPx— B ATPase A ftitia & & i [a],
A 0 ) CzcCBA RG ik I H Zn> -
GSH & &5 1 Zn? s Zn—CPx— % ATPase ZE4H #
DT, WE coli PR IntA B H, WG
PR R RLEC B R  orvE C Z BR R DL A
[ TREFFEE ) CadA. CadAl 1 CadA2 EAYIE T
In-CPx— M ATPases, BN IAHESFRIANEJEE T
iz 14, WA ER Zn LB el ER
i, MM RHEE Zn2, PRGN IREE, $Rm4g
B Zn? ke B 202 Ky, Zn-CPx— % ATPase
E 2 FE 1 B 40 B Zn®* 18 2147 ke 5 JE )
ER 2,

E coliIntREHE T MerRFK ik, N&)EN

Frs iR R Ak, BMEAYSG 124
n*, 54T In? I IntR 5 zntA(zntA4mts Zn-CPx—
M ATPase ZntA) [RIJE3) 454, B ZnZntR-DNA
Y, FEDNA WG RN, WE zntd FEH
(G55, Hi i Zn®t DA I 0T ot tH e . 4
Wt 2K (Staphy lococcus aureus pl258) CadChz
BT ArsR/SmtB S5, Ay < I e e i [
TIRARIHEIR T, A CadC HAK AN o SR HER]
SAS B PTG, AE S VYRS TS E 2 (R B -
A — W2 DNA 554755, CadC HAG WA Zn? 45
B, RIG Zn? G AN cadh HED ST,
Zn® RN 5 Zn* g5, M cad AT/ AT
fif 2, W cadh FEDRFESE, IS @i 2 6
Zn [HLrED 2,

2 ESHEH

% JEfi s A (mtallothioneins, MTs) &I )
B FRAMEN, B Ii6E, fetg ey
5 GSH — i /3 40 i 5052 A 35 i A A I 47 35
MTs ‘&% Cys, BB Cys 4k Gl i 72 mit i
H&RBE 4G, BlEE - BmEEEY.

B MTs R I 22 4 255 ok 22 i i P ik ) ot
T Zn®, PR ERAR BRI 40 M) A5 . 4 e aT LA
FIHMT s 1 Cy s TR AT HI s R 28 5 1 B Ak
BEW©Ee o MTs fEEAZ AP RCHE W, (HAE R A%
AWy, WA E AR T MTs, AT E D)
REZ sty Zn® MOV A ) AR W) 6 AR it Zn s
HEMEE (Synechococcus sp.) PCC 7942 B B MT
WA smtAFFGifh; PCC 6803 WKEMIMT & [
FH z7aASE R G i ) W5 A1 B 22 Bi4E (Oscillatoria
brevis) [FIMT & A H bmth FEF G ., H z7iaA
bmtA GERE Zn* B MK ERIE, N1 REA UL
I Zn> W JE, LA KA B fie W) S 4 i o0t
Zn® [PIPTER, IR e MT 85 (A REIA 746 T2 18 Zn®*
Ptk

SHPE ArsR/SmtB ZEG AL — S B 1) 4 J8 N B e
KR E, RS Zn?t B2 V7 b 3 A
B, Ml Roh R R ARG R RN AT,
AT In?t SRR DNA G545 X8, R Zn2 &5
G, AMHIDNA ¥k 5 In* &G )5, MHEE S
YVIMNDNA bfgeg, ;oA fHE A, s 4
A Zn® HUHEAHSCHE DR R 4 5129 . ArsR/SmtB FK MG i
A0 B Ak, 8 A B £ 1S I8 (Anabaena)
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PCC 7120 BFRMI Az tR A BE90 W RERE
(Synechococcus sp.) PCC7942 F1PCC 6803 B KL
SmtB Fl ZiaR B WA R 22 8L (Oscillatoria
brevis) 1Y BxmR & [ 2529320

GSH fEAh—M&EE r4aGEAarfE2s L
coli In* BN FATAPUTE, & F B Cy s Stk
His BKMEFA, Asp MGlu BoHe S Zn* 455, GSHA
AN SRIERI AR IE S Zn> 855, TR NS A=
glutathionato &4 “J%8+”. GSH Al P- I AT-
Pase ZntAXUSRINE  col i58Z8 RN Zn> HitE ] B~
F%, {H GSH F P- 4 ATPase ZntA KL —58745 fA%}
ZnZ HUPEE AR /N, UEW GSH 7E40 B Zn? Bl Pl
Htl o EEAE R B,

20 BRI PN A7 A K DA i 1251 A il 4 1) Il R
H|EF, WRNA AW, B0 4N e
5 In? WM B A s G, RN I Zn? 6
A0 M A T A A

3 SMEREEHF

ANHEFG S5 A LI 2 BEE A AR B PN
MEETT 2, AR E I & 7 e s S FF
JE B H A A R T ML AR E X . CH34 T Ak
A DA 3o O AR R S BN A0 AR i <6 0 S 1 R
5, AR R 1 B 2 DA IR S S L T
LPE TR RN, Zn & —F A EEAE
PRIIRER G 8 B 1, PR M IR I i N4 A
YOUET BT ) Zn® AT A A, I Zn® ) F
IS i A7 0 6 i o 2 PR P R ) 22 R 3
AN S SR Zn 2 A O fiiFE, i Ptr. UshA.
PhoA., SodC. Rna. ZraP. ZnuA. YodA. NlpD
MYibP &8 AL Zn> W 4fEEDY . Bk, o
Zn* AR S AMRE S G5 (RO SEmg 0] T 40 B 45
LA Zn? JEAEH AR, AMIERLTRE TP
fRbR<e BB E, Make / s AR T4 E e
BTk

4 NG

I B0 4 BT BT EN LRI AE A A S A o —
WP RS, MEZMREHLIEMME L.
CH34 BEA R SAR b T AR MR RND K A
CDF FWRE AN P- & ATPase, % s HitE IR
ARG Hok, EEERAKCPEE, &f
P =MEAFREENSE 2, ik, BARieE

BT I R AT, W CDF 82 (CzeD) 5
RND 8 (CzcA) AR, $w 70 & e & 1 14t
P Bom, ARG RE T e R 5 E0% ILAb,
BRI R m U R R s BR T AR CH34 i ff
TSRS TR GHh, MEEREE MTs 24
BAREMB AP SRR T, PR R
FORT AN R0 T 5 i <o IV 2 e o 2 1 T o
Aol ¥ 2 B A 3 i 2 R AT N < s 8 4L
Phs  EIRHLHA AT AR Py o e g IR,
BB R A E S H .

WA & JO0 R & AR AN I T R AN A
I, PB4 2 R 2 R A P A G AL
HAWHR A B 5 RS YRR T T
IS A 5 1) B DB e T, T < e A Al A B
fift, BRI ) Homt e ke Ty, AE i
BT R E A DOREF A SR AL 1 54T (1 T R T
PE, IR T UER ST, i R AR AR
A AR 22 s e H LI 0w B Y, XA ILE T H
B R R Z AT AR R AR KR T B T
WPk P RIPTIEAMESE F ARAERE, 1 H M
B SR BT R A ERTE 1) T
240 V1 1) R < R PR HLARIRIE 7T S AN AR R 2 1
B, T2 MO R ST TR, T
UE, RN TR A o < AP SR P R PR
JEHLEIABEARR L2, iy H e gt A A RN
2T

X 2 e < SR PR LRI AT AR B i
[ v A AR W AR ) AN B ) 1) < SR B E B
BIH AT 1k, Bk RND S5 ER (I AMHEN LI T-40
AN, HABGUPENUEIAE S AN Y
UESAEAEDS . HANBALE, PRSP a0 M AE 457
AN, DR < T BT Bt AT X
Tl WAR 2 P G R AR (1 2 1 e A I
= (i CDF S5 H 1) Bl il 205 | (41 P 74 ATPase
SENL T 2R L R R IR S A R E) R
M A L R Zn® FE RSN T X B AR s il
AR ARk 2. A B IR Y X
A, Fela . w AR AT A R B v O <
JEE TP, HATE LB R AR 5L
WFE A, ATV 2 A2 LA AR 3 R 1
s AHARSCI B AR T L th x5 stk o DA, T
LA < R PUPEN LR AW SUA AT LU 43t
B NA TR AN B At FCA v 5 A M) 8 AR IK



190

ALY

o 22 %

ZE

PENLED, [ m] 22 4 TV HL AR DRI )

RO Ak T 1) AR P SR A

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8

9]

[10]

(11]

(12]

[13]

[14]

[15]

(& % 3 #
Igbal M, Kenney PB, Al-Humadi NH, et al. Relationship
between mechanical properties and pentosidine in tendon:
effectsofage, dietrestriction, andaminoguanidineinbroiler
breeder hens. Poult Sci, 2000, 79(9) : 1338-44
Ordonez E, Thiyagarajan S, Cook JD, et al. Evolution of
metal (loid) bindingsites intranscriptional regulators. JBiol
Chem, 2008, 283(37): 25706-14
PennellaMA, Giedroc DP. Structural determinants of metal
selectivity inprokaryoticmetal—responsivetranscriptional
regulators. Biometals, 2005, 18(4) : 413-28
Cui J, Kaandorp JA, Lloyd CM. Simulating 7n vitro tran—
scriptional response of zinchomeostasis system in £scheri—
chia coli. BMC Syst Biol, 2008, 2: 89
Kandegedara A, ThiyagarajanS, Kondapalli KC, et al. Role
of bound Zn(I1) in the CadC Cd (1) /Pb(I1) /Zn(11)-respon—
sive repressor. J Biol Chem, 2009, 284 (22): 14958-65
Mergeay M, Monchy S, Vallaeys T, et al. Ralstonia
metallidurans, abacteriumspecifically adapted to toxic
metals: towards a catalogue of metal-responsive genes. FEMS
Microbiol Rev, 2003, 27 (2-3) : 385-410
von Rozycki T, Nies DH. Cupriavidus metallidurans: evo—
lution of a metal-resistant bacterium. Antonie Van
Leeuwenhoek, 2009, 96(2) : 115-39
Munkelt D, Grass G, Nies DH. The chromosomally en—
coded cation diffusion facilitator proteins DmeF and FieF
from Wautersia metallidurans CH34 are transporters of
broadmetal specificity. JBacteriol, 2004, 186(23) : 803643
Nies DH. Efflux—mediated heavy metal resistance in
prokaryotes. FEMS Microbiol Rev, 2003, 27 (2-3): 313-39
Stahler FN, Odenbreit S, Haas R, et al. The novel
Helicobacter pylori CznABC metal efflux pump is required
for cadmium, zinc, andnickel resistance, ureasemodulation,
and gastric colonization. Infect Immunol, 2006, 74(7) : 3845-
52
CailleO, Rossier C, PerronK. A copper-activated two—com—
ponent system interacts with zinc and imipenem resistance
in Pseudomonas aeruginosa. ] Bacteriol, 2007, 189(13):
4561-8
Hu N, Zhao B. Key genes involved in heavy—metal resis—
tance in Pseudomonas putida CD2. FEMS Microbiol Lett,
2007, 267(1) : 17-22
Leedjarv A, Ivask A, VirtaM. Interplay of different trans—
porters in the mediation of divalent heavymetal resistance
in Pseudomonas putidaKT2440. JBacteriol, 2008, 190(8) :
2680-9
ChaoY, FuD. Kinetic study of the antiport mechanism of
an Escherichiacolizinc transporter, ZitB. JBiol Chem, 2004,
279(13) : 12043-50
Guffanti AA, WeiY, Rood SV, et al. An antiport mechanism
for amember of the cationdiffusionfacilitator family: diva—
lent cations efflux in exchange for K"and H'. Mol Microbiol,
2002, 45(1) : 145-53

[16]

[17]

(18]

[19]

[20]

(21]

(22]

[23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Montanini B, Blaudez D, Jeandroz S, et al. Phylogenetic
and functional analysis of the cation diffusionfacilitator
(CDF) family: improved signature and prediction of sub—
strate specificity. BMC Genomics, 2007, 8: 107

Anton A, Weltrowski A, Haney CJ, et al. Characteristics of
zinc transportby twobacterial cationdiffusionfacilitators
from RalstoniametalliduransCH34 and Escherichia coli. ]
Bacteriol, 2004, 186(22) : 7499-507

Monchy S, Benotmane MA, Janssen P, et al. Plasmids
pMOL28 and pMOL30 of Cupriavidus metallidurans are
specialized in the maximal viable response toheavy metals.
JBacteriol, 2007, 189(20) : 7417-25

Wei Y, Fu D. Binding and transport of metal ions at the
dimer interface of the Escherichia colimetal transporter
YiiP. JBiol Chem, 2006, 281 (33): 23492-502

LuM, FuD. Structure of the zinc transporter YiiP. Science,
2007, 317(5845) : 1746-8

Lewinson O, Lee AT, Rees DC. A P-type ATPase importer
that discriminates between essential and toxic transition
metals. Proc Natl Acad Sci USA, 2009, 106(12) : 4677-82
Legatzki A, Grass G, Anton A, et al. Interplay of the Czc
system and two P—type ATPases in conferring metal resis—
tance to Ralstoniametallidurans. JBacteriol, 2003, 185(15) :
4354-61

Liu]J, DuttaSJ, StemmlerAJ, et al. Metal-bindingaffinityof
the transmembrane site in ZntA: implications for metal
selectivity. Biochemistry, 2006, 45(3) : 763-72

Ye J, Kandegedara A, MartinP, et al. Crystal structure of
the Staphylococcus aureuspl258CadCCd (11) /Pb(11) /Zn(11) -
responsive repressor. JBacteriol, 2005, 187(12) : 4214-21
Rossbach S, Mai DJ, Carter EL, et al. Response of
Sinorhizobiummelilotito elevated concentrations of cad—
mium and zinc. Appl Environ Microbiol, 2008, 74(13):
4218-21

Blindauer CA. Metal lothioneins withunusual residues: his—
tidinesasmodulatorsof zincaffinityandreactivity. JInorg
Biochem, 2008, 102(3): 507-21

Robinson NJ, Whitehall SK, Cavet JS. Microbial
metallothioneins. Adv Microb Physiol, 2001, 44: 183-213
LiuT, Nakashima S, Hirose K, et al. Ametallothionein and
CPx-ATPase handle heavy—metal tolerance in the filamen—
tous cyanobacterium Osci/latoria brevis. FEBS Lett, 2003,
542 (1-3) : 159-63

Busenlehner LS, Pennella MA, Giedroc DP. The SmtB/ArsR
familyofmetal loregulatorytranscriptional repressors: struc—
tural insights into prokaryotic metal resistance. FEMS
Microbiol Rev, 2003, 27 (2-3) : 131-43

LiuT, Golden JW, Giedroc DP. Azinc(II)/lead(II)/cadmium
(IT)-inducible operon from the Cyanobacterium anabaenais
regulated by AztR, an alpha3NArsR/SmtB metalloregulator.
Biochemistry, 2005, 44 (24) : 8673-83

Morita EH, Wakamatsu M, Kawamoto S, et al. Studies on
the protein—-DNA complex formation between the
cyanobacterial transcription factors, SmtB and its
homologues, functioningas zinc—ion sensors and the recog—
nition DNA sequences. Nucleic Acids Res Suppl, 2003, (3):
203-4



FHY, S MEEEE T PO ST R

191

(32]

[33]

(34]

[35]

[36]

LiuT, Nakashima$S, Hirose K, et al. Anovel cyanobacterial
SmtB/ArsR family repressor regulates the expression of a
CPx—ATPase andametal lothionein in response toboth Cu(I)/
Ag(I) and Zn(I1) /Cd(I1). JBiol Chem, 2004, 279(17) : 17810-8
HelbigK, Bleuel C, Krauss GJ, et al. Glutathione and tran—
sition—metal homeostasisin Escherichiacoli. JBacteriol,
2008, 190(15) : 5431-8

Hantke K. Bacterial zinc uptake and regulators. Curr Opin
Microbiol, 2005, 8(2): 196-202

Blencowe DK, Morby AP. Zn(II) metabolism in
prokaryotes. FEMS Microbiol Rev, 2003, 27(2-3) : 291-311
Hayashi S, Abe M, Kimoto M, et al. The dsbA-dsbB disul-

[37]

(38]

fide bond formation system of Burkholderia cepaciais
involved in the production of protease and alkaline
phosphatase, motility, metal resistance, and multi—drug
resistance. Microbiol Immunol, 2000, 44 (1) : 41-50

Singh VP, GuptaP. Synthesis, physico—chemical character—
izationandantimicrobial activityofcobalt(II), nickel (I1),
copper (I1), zinc(II) and cadmium(II) complexes with some
acyldihydrazones. J Enzyme Inhib Med Chem, 2008, 23(6) :
797-805

Kochian LV, Pence NS, Letham DL, et al. Mechanisms of
metal resistance inplants: aluminumand heavymetals. Plant
Soil, 2002, 247: 109-19



