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Two-component system (TCS)-based bacterial zinc and copper biosensors, in which green fluorescent
protein (GFP) is expressed under the control of zraP and cusC promoter in ZraS/R and CusS/R TCS, were
evaluated in artificial wastewater. Bacterial biosensors developed in this study efficiently expressed GFP by
the recognition of Zn® and Cu™" in artificial wastewater. Secondly, TCS-based zinc and copper removing
bacteria with the peptide displayed on cell surface were examined in artificial wastewater. Zinc and copper
removing bacteria expressed the peptide as a fusion protein such as OmpC-ZBP (zinc binding peptide) and
OmpC-CBP (copper binding peptide) on the cell surface when sensing exogenous Zn®" and Cu™* through
ZraS/R and CusS/R TCS. The recombinant cell expressing metal-adsorbing peptide could efficiently remove
copper and zinc (15 and 18 mg/g dry cell weight, respectively) in artificial wastewater. Therefore, it was
demonstrated that the TCS-based recombinant cell for the recognition or removal of heavy metal functions
well in artificial wastewater environment.
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Table 1. List of bacterial strains, plasmids and primers used in this study

Strain, Plasmid, or Primer

Relevant genotype and/or property

Source of reference

E. coli strains
XL1-Blue
Plasmids

PZGFP1

PZZ1056

pCGFP1

pCC1056

SupE44 hsdR17 recAl endA1 gyrA96 thi relAl lac F’
(proAB” lacI® lacZAM15 Tn10 (tet"))

pUC19 (237 bp zraP-hydH intergenic region), zraP -gfp transcriptional
fusion vector, containing zraP promoter region, Amp"

pUC19 (237 bp zraP-hydH intergenic region), zraP ’-ompC; transcriptional
fusion vector, containing zraP promoter region, Amp"
pUC19 (156 bp cusC-cusR intergenic region), cusC -gfp transcriptional
fusion vector, containing CusC promoter region, Amp"

pUCI19 (156 bp cusC-cusR intergenic region), cusC’-ompC; transcriptional
fusion vector, containing cusC promoter region, Amp"

Laboratory stock

Ravikumar et al. (2011a)
Ravikumar et al. (2011a)
Ravikumar et al. (2012)

Ravikumar et al. (2011b)

st} =3t CusS/R TCSE Cu™* & 7HA|51e] 1] effluxe} A3+E
cusC FAAE EHAAIZItHMunson et al., 2000; Leonhartsberger
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AR F5E 952 Zn 7} Q1A1D 7ol Al ZF o] e}
o|EZ Wl AA"loR NE | g AZFHT A 163.6
umol @] Zn*"& A AT 4= itk F-2]9] 9= OmpCe} -2
3y Heto| =9 g3 TS cusC T2 HEQ}F A A

Cu2+or Zn2+
o:/.' \
\\\\\\\\\\ CusS or ZraS
S
CusR or ZraR
\
(I))vr"pC-CBP UU' lﬂr mr

‘ ompc-zeP ||f
OmpC fusion protein ﬁy

displayed on the
surface

Fig. 1. Conceptual diagram of heavy metal sensing and adsorption
of recombinant bacteria.
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Ao] AHgE B#FE g XL1-Blueo|t}. Zn™' ¢} Cu™
JAAE I3 He 2o} vlo] @ AlA= pZGFP12} pCGFP1 &2}
20| EE =3 A 23 t)AAS AR5 thRavikumar et al.,
2011a, 2012). Zn*'9} Cu®*2] AA7} 7Fs3t HHgeola
pZZ10563} pCC1056 ZFAT =2 T oI35t 23 PAES AL
23} th(Ravikumar et al., 2011a, 2011b). A g of] AMESH 73
% FehiuEL Table 10] Beala, FE49 94 @ et
ol= FHwrd Yol Fig. 10 7heks] wASgTh 239 vjok
<2 Luria-Bertani (LB) broth (10 g/L bacto-tryptone, 5 g/L
bacto-yeast extract, 5 g/L NaCl)ol|4 =883} c}. S54 21X
5 A A ATH-E MO BA] B 91 T2 g/L starch, 1 g/L ghucose,
80 mg/L NHNOs, 30 mg/L KH,PO,, 15 mg/L K,HPO,, 1 ml/L
nutrient solution)S 0]-83}o] 433}tk ¢1-ZH|45=0| A nutrient
solution®] AL th231 7tk 90 g/ MgSO0,7H,0, 6 g/L
CaCl,2H,0, 1.5 g/L FeCl3-6H0, 6.5 g/L MnCl,-4H,0, 1.7 g/L.
ZnSO47H,0, 0.1 g/L CuCL2H,0, 1.9 g/L CoCly6H,0, 6.5
g/L NiSO4-6H,0, 0.1 g/L H3BO3, 0.6 g/L Na;MoO42H0, 1
g/L Yeast extract (Behera ez al., 2008).
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Fig. 2. Time course of GFP fluorescence of E. coli (pZGFP1) after
induction with 50 pM of ZnCl,. The recombinant bacteria were
cultured in M9 media without ZnCl, (@), artificial wastewater
without ZnCl, (o) and artificial wastewater with ZnCl, (V).
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&9 §71Z0] Z3hHlo] o}, vl AL o] g3 MO vl
o Zn¥'o] 2712 AR e ABAFANAE T AP mE
HSEE 220 FRES B, Ato] Age] wet 254
S7hhe B3-S HAFUthFig. 2). ol= AMESt zraP 2R
E] 9] basal level expression®]] 23t A o]z} F=F ). whHoj 9l
¥ 2712 50 uM 2] ZnCLE 713 iAo A& 143 o]
SHE ST 339 ST UEhgen vhe 5AZE ol 2a
of HYEES NolFYth AT FHEL 2L Akl 25
MO H1) W Zn*7} H7HEA) Sk gl oF 2ufe] Erolsy
ok, Figure 30 Lok Cu**e] A$olE, Cu*'S W7H5HA) o
MO} 3 ¥ HIRE & FFE=E HofFinh vhdof
2l FH40] 50 uM 9] CuSO. S H7}st A9, 1A7t o] S RE F
A% FFo| F7HE HALH vk FEAZA| A &2 0= F7}
stk &, B dFE o] two-component systemo]] 7]HFs}o] Af
A AR A2 T o M E o] =k
SOlME AAeA BH $349 20”9 Cu'' B AL 4 9]
o9 spelshr

oIZm|ol|l M X TS| S35 A

A8 Ao A A&E Zn* 9} Cu’ 2l T2 A A7} 7HsE A
23 gAF 952 Zn*'9} Cu®' & ZraS/R Y CusS/RE ©]-§
3] Q1R T, zraP9} cusC SRR T2 RES BA5)5)
OmpC-ZBP (zinc binding peptide)?} OmpC-CBP (copper
binding peptide) § T Z-S AZEHo|| dAA|7|E= Ao
t}. o]} W& H OmpC-ZBPS} OmpC-CBPE 242} 9]5.9] Zn®"
9} Cu™'of) B3 W3PS Kol Hefo|= AFS ZFstnz
9J%5L9] Zn®" 9} Cu” 7} F2E| o] 012 A ASH= A|A8lo|tKFig. 1).
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Fig. 3. Time course of GFP fluorescence of E. coli (pCGFP1) after
induction with 50 uM of CuSO,. The recombinant bacteria were
cultured in M9 media without CuSO; (@), artificial wastewater
without CuSOy (o) and artificial wastewater with CuSO4 (V).
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<4 9)%o] Zn”' 9} Cu”' S JAFL W W= OmpC-ZBP
¢} OmpC-CBPE SDS-PAGEZ gl Etch ZgkAun|=
PZZ10561} pCC10565 =3t A|Zg A2 0.5 mM ZnCl,
©}0.5 mM CuSO,7} ZH2F 7HEl M9 Hi =] of| 4] 4A]7HE2t wioF
3 3 oA wheeke] wiske IAslglth(Fig. 4). T d kg
< &3] glsly] st I U FRAFET 22 529
ZnCL9} CuSO4Z ARE3HATE 1o A2t Zo] Zn™' ¢} Cu™ ¢
A7}l 9Jsle] OmpC-ZBP2} OmpC-CBP Wa ko] 2713
gl 4Tt

1 TS Zn*' 9 Cu®* AA welElote] $34 AA 5L <
FH| 504 Bl AESIT) Hlm AFP 02 M9 vz oflA] E2F A
HFL 3PS A9 Zn” 9 Cu™ o] FAFS u]u]sliThFig.
5). B3 Zn’'e Cu¥'E H7FIA] e AFHGAE oF 7
mg/g DCW HE=2] Zn>' ¢} Cu”' 7} Al EHo] FRHE YY) o]
L g5l H7hE Zn® 9} Cu’'oll 9Jste] Zn®' 2t Cu®' 9 <l
7 & Heto] = W A A”lo] mekstA Ut S 8= ¢l 7] W&
olt}. whHo] gto] HF<4 <17 AT upA7IA 2 AFH 450
2712402 Zn*' 9} Cu™' & H71et A9k, oF 15-18 mg/g DCW
e 2719 Zn”'9F Cu*'7h Al Eo] S qic). webA
B Azlo] AZe 234 AA A=Y AFS AR 5
BAREE QG ME AL O R 7)5eHe AL G,
F5 2749 A5} 9 wg ATES FHA AR 5 24
A= Auoz 234 AA7 7K Az F539] Aol
7Hs3 lolt}.
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Fig. 4. SDS-PAGE of the OmpC-CBP and OmpC-ZBP fusion protein
in extracts from independent culture medium of cells harboring
pCC1056 and pZZ1056. Non-induced recombinant plasmid
pCC1056 and pZZ1056 as controls (1 and 3). Induced recombinant
plasmid pCC1056 and pZZ1056 (2 and 4). Overnight cultures were
diluted 1/10 in fresh medium (20 ml) containing 100 mg/ml
ampicillin, induced after 2 h with 0.5 mM CuSOs, and 0.5 mM ZnCl,
respectively, grown for a further 4 h. The culture medium was
subsequently recovered for protein samples; proteins were detected
in Coomassie Blue-stained SDS-PAGE gels. The location of the
OmpC-CBP and OmpC-ZBP fusion protein is indicated by arrows.
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Two component system (TCS)?] ZraS/R & CusS/R&] zraP
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and artificial wastewater with heavy metal (dark grey). The data are
aggregate results from replicate experiments (n=3).
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