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Abstract: Two-component systems (TCS) are signal transduction systems ubiquitous in bacteria,
effectively performing signal recognition, transduction, and gene regulation to achieve
transmembrane signal transmission and amplification. Gene expression regulation tools based on
TCS have been extensively applied in synthetic biology and environmental monitoring. The
traditional gene induction systems, T7 and Psap systems, have problems such as high cost, ease of
inducer utilisation by cells, and poor linearity between inducer concentration and gene expression
level. In order to develop low-cost induction systems with high linearity between inducer
concentration and gene expression level, in this study, we developed two gene expression systems
induced by Cu®* and Ni** based on the CusS-CusR TCS and the chimeric NrsS/CusS-CusR TCS.
By optimizing the expression levels of histidine kinase (CusS or NrsS/CusS) and the response
regulator (CusR), we reduced the background fluorescence intensity of the Cu?*-inducible system
from 2 400 a.u. to 852 a.u. and improved its dynamic range from 1.2 folds to 8.7 folds. The
Ni**-inducible system with a similar structure demonstrated a background fluorescence intensity
of 2 711 a.u. and a dynamic range of 5.6 folds. Subsequently, we increased the ribosome binding
site (RBS) strength and plasmid copy number, increasing dynamic ranges of 50.0 folds and 14.3
folds for the Cu?’- and Ni*-inducible systems, respectively. Compared with T7- and
Peap-inducible systems, the Cu?*- and Ni**-inducible systems developed in this study exhibit
improved induction gradients and decreased induction costs, providing robust complements to
existing expression systems and offering versatile options for diverse experimental applications.
Keywords: two-component system; copper ion-inducible system; nickel ion-inducible system;
protein expression; biosensor

W 5 R i (two-component  system, TCS)  BRALJEMRHL | {55 5 it DL K S it il #E e

R AT TP E S 5 R e,
WA FHMSN SHMENE L8, EBEE
WY, isshtE ., BtktE . BRI TR EZ R
R B 2 T ) R Y R 4 v R A AR Y
1) TCS M H H 2 FhIhREE H B ERA AL, 43l
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B MR L HK., RR 328 iy 11 3¢ $20 HK 5
S Y45 R I (receiver domain, REC)A1 11 5% &
FIEPPER DNA 454 25 #)38 (DNA binding
domain, DBD)ZH Ji¥,. REC &#53% HK I AIBEIR
S B B EERR LT 51 & RR S8R
fb, XFR A S0 RR X DNA
(RS Ay, SRS EEG H AR 3k PR 5% e 1k 14 1A
P, BT X — TAEERE, TCS ]/ AisfEn
RNFEFRIXRG, 5 IPTG FIPTHA %%
SRIKRGEH T, WRE O RIBIE R
FIRLISE S R IB R ERERBRM . F
E . AGBMAWHRE, EEREKES55ES
FIKF-IEAHK . Cu® Ml Ni2254 & & 1 W 7E
IR R E TR . R, JEF Cu®F1 Nit' iy
TCS HAMMNHMIFERRERENW 1. IHF
e, B Gy R 50 TR Y 23k R G 7E
B BRI RS W R i A MR s
GURAS R T Tz N o 3T SR B Y
TCS——TodS/TodT 4 i) A= P A% Ik 2 52 BR |
HIOR L R HLTS YL 9 005 32 1T 3 tod
FER R FRIE, NI ™ A o3 fif ik L6 55 1Ak & )
() Wi U5, 3 F K % AP I (Escherichia coli)
TCS CusS/CusR Fl1 ZraS/ZraR &4 & T %
SR R A T R S T I AL A AL R . F
— L R TR S S R B i o 5 4 R A
A HIK(CBP Fl ZBP)itk & HISMEE 1 OmpCt-
CBP Fl OmpCt-ZBP, SZE T 1Ak Py o) i 25 1 FHAeE
BT IR SR, A T 2N R e R R o
A5 (13.040.3) mg F1(11.40£0.42) mg!'”, 1t
A, G5 R IR B e AR T K i kAR A% IR
W RAF 04 R RE el WL s
) 4 i DR 4o H AR R, BT S B0 AT 45 455
TR, SR, BA M Cu* il TBY %Kik
W €2 o) O S TR 5 N8 o) a1 12
), BRI T AR R R Rk i
N1 SR EAPREL, ABEFELL CusS/CusR
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Fitk A NrsS-CusS/CusR R4 N FEht, 435 &
TH Co™ M NPESFINEARBRS . @A
Ak HK (CusS ¥ NrsS-CusS)5 RR (CusR)H) £ ik
Fo i, i e T A TR P IR U 4> R G2
] B AT 2 B = A IS R IB . i — 2L Ak
i R FE DU B AR 2L 1) RBS 5, 2
Fem T B R ISR R AN R KRS
Ko 5 T7 Fl Penp F3E RGEHIH, Cu 1 Ni**
B RGEHA G TR AL BRSO
FLH, RIXAREARRREER R, AL
TGN SR IB R G T EENE, B
H— % TR RE T ENEEEE, 54
Wy T ARG b B B T T

1 #HRE5rZE

1.1 #H
1.1.1 &tk BRRA5|4

ARG T R RN PR AN 2R 1 iR o
1.1.2 FER5

ToRBAES . FOKBLERE . 7K EALER
Hul AL B 25 5 B A AR PR A ]
IPTG. FIhifabh, @& R . SHERWAA T4
Yy TR () IR A R A H]
1.1.3 FEEFHE

LB ¥igidk: JBUEFIFR 10 g/L. MEREEM 5 o/L.
NaCl 10 g/L (121 °C, ‘K 20 min); LB [&{&E;
FRHETE LB WAARRE FR AL 3EAE EIMA 15 g/L 31
i ] T

1.2 A&
1.2.1 FRAHEE

2xRapid Tag Master Mix #1 2xPhanta Flash
Master Mix (Dye Plus) (F5 Ui MERE A PR 1
1A PR /)8 3 3 T 18 V% PCR AL /15 )
T4, Dpn I T4k PCR KAk
BBa_J23109 #1 BBa_J23100 i3 3 7 LA X RBS29 .
RBS30 ZEAN[A]5R A RBS Y0 U5 T4 15 4% W
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Table 1  Strains and plasmids used in this study

Strains and plasmids Characteristics and functions Source
Strains

Escherichia coli IM109 Wild-type strains for plasmid construction Lab store
Escherichia coli XL1-Blue (AcusSAcusR)  Gene expression system performance characterization Lab store
Plasmids

pCDFDuet-1 CloDF13 ori, P17, SmR Lab store
pACYCDuet-1 p15A ori, P17, CmR Lab store
pJKR-H-cadR pUC ori, Peap, AmpR Lab store
pACYC-CusS-CusR pACYCDuet-1, Pspa 323109, cUSS, PeBa_323100, CUSR Lab store
pACYC-NCusS-CusR pACYCDuet-1, nrsS/cusS, cusR Lab store
pCDF-Pcusc-G10-GFP pCDFDuet-1, Peusc, RBSG10, sfgfp Lab store
pACYC-T7-CusS/CusR pACYCDuet-1, Pt7, cusS/cusR This study
pACYC-CusS/CusR pACYCDuet-1, Psap, cusS-cusR This study
pCDF-Pcusc-S29-GFP pCDFDuet-1, Pcusc, RBS29, sfgfp This study
pCDF-Pcusc-S30-GFP pCDFDuet-1, Pcusc, RBS30, sfgfp This study
pCDF-Pcusc-S31-GFP pCDFDuet-1, Pcusc, RBS31, sfgfp This study
pCDF-Peusc-S32-GFP pCDFDuet-1, Peusc, RBS32, sfgfp This study
pCDF-Peusc-S33-GFP pCDFDuet-1, Peusc, RBS33, sfgfp This study
pCDF-Peusc-S34-GFP pCDFDuet-1, Peusc, RBS34, sfgfp This study
pCDF-Pcusc-S35-GFP pCDFDuet-1, Pausc, RBS35, sfgfp This study
pCDF-Peysc-S64-GFP pCDFDuet-1, Peusc, RBS64, sfgfp This study
pCDF-T7-GFP pCDFDuet-1, P17, RBS35, sfgfp This study
pCDF-T7-OFP pCDFDuet-1, P17, RBS35, mOrange This study
pCDF-T7-RFP pCDFDuet-1, P17, RBS35, rfp This study
pCDF-T7-YFP pCDFDuet-1, P17, RBS35, venus This study
pCDF-Pgap-GFP pCDFDuet-1, Psap, RBS35, sfgfp This study
pCDF-Pgap-OFP pCDFDuet-1, Peap, RBS35, mOrange This study
pCDF-Pgap-RFP pCDFDuet-1, Psap, RBS35, rfp This study
pCDF-Pgap-YFP pCDFDuet-1, Psap, RBS35, venus This study

(https://parts.igem.org/) . %5 # ki pACYCDuet-1
a3 3 ikl pCDFDuet-1 435 FH FHI & Cu® Al
NI A% S SR A AR [ 05 JBORE o SOk ) S 7ok
FHl Gibison ZHEFN4 ik PCRUS, ACHFSE iy
HB1YnZ 2 Fin.

Cu* L BTk pACYC-CusS/CusR 1) #4
WAWT . 549 CusS/CusR-F il CusS/
CusR-R M\ KA #F o L 4 h P 1 9145 cusY
cusR H B, Bixh BiE#E pACYCDuet-1 Ji
BT7 B sh 7 FiE, 135k pACYC-T7-CusS/
CusR, i34 BAD-F Fl BAD-R M Jii ki
pJKR-H-cadR _b 4" ¥ 4R A5 BT v A B i 3l 40 5
F B, ¥ pACYC-T7-CusS/CusR J&3 ) 754ty
Peap, 3R pACYC-CusS/CusR. Ni®' &/
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5L pACYC-NCusS-CusR 1 nrsS, J 21 & R ik
fif NrsS #5681 Bt , cusS, W4 & R I CusS #%
BB, PHEETE U A B NeusS.

i BURL pCDF-Peusc-S29-GFP 14 £ 3 72
WF: L pCDF-Pausc-G10-GFP JFki M A, fifi
FA514%7 RBS29-F #l1 RBS29-R #4714 ffi ki PCR,
¥ aifb15 25 PCR - #4ad Dpn 1HAL G #1T
%4k, 135 pCDF-Peusc-S29-GFP JFikr . H 4ft RBS
B4 AH S SR X8 42 BRIy v A TR A o A SR TURE
R Cu* Fl Ni* 5 R G5 Tk

& Bkl pCDF-T7-GFP AU @ AR AN T
DL JFAE pCDF-Peusc-G10-GFP N HiAR , i 514
GFP-F fil GFP-R ¥ #4315 sfofp F B, iE#HZE
pCDFDuet-1 Jitki T7 JAash¥ FiE3kiS ok pCDF-
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Table 2 Primers used in this study

Primer

Sequence (5'—3")

CusS/CusR-F

CusS/CusR-R

BAD-F

BAD-R

RBS29-F

RBS29-R

RBS30-F

RBS30-R

RBS31-F

RBS31-R

RBS32-F

RBS32-R

RBS33-F

RBS33-R

RBS34-F

RBS34-R

RBS35-F

RBS35-R

RBS64-F

RBS64-R

GFP-F

GFP-R

OFP-F

OFP-R

RFP-F

RFP-R

YFP-F

YFP-R

atgaaactgttgattgtcgaagatgaaaagaa
ttaagcgggtaatgtgataacaaaccttgtcec
aaatataatgaccctcttgataacccaagagggce
atggagaaacagtagagagttgcgataaaaag
gttcacacaggaaacctactagatgcgtataggtgaagaact
gttcaccggt
agtaggtttcctgtgtgaactctagaaggcetcataatttctggtg
attttatgc
gattaaagaggagaaatactagatgcgtataggtgaagaact
gttcaccggt
agtatttctcctctttaatctctagaaggcetcataatttctggtgat
tttatge
agtcacacaggaaacctactagatgcgtataggtgaagaact
gttcaccggt
agtaggtttcctgtgtgactctagaaggcetcataatttctggtga
ttttatgec
gagtcacacaggaaagtactagatgcgtataggtgaagaact
gttcaccggt
agtactttcctgtgtgactctagaaggctcataatttctggtgatt
ttatgceg
tagagtcacacaggactactagatgcgtataggtgaagaact
gttcaccggt
agtagtcctgtgtgactctagaaggctcataatttctggtgatttt
atgcegcec
agagaaagaggagaaatactagatgcgtataggtgaagaac
tgttcaccggt
agtatttctcetcetttctctagaaggctcataatttctggtgatttt
atgcege
agattaaagaggagaatactagatgcgtataggtgaagaact
gttcaccggt
agtattctcctctttaatctctagaaggctcataatttctggtgatt
ttatgec
agagaaagaggggaaatactagatgcgtataggtgaagaac
tgttcaccggt
agtatttcccctctttctctagaaggctcataatttctggtgatttt
atgeccgce
attaaagaggagaatactagatgcgtataggtgaagaactgtt
caccggtgttgtt
atgctagaactggcatgcatctttgtacagttcgtccataccgt
gggtga
attaaagaggagaatactagatgtcaaaaggagaagagaac
aatatggctat
atgctagaactggcatgcatcttatacagttcatccataccacc
ggtgct
atgctagaactggcatgcatcttatacagttcatccataccacc
ggtgct
atgctagaactggcatgcattctgtgecccagtttgctaggga
ggtcgea
attaaagaggagaatactagatggtatcaaaaggagaagagce
tatttacaggg
atgctagaactggcatgcattttgtataactcatccatgccaag
cgtgat

Z&: 010-64807509

T7-GFP, VLI J5 % 53 %l 38 1% pCDF-T7-OFP |
pCDE-T7-RFP, pCDE-T7-YFP %Fki, DL FiRff
BONB, S P oA Peap, 43ll35AS pCDF-Paso-
GFP . pCDF-Peap-OFP . pCDF-Ppap-RFP
pCDF-Peap-YFP,
1.2.2  FLIRIFIE G E

R EARR L E E coli
XL1-Blue (AcusSAcusR)iE#EH, 7E 37 °C& At
FF LB B i g7, B, PRECAE
VR T LB WRIAR SR, #£37 °C. 250 r/min
ST E AR, RI&M PR BRI
4% (RFH) 3P i G B 205 A 16 & LB AR
AR 48 TRALAR Y, 7E 37 °C. 250 r/min 5%
PR E 3R . TR IR ODeoo 153 0.4-0.6 i,
FLEAN 20 pL BS5) Cu®'. NiZ*, AR AR
ABU 1 mL, S 1205, MERHAMMLHZE
SR LRI 33 ng/mL A4S EE K 1 50 ug/mL
2 R AR TR R IS B G R b
123 KABESH

W5 S5 B TR T BT R 0 800 0.85% 1Y
FALENE WS VE 3 i, IERRRIE VRS R =
ODgoo N 0.4-0.8 . 2<% 5 JiF (a.u.) 1 41 i %25 JF
(ODso0)>K F BioTek HT ~F-#l ] 132 5 (11 16 A3 s A7
R\ 7)), %€ GFP. OFP. RFP Ml YFP 7E
AN RN R 6T 5 658 (GFP, #
KRG 485/528 nm; OFP, i %k /%K 4t :
530/560 nm; RFP, J#4& /% %: 588/633 nm;
YFP, ¥k /% %t: 500/530 nm). #HX} 75650
J& R N6 5 ODgoo A HEAE
1.2.4 SDS-PAGE S thEBRIEFER

BiES 12 h Je i E AR 4E 2= ODeoo=
2.0, HL20 uL @I A 5xLoading buffer, i
A1)5 98 °CHM#ALFE 10 min, FIFH 12% SDS-
PAGE ST (ARBIEAL, FEEHR 10 pL,
TRES S % S G-250 Y, M
JE T E A R IA K
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21 Cu*MNIMFSRERGHHES
ittt

TAE YIS E R 53 R R 2 LU
N TFLEIAELE, B HK A1 RR HEFH—N S 3 R
1T BB E 45 E. coli XL1-Blue JEH4 i1
KR cusScusk FEKIE i S pCDFDuet-1 Jivkr, ik

A

Cu?' induced gene expression system ~ s
of operon structure I BAD 3t
Cu* induced gene expression system — S

of monocistronic structure BBa 123100

— RS T Pro ol Peso (] 1A), 18 cusScusR 1)
FIRACEAZ B BT B il . ZEAR RV EE Y
Cu®" 12 mmol/L FIHANAES T, fRiddrmste
O Cu> WA I ETHESEL 1B),

SR, TERISIN Cu*" 5 h), (LRI A
FIARRIBAY, SIAERC 1.2 £, i
RTRARRAS SR, AAMIAL cusS/cusR FRIA
IKFARER TG BB IRER A IEZRIA (B 10),

RBS

cus’

P RBS L CusR |

BBa J23109 +

P _RBS

cusC

Ni*" induced gene expression system P r s P r #hs [ CusR | s

of monocistronic structure BBa 123100

B ~
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22400}
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3 1600}
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= A N N N N I N
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g 7500¢
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> 5000+
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g 2500t
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Figure 1

BRa J23109 cusC

C
S 3200 O Control M1 000 pmol/L Cu**
<
22400
3
3 1 600 -
=
2 800}
z
g 0
[ 0o 2 5 10 15 20

L-arabinose concentration (mmol/L)

Ef-"\
520000,

a.

215 000}
10 000
5000t

0

Fluorescence/OD,

I DHH D
NN NN NN P RNAN AN
™
VPR BN
Ni** concentration (umol/L)

Effect of different loop structures on Cu®" and Ni** induced expression system. A: Schematic

representation of the structure of the operon structure of the Cu?" induced expression system and the
monocistron structure of Cu?" and Ni?" induced expression system; B: Fluorescence expression of Cu®
induced expression system of operon structure co-induced by 2 mmol/L L-arabinose and different
concentrations of Cu?*; C: Fluorescence expression of Cu®’induced expression system of operon structure
co-induced by 600 pmol/L Cu** and different concentrations of L-arabinose; D: Fluorescence expression of
Cu?" induced expression system of monocistron structure induced by different concentration of Cu®’; E:
Fluorescence expression of Ni*" induced expression system of monocistron structure induced by different
concentration of Ni?*. Error bars indicate standard deviation from the mean (n=3).
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h T EARA R R IA K, IS5 4
B RS B+ BBa J23109 A5 4H 5% 1 B F
BBa_J23100 43 54 cusR Fl cusS I #ik,
AT B TEE CuP B R ERIE RS (K 1A),
FEARFRER) Cu® i3, e LB 2k
RO 1D), S5 EN, SERITFEMM
e, FEAIK cusR MR IK/KE G, FRI s F 2544 1
COP L IRER AR R IR DR H 2 400 a.ufF
% 852 aw., IARZOGIRELH 2 800 a.uftst
2 7400 a.u., ZHAEEHE 1.2 585 2 8.7 1%,

N*ERRB ARG EHLY C BT HRE
ARG HK (CusS)E 545 44 35 A & Ik 45
35 55 4 i 355 8 (Synechocystis sp.) PCC 6803
FER AT 2 R 521N HK (NrsS) A8 #1545
M. REWHEIERA A E S BRI
6], H 2S5 0 235 #) da 20 & B A AR TR] R 5 0L
i, Y38 2L [l A CusR 5 R I#E 30
T Pousc T HFRIEF F3K . L, ¥ Cu™ il T#
KR GIAEN R IR N S NP B RRE RS
(H 1A), TEARFRMER NPES T, HRESHA
EFRIBTOEIRE R 2 711 aw., KIBFEREBEIE
SRIEN 15243 au., ZHSIEREA 5.6 58 1E).
22 Cu*#l NiFERERGHKSS
RBS 11t

TCS ARG S5 AL HK Fl RR )
TR AKFEEYIM L, 0323 H b3k R 0 ECR
¥ RBS 5® B0 . T 5 UL S0k A
RBS ik HinkH, BEAGTREHFFRA
(A KO BRI, A T E— 2k Cu® R Ni*
BFEIERG, B Pousc-RBS-sfGFP 77 [ Z #4 Il
BOER R pCDFDuet-1 ki |, MIbiAk S %
Ik RGEHR A AL B TR AR AL TR 2 N4
(K 2A). 52 LB, P70 Cu>is R RIL RS,
LR YR a0(E 1D), A ik 98 65
852 a.u 2 E 1 050 a.u., 1000 pmol/L Cu**if
SRHETREE N 2 853 a.u Nz 18 111 a.u. (&
2B), WRAEEH 3.3 MEEFHE 172 f5. e
N ERRIERG G, HEARTRAT(E 1E), 4
JEZRIRDENEIRE M 2 711 a.u i1 % 6 669 a.u.,

Z&: 010-64807509

1 000 pmol/L Ni*“iFE 5 F 2B 9 939 a.u.
HfnZE 28 003 a.u. (& 2C), WaNAEEh 3.7 1%
PRFE 42 fi5, XL RERN, e R
45 DUECRT DU B iR TCS RGNS S,
AT 388 58 A G 30k Al i R S R TR /K-

Ak, Wik itfk RBS 3R, #h—HRm T
GFP [ BIIRACER 5 2.1 T i FH A58 RBS G10
FHEE, 24 RBS 53R EEHALHT, Cu*fl NitifE T3
K RFAEAR IS F A BA M 1 000 pmol/L
Cu™fl Ni*ESAG, 2068 W g PR IL. b
& RBS #E M5, ANRFRIEFIFE TG 5O0
SRR IN(E 2D, 2E). 4 sfGFP i) RBS
s T, Cu iR RIARF AR IR K
SEEREEFN 1 000 pmol/L Cu*" 55 N 22t os i
390 1050 aw 18 111 a.ud2 & ZE 1 154 au.
50 454 aw., WRNAEECH 172 R R
43.7 f5 Ni* iR R IE REMNA KRR
A1 000 pmol/L Ni*"ifS T A 2¢ 638 7 51 i
6 669 a.u.Fl1 28 003 a.u. % HHETFFZE 7 990 a.u. Al
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Figure 2 Optimisation of reporter plasmids for Cu** and Ni?" induced expression systems. A: Schematic

representation of the structure of the sensor plasmid

expressed on the pACYCDuet-1 plasmid and the reporter

plasmid expressed on the pCDFDuet-1 plasmid of the Cu** and Ni*" induced expression system; B: The
fluorescence expression of the Cu?* induced expression system with separated sensor and reporter plasmids
under different concentrations of Cu?"; C: The fluorescence expression of the Ni*" induced expression system
with separated sensor and reporter plasmids under different concentrations of Ni*"; D: Fluorescence
expression of the Cu?" induced expression system under gradient intensity RBS regulation of the target gene
sfgfp under none inducers and 1 000 umol/L Cu?" induction; E: Fluorescence expression of the Ni** induced
expression system under gradient intensity RBS regulation of the target gene sfgfp under none inducers and
1 000 pmol/L Ni?* induction. Error bars indicate standard deviation from the mean (n=3).
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Figure 4 Effect of protein type on gene induction system. The induction of GFP, OFP, RFP and YFP by T7
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