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Abstract: [Objective] To decipher the regulatory mechanism of a sensor histidine kinase
(CusS) in Escherichia coli K-12 in response to silver ion stress and provide scientific evidence
for the prevention and treatment of this bacterium. [Methods] ProtParam, ProtScale,
Protein-Sol, TMHMM, SignalP, LocTree3, NetNGlyc-1.0, NetPhosBac-3.0, SOPMA,
I-TASSERF, STRING, and MEGA were employed to predict the physicochemical properties,
hydrophilicity, solubility, transmembrane domain, signal peptides, subcellular localization,
glycosylation sites, phosphorylation sites, secondary structure, tertiary structure,
protein-protein interaction network of CusS, and the homology of CusS in Gram-negative
bacilli, respectively. After that, AcusS was constructed by the Red homologous recombination
system, and the growth of AcusS in different media was monitored. In addition, we evaluated
the sensitivity of AcusS to silver and copper ions and common antibiotics based on the
minimum inhibitory concentration (MIC). RT-qPCR was employed to determine the
transcription levels of CUSCFBA and cusR after cusS deletion. [Results] CusS was composed of
480 amino acid residues, with the relative molecular weight of 53 738.05, the atom number of 7
624, and the isoelectric point of 6.02. It was a hydrophilic and insoluble protein containing
transmembrane domain, and no signal peptide, located in the intracellular membrane. CusS had
2 glycosylation sites, 24 serine phosphorylation sites, 14 threonine phosphorylation sites, and 3
tyrosine phosphorylation sites. In the secondary structure, a-helixes, B-sheets, B-turns, and
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random coils accounted for 55.42%, 11.67%, 3.75%, and 29.17%, respectively. The gene cusS
was highly conserved in Escherichia and Shigella. The colony PCR and first-generation
sequencing confirmed the successful construction of AcusS. The deletion of cusS had no
influence on the growth or metabolism of the strain. However, cusS was the key gene for E.
coli in response to the silver ion stress. [Conclusion] The deletion of cusS did not affect the
growth but attenuated the protective response of E. coli to silver ion stress. Furthermore, the
deletion of cusS significantly down-regulated the mRNA levels of the downstream genes
CusCFBA and cusR. The bioinformatics analysis and phenotype characterization of CusS lays a
foundation for unveiling the regulatory mechanism of CusS in E. coli in response to silver ion
stress.

Keywords: Escherichia coli; Red homologous recombination technology; silver ions; metal efflux

system; sensor histidine kinase (CusS); bioinformatics analysis
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Table 1

1 S

1.1 g
1.1.1 BB

K ¥ (Escherichia coli) K-12 f =ik
2B BE YL 5 RAE S G LI = AR AT, Ik
434 . pKD4(Kan') . pKD46(Amp")
87 py = R A R 2 B SR e 5 S RE A 5 A S
EIRTF

Role of Cus system proteins in silver ions resistance

Protein Explanation Reference
CusA Actively absorbs metal ions from cytoplasm and periplasm, relying on methionine residues to bind [14]
and export silver ions
CusB CusA and CusC are connected to participate in the efflux of silver ions [15]
CusC Expel the silver ions from the body [16]
CusF It can bind to silver ions in periplasm and transport to CusB [17]
CusR Phosphorylated CusR mediates transcription of the efflux protein CusCBA [18]
CusS It binds to silver ions in the periplasm and transmits signals to its cytoplasmic kinase domain [19]

1
ORISR

membrance

CusC
o)
‘Irnrter: i
membrance
QAL

CusA < CusB - CuSF -

1 Cus RERIMBIERNHIREE
Figure 1
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The illustration for the mechanisms of action of Cus against silver treatment.
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ETH AR
AgNOs, Sigma-Aldrich 2Aw]; Hif, X
PR A DRHCA R A W] N EFERM . iR
RIRE R . RNV A (ciprofloxacin, CIP), A%
V> B2 (levofloxacin, OFL) . 4.0 2 W A
(beef brain heart infusion broth, BHI), SOC 5%
B, BRER SR RIARE IR TSB, AETAEYT
()R A PR A 525 15 RS (meropenem,
MEM). DU (tetracycline, TET), MCE 2 ;
R BEREEEY, OXOID A H]; BaTHifrbs,
BB T AR A BR 2 v 5 BifiskE, b
LS ARG FRA T s IR, RIURH Ak
Y1 ¥ R A R 2 Al ; TaKaRa Ex Taq DNA
Polymerase . PrimeScript™ RT Master Mix ,
TaKaRa /2] ; TRIzol™ Reagent, ThermoFisher
Scientific 2] ; BRI Zlifl, FEaRHMEREAY)
BHE A A BR AR Bk MR &, KR4k
FHLAEROABR A &5 S NEE . JoK R,
VUL Ty A BRA vl o % {XAS, Bio-Rad 24
Ay KPR, Thermo Scientific Multiskan
Spectrum A Hl; H X EH# 0L, Eppendorf 24
Fl; PCR, ABI AH],
1.2 £YERFEMRR

FIFH ProtParam HAFAEL M CusS #Y7>F
LSRR KTE L JRTEMEREC WOLREA
WO S AL T ;. R ProtScale 2K FAE
LI CusS 1Yk ; 8] Protein-Sol {47
LM CusS HYFI¥EYE; I/ TMHMM 445
M CusS EBAFIEREEY ; FIF SignalP A4
M CusS 2 AFTENS T ik FIH] LocTree3 i
M CusS HYLARNEAESRL; ] NetNGlyc-1.0 2 fF
TE 2 Tl CusS (Y BE Ak 7 205 AL H
NetPhosBac-3.0 7EZ il CusS BERR 1AL A5
FIH] SOPMA BAFTEL TN CusS #9 —ZZ5H ;
] RCSC PDB A4 CusS =4 M

1.1.2

B FF STRING s X CusS 8 F R PR A
PN LS i
1.3 cusS BRI
1.3.1 54t

A NCBI Bd e h KIG A A K-12 145k
KIZH 7 51 F1 pKD4 751, FH Red [F] i E 4 )7 7244
HRIAFFF cusS BCHRE, HIPL Al H2P2 514
F PR AL, 2012 cusS 3 [R] 1R i F [ Y5
G IR E R LI BSR4 . %E 5 Wk B
cusS Y EiFBL R —&R ), pKD4 RARBHTHE X 8k
Ry, AyRE CL R C2. BIFES IR 2
Ji7R.
1.3.2 FRAMEELAR BRI RERIRTS
¥ pKD4 Hl pKD46 1537 12 h, $#MEFR/N
PTG UL BAREL, LI pKD4 AR, R
TaKaRa Ex Taq DNA Polymerase i5f] &, H5|%)
HIP1 1 H2P2 #17 PCR ¥'1%, PCR ik
(25 uL): TaKaRa Ex Taq (5 U/uL) 0.25 uL., Buffer
(20 mmol/L) 2.5 uL, dNTP Mixture (2.5 mmol/L)
2 uL, FE#Z (500 ng) 1 pL, F. Fi#Esl9
(1 umol/L)#% 1 uL, KPF7K 17.25 pL, PCR JZ
4. 98 °C 10 s; 60 °C 30 s, 72 °C 1 min,
30 MG PR EEE R Dk A I S, 1A
W H B 257 Hi B T oA PR A R I A R
O v i Il el Ak R e id B S b A T aligk , glifb)s
P A3 e G TS v
1.3.3 HERZSHE

Bl A R Wz . | 1:100
R 200 mL LB H, 53% ODggo & 0.5-0.7 22
@, 4°C. 5500 r/min &.L> 5min, &+ i,
i A B TR = BE(10%) B B B4, TR 2T, 4 °C,
5500 r/min &.0> 5 min B2 B, EE 3K, &
JEEA 1 mL FA N = FE(10%) H A A, L
B 100 pL 2B E WM EP E, FHRAAAT
—80 °C vk#f .
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134 FSEIFEEHEBIRIE

B3 uL $REEUF AR pKD46 I A B kY
BRI R R ERZ A, IRAS), R Em
AREEAR, vk EBCE 3 min, B, BREGZE
% 1 mL SOC K33, 7£ 37 °C. 220 v/min £
2 ho HU100 pL ¥AT 2 520 RHOrERy LB AR SR
F b, H53%12 h, @Y% PCR B Hikh e v
Ptk AR A KW B O R DAV o PR TR 7%
PR 1:100 #5325 200 mL S5 2P RRIAR:
FEFHAR, B55E ODgoo £ 0.2-0.3, A 100 pg/mL £
PRI 2 ODgoo M 0.6 247, iz FE AT
WM EL ., HEKK 133 2BRH&SHE
+<2 XWHASI

Table 2 Primers used in the experiments

pKD46 %37 2R .
135 RIREAUKLAMZELE

B2 uL glifb )5 0 & R Tt =2
A H pKD46 ki BFAE Bz, R
5], VK E#E S min, {#if Bio-Rad HLAL(TT
HL%E, 1F 30 °C. 220 r/min £/ FE 75 2 h, B
100 pL ¥ A1 2% RARE R UL B AR SR 2 |
B IR o FEAE Y A AR PR P v RS S 1)
Cl Fl C2 PHAFHEVERAE, H5FU K/ N F Y
PCR P34 H Bk B4 T AW TR(EHRINA
BELZA WA T — A0 7 o 44000 3 T A8 1 6T 7 a2
WREFR, FEXFB R TR F R AT

Primer name  Primer sequence (5'—3’)

Sequence (bp)  Purpose

HI1P1 CCGAAGCTAATTCAGACCGTGCGCGGCGTGGGTTACAT 73 Confirmatory deletion
GCTTGAGGTGCCGGTTGAGCGATTGTGTAGGCTGG

H2P2 GTGACAGCTTTTTACCATTAATAGGTATGACTATTGCGGC 74 Confirmatory deletion
ACGTTATTTTTACACTTAACGGCTGACATGGGAA

Cl1 ATGACCGCTAACGTTATCGCGA 22 Validation of deletion strain

C2 ACCGCTATCAGGACATAGCGTT 22 Validation of deletion strain

rrsA-F CTCTTGCCATCGGATGTGCCCA 22 Internal reference

rrsA-R CCAGTGTGGCTGGTCATCCTCTCA 24 Internal reference

cusC-F CAGTTCTCACTCAGCCAGAACG 22 qPCR

cusC-R ATGCGCAAATCCCGATTATTCAC 23 qPCR

cusF-F GCAAGTCGCAATGTTCAGTCT 21 qPCR

cusF-R ATACCCTTTACCACGCCAGTG 21 qPCR

cusB-F GATCTGGTGCCGAAATATGCCG 22 qPCR

cusB-R CTGACATTCGCCGGGAAACT 20 qPCR

cusA-F GCATAAACGGCTGGAAGAGTGG 22 qPCR

cusA-R CGACAACGTGATAATCAGCAGACT 24 qPCR

cusR-F GGTTGCCGATTTGATGGTCGA 21 qPCR

cusR-R CCTGATGGCGAAGGAAGAACT 21 qPCR

HIP1 Fl H2P2 43 B EA HE AcusS ORI JEEF . TS 14; C1 Al C2 & FISRHKAIE cusS Bmmi it i . THes|¥, C1 T
cusS _FiFREN, C2 1T Kana FE[H; rrsA-F/R &£HNZ; cusC-F/R, cusF-F/R. cusB-F/R. cusA-F/R fll cusR-F/R % qPCR 5|

Y. TRILFER I 751

H1P1 and H2P2 were the upstream and downstream primers of the homologous arm for the construction of AcusS respectively.
C1 and C2 were the upstream and downstream primers to verify the successful knock-in of cusS rrsA-F/R is the internal control,
cusC-F/R, cusF-F/R, cusB-F/R, cusA-F/R, and cusR-F/R are qPCR primers. The underlined bases are homologous arm sequences.
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1.3.6 AcusSHILE

FERARE R PRI M e b, RITE
PCR %€ 5, F5 BB K/ MR PCR 47314 A
Bk B4 TAY TR () B BRA /T
— R I 500 e L ) TR AR R A R
B R P RAR R R B B TR A TR AR AT
1.4  AcusS & %N E

BERTEAE KA AR R 22 ODgoo 4 0.4 5,
EHEFIRER NSRRI 1:1 000 HLBIFERE, 7o
YR, T 0. 20 4. 6, 8, 10, 12, 14,
16, 24 h W40 g A KR A .
1.5 AcusS %} AgNO;/CuCl,/OFL/MEM HY
B

X BRI A TR 2 ODgoo 4 0.4, J]
FRFRHEHE 1:1 000 (I LLEIRGRE, FEAMRAE AR
[ ¢ FE 1) AgNOs/CuCl,/OFL/MEM b ¥, R 5] )5
AT 96 fLARH, BEFL 200 pL, BEE 4 RSl
H¥i% 96 FLICE T 37 °CHHIREFRAM, 20T
0. 2. 4. 8. 16. 24 h Wil gn A4 KARZE
1.6  AcusS X} ~iiFEFE cusCFBA LK cusk
HSRIKFERIF M
1.6.1 RNA $EEUH cDNA $2EX

¥ DHB4 1 AcusS WkE 1535 Z X HA K
#, BEOREDIES A 1 mL TRIzol, E%],
UK FHCE 5 min, JIA 200 uL 545, &% 15,
4 °C, 12 000 r/min 5.0> 10 min, WHEJZKAH
THRELE, MASFERBRANRE, ]85, 4°C.
12 000 r/min #.0> 10 min, 32 B3, A 75%
ZFE, #'# 10 min, 4 °C, 12 000 r/min E5.[>
10 min, 2 B3, J0A 20 uL RNase-free H,0
IR ARDTUE , T 20 DM B ARG 24 3 R
1 I 5 % 575305 PrimeScript'™ Master Mix JE47
s o B iRAT 120 °C.
1.6.2 WHEE PCR

L1 16S rrsA HNZ, K TB Green Premix
Ex Taq'" Il TaKaRa ¢ i & K1) DHB4

H1 AcusS Witk P cusC. cusF. cusB. cusA Fil
cusR LA [ FRiEHF . RMIERQRS pL): £, T
WE51497(0.4 pmol/L)# 1 pL, TB Green Premix
Ex Taq II 12.5 uL, ¢cDNA (100 ng) 2 puL, JCH#
JK 8.5 uL. LW Zcf4: 95°C 30s; 95°C 30,
61 °C 30 s, 40 MEFR, AR 274 HEFTECHE
I3
1.7 BEHEITS5H

ARSI E RS 11K H GraphPad Prism 5.0 i#F
frgeit o tr, MZHEGRRI HECR i ge .

2 BER540

2.1 EAXRIBAMERSH
ProtParam {431/~ CusS 2 H 480 1~

ﬁ%@ﬁﬁﬁgéﬂﬁi, ﬁ%ﬁﬂ‘j C2 405H3 844N658O6998187
AN T A 53 738.05, JEFEECH 7 624, %
HLE N 6.02, FRE IR (Leun) & S i ik Z R IR,
A7 EE 10.6%; 2R (Cys) Fl {2 R (Trp) & ki M1
i1 EE 0.4%. 45 1 L R SE AL (R AR Asp I 2
i Glu)>hy 56, 77 IE LR IL AR R 2R Arg AN
2 Lys)h 47, BRiSTERECH 103.98, KM
{H} 0.012, 7F 280 nm P KAL, WRAA Pt
PR AR HTE b 2R, IR ECH 24 410,
WOERER 0.457; QAT PR R sk 5L 2k, W)
HIENRECH 24 410, WIEHER 0454, CusS A
FERBCN 3042, NEEEEN.
2.2 FIKME/HRK MR RS M A

FIH ProtScale BAFEL AT CusS HIFEIK
PE, JE . BUKPEIHAE . IEERR. 450
NG 439 (AR R K MR, 1550 29115
55 200 f SRRk R, 1550 4.011 (A
2A). CusS MEK M 2 IR B Z T Bk a5
iz, AoEKPEEM . Bid Protein-Sol HFLEL
T CusS IR, CusS HIIEREE N 0.178,
J& TR A (K 2B),
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A B
ProtScale output for user sequence .
3 Hydropath. / Kyte & Doolittle 1.0 Solubility
4l
§ |
3L ” ) 0.8
| | | Zos
SiH w.j \ g
ot 1| \N } ﬂt | H J \ ! ﬂk fh Wh \ mw' 8 044
T AT ) 8
- w \ 0.2
-2 N |
- S 0.0
50 100 150 200 250 300 350 400 450 -‘bo\ %0\
Position yf‘x \\e}d’
QQQ o

2 CusS FEKM BUKMSIAMALEMESH  A: CusS SEAKME. HKPERN. B: CusS Rl

Figure 2

Hydrophilicity, hydrophobicity and solubility analysis of CusS. A: The hydrophilicity,

hydrophobicity prediction of CusS. B: The solubility prediction of CusS.

2.3 EiEE. ESKATABEER ST

TMHMM #AF 2 7R CusS 75 #5 Bk (4]
3A), % CusS J&— KA, SignalP #4:
BRHEAFESIRE 3B), BEULHERT CusS J&
FARSFWAEE o LocTree3 #4443 #T CusS FMV 41
MosEz, P 3C RO, CusS TP, W40
JLRE 7 450k 100, KEHARE 99%. JEF iR T
G5B, CusS MAEWMEE, 0T
PSR, FEANM N R AEVE T
2.4 CusS fEENAL S FBEER AR DT

FIF NetNGlyc-1.0 F2JFEL Al CusS )
WAL 8L, S5 RRW, ZE A S AR
M2 D(E 4A). XFTREA BT CusS fEIRZ
2 Ag'ihians, SCEERM . HA. FRESE
e

NetPhosBac-3.0 F£/F7ELL TN CusS AR
fefr s, SRR A 41 MBTERBERR kA7
F(E 4B), 7 24 22 A FRBERR LA A . 14 1
HARBERILALS, 3 M ERARBER LA S,
W, 2R IR AL S TFAE 11, 38, 55, 84,
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89. 93, 101, 146, 172, 192, 195, 217, 255,
263. 266 289, 291, 293, 303, 316, 381, 437,
445 F1 467 fii, JR A TRBERR LA T4 24,68
75, 97, 111, 224, 391, 396, 403, 417, 462,
466, 472 F1 477 i, BERAPRWERRALAL S T2
99. 179. 302 fii. CusS HA AWk 5,
i CusS & Z LB, Xl REA Bl T2 i
W Ag . 75—, 2R AAL s A GRS
B CusS 5 CusR #47{5 B /&, W#IE CusR,
PR AL Ag IR, RAP RN A A A R e
Z
2.5 CusS ZHEM=REHTIHRSIREF
R =S i

FI ] SOPMA #AFAELE T CusS ) 24k
H, g5 BRI AR o3 5EMHh) . B-HTE(Ee).
B-F5 FA(Tt) . TR B (Ce), 451 4 e 55.42% .
11.67%. 3.75%F1 29.17%. H SOPMA 45
ST CusS R &5 4 8 ply WRTie A4 ih 45 4
PR

#H] RCSB PDB B FEL A2 CusS HY =2
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SEFRERY, W T CusS 58 B F B 45 A 7 s (B
5A. 5B). CusS X T&EIIKY e EA —Er
FESEME . 7E CusS TERLMY 3 Rk, M4
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Figure 3 Transmembrane domain, signal peptide, and subcellular localization analysis of CusS. A: Protein
transmembrane domain prediction of CusS. B: Protein signal peptide prediction of CusS. C: Subcellular

localization prediction of CusS.
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Figure 4 Analyses of glycosylation and
phosphorylation sites of CusS. A: Prediction of
glycosylation site of CusS. B: Prediction of
phosphorylation site of CusS.
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Figure 5 Prediction of tertiary structure and silver
ion binding site of CusS. A: Tertiary structure
prediction of CusS. B: Silver ion binding site
prediction of CusS.
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Figure 7 Phylogenetic tree of cusS in Gram-negative bacillus. The number at the branch point indicates how
many percent of the trees have this branch after the step size test; 0.10represents the genetic distance, and the

length of the branches can accurately represent the genetic distance.
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Figure 8 The verification of cusS deletion by colony PCR. A: The demonstrating figure of deletion cusS B:
DNA gel for PCR product (validation primers C1 and C2 had no band in E. coli K-12, and the target band
amplified at AcusSwas 627 bp, including the 10th target band).
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Figure 9 The growth curves of Escherichia coli K-12 and AcusS. A: BHI. B: LB. C: TSB. D: SOC. P>0.05,
Student’s t test. ns: No significance.
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Figure 11 The antimicrobial activity of OFL/MEM against Escherichia coli K-12 and AcusS A, B: OFL. C,
D: MEM. A, C: E. coli K-12. B, D: AcusS. ****: P<(.000 1, Student’s t test.
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Figure 12 Effect of cusS deletion on the expression of CUSCFBA and cusR. P<0.001, Student’s t test.

* P<0.05, ** P<0.01, *** P<0.001.
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