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Abstract: Due to the wide application of silver-containing dressings and silver-coated medical
devices in clinical treatment; the extensive use of antibacterial agents and heavy metal agents in
feed factories, Escherichia coli has formed the tolerance to silver ions. To systematically
understand the known silver ion resistance mechanisms of E. coli, this article reviews the
complex regulatory network and various physiological mechanisms of silver ion tolerance in
E. coli, including the regulation of outer membrane porins, energy metabolism modulation, the
role of efflux systems, motility regulation, and silver ion reduction. E. coli reduces the influx of
silver ions by missing or mutating outer membrane porins such as OmpR, OmpC, and OmpF. It
adapts to high concentrations of silver ions by altering the expression of ArcA/B and enhances
the efflux capacity of silver ions under high-concentration silver stress via the endogenous Cus
system and exogenous Sil system. Furthermore, the motility of bacteria is related to silver
tolerance. E. coli has the ability to reduce silver ions, thereby alleviating the oxidative stress
induced by silver ions. These findings provide a new perspective for understanding the
formation and spread of bacterial tolerance and provide directions for the development of
next-generation silver-based antimicrobials and therapies.

Keywords: Escherichia coli; silver ions; tolerance mechanism; antibacterial strategy; drug
resistance
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Antibacterial mechanism of silver ion. ROS: Reactive oxygen species.
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Figure 2 The way OMP transports silver ions. Silver ions enter periplasm through cation-selective OMP.
The silver ions enter the periplasms act on the sulfhydryl group of the enzyme on PM, causing PM

depolarization and intracellular potassium ion outflow.
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Figure 3 The three-dimensional structure of OmpR, OmpC and OmpF. A: Three-dimensional structure of
OmpR; B: Three-dimensional structure of OmpC; C: Three-dimensional structure of OmpF.

A: OmpR =4EZ5Hg; B: OmpC —=4iZsHy; C:
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Figure 4 Cus and Sil efflux pump dominated silver ion tolerance mechanism. A: Endogenous silver ion
tolerance mechanism led by Cus efflux pump. Intracellular silver ions activate CusS, which present
phosphoric acid groups to CusR after self-phosphorylation, activate CusR to bind to DNA, initiate CusCFBA
transcription, and promote silver ion efflux. B: Endogenous silver ion tolerance mechanism led by Sil efflux
pump. Intracellular silver ions activate SilS, which, after self-phosphorylation, present phosphoric acid
groups to SilR, activate SilR to bind to DNA, initiate SilCFBA transcription, and promote silver ion eftlux.
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CusB
Bl 5 Cus/MIRFEEEG=HERELREER
—YEZEM); D: CusB —4EZ5#; E: CusC —4E45H4; F: CusF —4E%5#,
Figure 5 The three-dimensional structure of components of Cus efflux system. A: Three-dimensional structure of

CusS; B: Three-dimensional structure of CusR; C: Three-dimensional structure of CusA; D: Three-dimensional
structure of CusB; E: Three-dimensional structure of CusC; F: Three-dimensional structure of CusF.
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L9Q, L238Q, P273L, S309L, R374W

Improving silver ion tolerance

Adapting to high concentrations of silver ion environment

[
[

Autophosphorylation of CusS and increasing efflux of silver ions [12
Improving silver ion tolerance [
[

Adapting to the presence of silver ions

Promoting CusCFBA expression and improving tolerance to silver ions  [11]
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Figure 6 The three-dimensional structure of the components of the Sil efflux system. A: Three-dimensional
structure of SilC; B: Three-dimensional structure of SilF; C: Three-dimensional structure of SilB; D:
Three-dimensional structure of SilA; E: Three-dimensional structure of SilR; F: Three-dimensional structure
of SilS; G: Three-dimensional structure of SilE; H: Three-dimensional structure of SilP; I: Three-dimensional

structure of SilG.
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Figure 7 Mechanism of silver ion tolerance in Escherichia coli. a: Secreting extracellular polymers to
reduce silver ions; b: Inhibited OM protein expression; c: Cus/Sil efflux system sensed silver ions to initiate
efflux process; d: Activate oxidative damage defense mechanism; e: Maintenance of energy metabolism; f:
Bacterial motility.
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Table 2 Key genes and functions of silver resistance

Protein type  Silver Description Reference
tolerant gene
OMP ompC Outer membrane porin; deletion mutants are more tolerant to silver ions [11,16-17]
ompF Outer membrane porin; deletion mutants are more tolerant to silver ions [11,17]
ompR DNA-binding transcriptional dual regulator, regulates OmpCF transcription; [11]
deletion mutants are more tolerant to silver ions
Efflux pump CcusA Copper/silver export system RND permease, providing power, delivering [38,43]
silver ions
cusB Copper/silver export system membrane fusion protein, connect CusA and [39,41]
CusC, feel the silver ions and start CusCBA assembly
cusC Copper/silver export system outer membrane channel, silver ion efflux [40]
cusR DNA-binding transcriptional activator, receives the CusS phosphoric acid [31,34]
signal and initiates CUSCFBA transcription
cusk Copper/silver export system periplasmic binding protein, silver ions in [43-44]
periplasm were collected and presented to CusB
cusS Sensor histidine kinase, sensing silver ions, self-phosphorylation and [30,32]
transmitting phosphoric acid signals to CusR
SilCFBA-RS The function corresponds to CusCFBA-RS [46]
silE Silver-binding protein, present silver ions to SilCBA [46-47]
Energy arcA DNA-binding transcriptional dual regulator; anaerobic respiration regulatory [51]
metabolism network factors; activate a variety of reductase and anaerobic respiration
related coding genes; assist bacteria through nitrate respiration to produce
energy
Damage sodB Superoxide dismutase; deletion mutant is more sensitive to silver ions [56]
repair and recA DNA recombination/repair protein; deletion mutants are more sensitive to [56-57]
defense silver ions
fabR DNA-binding transcriptional repressor, code for fatty acid biosynthesis [56]
regulatory factors, affects membrane lipid homeostasis; deletion mutants are
more sensitive to silver ions
lon Lon protease; deletion mutants are more sensitive to silver ions [56]
pgaB Poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase and beta-1,6 glycoside [56]
hydrolase; involved in the formation of EPS and biofilm; deletion mutants
are more sensitive to silver ions
wcaA Colanic acid biosynthesis acetyltransferase; involved in the formation of [56]
EPS; deletion mutants are more sensitive to silver ions
wcaB Colanic acid biosynthesis acetyltransferase; involved in the formation of [56]

EPS; deletion mutants are more sensitive to silver ions

Py r A1 R R AT B HE B 2 R S B TR A Rk I
ol R A 1R 7 AR TN BT T TR RT G L A T
BEXor T2, SEOL BB L, AR E I AT
S5 e 20 TR A P R R T AR T R, L
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