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INTRODUCTION 

Silver, copper, and zinc of transition metals have 

highly antibacterial activities and are utilized as 

chemotherapy agents.  

Recently, antibacterial activities of silver, copper, 

zinc and these complexes call attention to potential 

treatments such as prevention of serious diseases, 

exploitation during bacterial pathogenesis, and 

cancer and tumor cell. Silver absorbed into the body 

as Ag+ readily binds to intracellular proteins, serum 

albumins and macroglobulins for metabolism that 

Ag+ actively absorbed from silver nitrate or silver 

sulphadiazine induces and binds the cysteine-rich 

proteins －Metallothioneins (MTs)ⅠandⅡin 

metabolically active cells of the wound margin [1]. 

Bactericidal activity of Ag+ ions is apparent to be 

strong from the experimental data that minimum 

inhibitory concentration (MIC) = 8 ppm, minimum 

bactericidal concentration (MBC) = 32 ppm for Ag+ 

in silver sulfate solutions against S. aureus are 

obtained [2].  

The other, MIC= 625 ppm, MBC= 1250 ppm for 

copper nitrate solutions against S. aureus are gained 

[3]. Owing to their antibacterial properties, recently 

advanced silver nanoparticles (AgNPs) are the most 

commonly used that an oxidation reaction at 

nanoparticle surface, from the elemental Ag (0) to 
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Ag+, and a subsequent binding of Ag+ to a ligand 

L-, AgL in which important ligands to be considered 

are chloride, sulfide, and organic ligands with thiol 

groups [4]. These results of reaction of Ag+ ion with 

Ligand are caused by antibacterial factors. 

In the metallic sulfate solutions, Al3+, Zn2+, Cu2+, 

Ag+ have higher antibacterial activities. From 

these observations, the antibacterial order is Zn2+

＞Cu2+＞Ag+ ＞Al3+, in which Zn2+ ions have 

indicated the highest antibacterial effect [5].  

Zn2+ ions exhibit antimicrobial activity against 

various bacteria that released Zn2+ contributes 

inhibition of bacterial cell growth and DNA 

damage which the effectiveness of Zn inhibition 

of bacterial growth results from changing the 

active transport system and impeding the initial 

phase of bacterial mating [6]. 

Synergistic antibacterial effect of Ag+ and Zn2+ is 

dependent upon the amount of Zn2+ present in the 

medium that atomic Ag+－Zn2+ ratios higher than 

1:6 appear to be optimum ratios against Gram- 

positive E. faecalis that the mechanism by which 

Ag+ and Zn2+ interacts synergistically with each 

other is not clearly understood [7]. 

And then, it is unclear whether the antibacterial 

factor for these highly antibacterial silver and 

zinc ions is caused by inhibition of peptidoglycan 

(PGN) elongation for bacterial cell wall growth or 

not. However, the bacteriolysis of bacterial cell 

wall should be considered to relate directly with 

PGN synthesis and autolysin.  

For the sake of growth of bacterial PGN cell wall, 

there is necessarily required for the adequate 

balance between PGN biosynthesis and PGN 

autolysin.  

When the balance is broken, bacteriolysis and 

destruction of the bacterial cell wall may become to 

occur. Realization of PGN growth inhibition is found 

to be bacteriolytic phenomenon of bacterial cell wall 

that specially, PGN autolysin has important role for 

bacteriolyses. The PGN autolysin is peptidoglycan 

hydrolase that can collectively cleave almost any 

glycoside and amide bond which hydrolase sculpt 

the shape, size, and thickness of peptidoglycan and 

amidase have a prominent role in septum cleavage [8, 

9].  

 

 

In this review, bacteriolysis and destruction of 

bacterial cell walls by silver (Ⅰ) and zinc (Ⅱ) ions are 

compared with molecular structures of bacterial cell 

walls, bacteriolysis of S. aureus PGN cell wall, 

destruction of E. coli outer membrane lipoprotein, 

and activation or inactivation at action sites of PGN 

syntheses and PGN autolysins. 

Molecular Structures of Bacterial Cell Walls 

and Peptidoglycan Syntheses/Autolysins 

against S. Aureus 

Bacterial PGN syntheses are present in chiefly 

Transglycosylase (TG) and Transpeptidase (TP), and 

the other, PGN autolysin is hydrolyzing enzymes. 

Molecular structure of S. aureus PGN cell wall and 

action sites of synthetic TG and TP, and autolysins 

are shown in Figure 1.  

S. aureus surface layer consists of teichoic acids, 

lipoteichoic acids, and thick PGN envelope cell wall 

[10]. There are action sites of transglycosylase (TG) 

and transpeptidase (TP) mainly on thick PGN layer.  

The TG is the synthetic enzymes of N-

acetylglucosamidase cleavage between NAG (N-

acetylglucosamine) and NAM (N-acetyl-muramic 

acid), and N-acetylmuramidase cleavage between 

NAM and NAG on glycan chain. The TP is the 

synthetic enzyme cleavage between Glycine and D-

alanine on PGN crosslinking.  

The other, there are PGN autolysins of N-

acetylmuramyl-L-alanine amidase cleavage,DD-

endopeptidases cleavages between Glycine and 

Glycineon penta-glycine (Gly)5, and in addition, 

lysostaphin cleavage between glycine and glycineon 

PGN cross-linking [11].  

PGN synthesis requires glycosytransferases to 

polymerize the glycan chain and DD-transpeptidase 

to crosslink the peptides, and PGN cleavage of PGN 

hydrolases and autolysins is required for reductive 

cell division and cell separation that amidase has a 

prominent role in septum cleavage, but lytic 

transglycosylases and endopeptidases contribute to 

cell separation, and their role is probably understated 

owing to their greater redundancy, in which they play 

a vital role in regulating cell wall growth as well as 

other lysis phenomena [9]. 

 

 
 



Comparative Bacteriolytic Mechanism for Ag+ and Zn2+ Ions against Staphylococcus 

Aureus and Escherichia Coli: A review 

 

 

Annals of Microbiology and Infectious Diseases V2 ● I1 ● 2019                                                                       3 

  

Fig1. Molecular structure of PGN cell wall and action sites of PGN synthetic TG/TP and autolysins against S. 

aureus 

Degradative Enzymes of Lipoprotein at N- 

and C-Terminals, PGN TG･TP Syntheses and 

PGN Autolysins against E. coli 

Molecular structure of E. coli outer membrane 

cell wall and action sites for degradative enzymes 

in outer membrane lipoprotein at N- and C- 

terminals and for PGN synthetic TG/TP and 

autolysins are represented in Figure 2.  

E .coli cell wall consists of lipid A, 

lipopolysaccharide, porin proteins, outer membrane 

of lipoprotein, and thinner 2-7 nm PGN layer in 30-

70 nm periplasmic space [10]. Degradative enzymes 

of lipoproteins at N- and C-terminals are 

Endopeptidase between phospholipid－ Lipoprotein 

bond and Amidase between L-Ala－NAM bond via 

E.coli outer membrane, lipoprotein to PGN. In the 

molecular bonding manner of E. coli cell wall and 

periplasmic PGN, there are E. coli PGN synthetic 

enzymes TG of Glucosaminidase cleavage, 

Muramidase cleavage on glycan chain, and TP of 

Endopeptidase cleavage on cross-linking. The other, 

PGN hydrolases and autolysins are degradative 

enzymes of Amidase cleavage, Peptidase cleavage, 

and Carboxypeptidase cleavage [12]. Penicillin-

binding protein 2 and Rod A (encoded downstream 

of the PBP2 gene) are required for the PGN 

synthesis of glycan strands during elongation and 

the periplasmic amidase cleave only one-sixth of 

the PGN that is turned over by the lytic trans-

glycosylases [13]. E. coli has at least 13 periplasmic 

PGN hydrolases (autolysins), which can 

collectively cleave almost any glycoside and 

amide bond [9]. Interactions of PGN molecular 

structure with PGN syntheses and autolysins 

influence in any event the bacteriolytic cell walls. 
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Fig2. Molecular structure of outer membrane cell wall and PGN thin layer in periplasmic space against E. coli, 

and action sites of degradative enzymes of lipoprotein at N- and C- terminals and PGN synthetic TG/TP 

and autolysins  

DISCUSSION 

Ag+ and Zn2+ Ions Induced S. Aureus PGN 

Cell Wall and E. Coli Outer Membrane with 

PGN Thin Layer within Periplasmic Space 

Ag+ and Zn2+ Ions Induced PGN Synthetic 

Enzymes of TG and TP against S. Aureus 

The released Ag+ ions that penetrated from AgNP 

into bacterial cells can inhibit the growth of Gram-

positive B. subtilis bacterium which exerts toxicity 

by damaging cellular membrane, degrading 

chromosomal DNA, lowering reductase activity, 

and reducing protein expression [14]. Wall teichoic 

acids are spatial regulators of PGN cross-linking 

biosynthesis TP [15].  

Silver ions could inhibit both TG and TP enzymes 

of the PGN that Ag+-induced bacteria may 

inactivate PGN synthesis transglycosylase TG[16] 

and transpeptidase TP[17,18].The other, however, 

it is not explicit whether zinc ions could inhibit both 

TG and TP enzymes of the PGN, wherein is due to 

uncertain relation between wall teichoic acids 

biosynthesis and PGN biosynthesis. 

Ag+ and Zn2+ Ions Promote Amidase Activations 

of S. Aureus PGN Autolysin 

Lytic activity was inhibited by glucosamine, 

NAG, Hg2+, Fe3+, and Ag+ [19], and Lytic 

Amidase LytA [20], enzymatically active domain 

of Autolysin LytM [21], as prevention of the 

pathogen growth. The activations of these PGN 
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autolysins could be enhanced the inhibitions of 

PGN elongation simultaneously, with 

bacteriolysis of S. aureus PGN cell wall.  

The other, Zn2+ binding Rv3717 showed no activity 

on polymerized PGN and but, it is induced to a 

potential role of N-Acetylmuramyl-L-alanine 

Amidase [22], PGN murein hydrolase activity and 

generalized autolysis; Amidase MurA [23],  Lytic 

Amidase LytA [20], enzymatically active domain 

of autolysin LytM [21], Zinc-dependent metallo- 

enzyme AmiE [24] as prevention of the pathogen 

growth, and Lysostaphin-like PGN hydrolase and 

glycylglycine endopeptidase LytM [25]. These 

autolysins are an important role in the killing of 

bacteria [26]. 

Ag+ and Zn2+ Ions Enhance Inactivation of   S. 

Aureus PGN Syntheses and Activation of PGN 

Autolysins 

Ag+ ions induced inactivating PGN synthesis and 

activated amidase of PGN autolysin occur 

simultaneously, subsequently, bacteriolysis of S. 

aureus PGN cell wall results with suppression of 

PGN growth. Accordingly, the cause of 

bacteriolysis of S. aureus PGN cell wall by Ag+ ions 

is due to the inhibition of PGN elongation by 

inactivation of PGN TG or TP and enhancement of 

activation of amidases of PGN autolysins. The 

other, Zn2+ induced the activations of PGN 

autolysins are considered to enhance inhibitions of 

PGN elongation with bacteriolysis and destruction 

of S. aureus PGN cell wall. 

Production of Reactive Oxygen Species (ROS) 

against S. Aureus 

For the penetration of Ag+ or Zn2+ ions to PGN cell 

wall, the ROS production such as superoxide anion 

radical O2
－, hydroxyl radical･OH, hydrogen 

peroxide H2O2 occurred from superoxide radical 

O2
－molecular [27]. O2

－and H2O2 permeate into 

membrane and cytoplasm, and then, DNA 

molecular is damaged by oxidative stress [28]. 

O2 + e-→ O2
－ 

･O2
－ +  2H+  +  e-  →  H2O2 

O2 + e- + H+  →  ･HO2 

 H2O → ･OH + ･H + e- → H2O2 

･HO2  → H+  +  O2 

H2O2 + e- → HO－ + ･OH 

･OH  +  e-  +  H+  →  H2O 

2H  +  2･O2
－ →  H2O2 + O2 

Ag+ and Zn2+ Ions Induced Outer Membrane, 

Lipoprotein, and PGN within Periplasmic 

Space against E. coli 

Permeability of Ag+ and Zn2+ Ions into E. coli 

Cell Wall 

E. coli cell wall is comprised of lipopolysaccharide 

(LPS), lipoproteins (LP), and peptidoglycan (PGN) 

as thinner layer within periplasmic space. When 

permeability of silver ions in the E. coli cell wall, 

highly anionic LPS with hydrophobic lipid A, core 

polysaccharide, O-polysaccharide, is liable to be 

explosive, inhibition of LPS biosynthesis may be 

possibility to occur by active hydrolases [29]. The 

OmpA, OmpC, OmpF porins of lipoproteins have 

metallic cation selective and hydrophilic membrane 

crossing pore. 

Ag-resistant mutants of E. coli display active efflux 

of Ag+ and are deficient in porins that active efflux 

may play a major role in silver resistance, which is 

likely to be enhanced synergistically by decreases 

in OM permeability [30].  

Physicochemical interaction of E. coli cell 

envelopes suggested that the adsorption of the cell 

wall or envelope to clay has masked or neutralized 

chemically reactive adsorption sites normally 

available to metal ions that metal binding capacity 

of metal cation bridging in isolated envelopes was 

determined by atomic adsorption spectroscopy [31].  

Silver adsorption by E. coli cells displays 

metallothioneins (MTs) anchored to the outer 

membrane protein LamB that the complete MT 

sequences are anchored by their N-termini and C-

termini to the permissive site 153 of the protein [32]. 

Recently, Ag+ ions into E. coli cell wall are 

elucidated to be occurred E. coli under ionic silver 

stress which Ag+-dependent regulation of gene 

expression is transpeptidase acting on the structural 

integrity of the cell wall [33]. The addition of 

glucose as an energy source to starved cell activated 

the Ag efflux on the increased Ag accumulation in 

Ag-susceptible and-resistant strain. Silver (Ⅰ) ions 

reactive with thiol, and then generates silver (Ⅰ) 

thiolate compounds.Silver ion complexes with both 

inorganic and organic thiols with redox reaction 

involved that with inorganic thiols like HS－and S2+, 

it is possible to form many species such as AgSH, 

[Ag(SH)2]
－ and [Ag2(SH)2S]2－depending on the 

concentration of the anions present [34];  

Ag+＋ -(SH) － →  AgSH → [Ag2 (SH)2S] 2－. 

The other, in permeability of zinc ions into E.coli 
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cell wall, the first permeability barrier of zinc ions 

in the E.coli cell wall is highly anionic LPS with 

hydrophobic lipid A, core polysaccharide, O-

polysaccharide, in which zinc ions may be possible 

for the inhibition of LPS biosynthesis, owing to that 

promotes formation of metal-rich precipitates in a 

cell surface [29]. Zinc ion uptake across the outer 

membrane, the lipoproteins of Omp A, Omp C, 

Omp F porins have a role for at least some of these 

proteins in Zn2+ uptake, in which the lipoproteins 

have metallic cation selective and hydrophilic 

membrane crossing pore, to be effective for zinc 

transfer [35]. Zinc (Ⅱ) ions react with -SH base, and 

then H2 generates. Zinc bivalent is unchangeable 

as -SZn－S－bond 4-coodinated; 

 Zn2+＋2(-SH)→  SZn(Ⅱ)－S ＋ 2H+. 

Ag+ and Zn2+ Ion Induced Destruction of 

Outer Membrane Structure by Degradation 

of Lipoproteins at C- and N-Terminals against 

E. Coli. 

Tol protein (Tol)－protein – associated 

lipoprotein (Pal) system is composed of five 

proteins that Tol A, Tol Q, and Tol R are inner 

membrane proteins, Tol B is a periplasmic 

protein, and Pal, the peptidoglycan-associated 

lipoprotein, is anchored to the outer membrane 

[36].   

Ag+ ions induced Tol-Pal complex is antimicrobial 

agents widely used, it has recently been 

demonstrated to be essential for bacterial survival 

and pathogenesis that outer membrane structure 

may be destroyed [37,38]. It is unclear whether both 

Endopeptidase and Amidase of lipoprotein at C- 

and N-terminals are simultaneously activated by 

Ag+ ions. However, the outer membrane structure 

is considered probably to be destroyed by 

predominant activation of lipoprotein-amidase. 

Zinc ions induced destruction of E. coli cell wall 

outer membrane structure occurs by hydrolases of 

lipoproteins at C-, N-terminals that ZnPT (zinc 

pyrithione) and Tol (Tol proteins)-Pal (Protein-

associated lipoprotein) complex are antimicrobial 

agents widely used. However, it has recently been 

demonstrated to be essential for bacterial survival 

and pathogenesis that outer membrane structure 

may be destroyed [39]. 

Ag+ and Zn2+ Ion PGN Synthesis in Periplasmic 

Space and PGN Autolysins against E. coli 

Silver ions may be accumulated in E. coli 

periplasmic space, in which the silver ions are 

spent to the activation of bacteriolysis of the cell 

wall and efflux activity to extracellular cell. Then, 

lipoprotein-endopeptidase may function to be 

degradative by Ag+ binding proteins [40]. The 

other, it is unclear that the silver-induced PGN 

syntheses TG/TP should be inhibited by the silver 

ions [41, 42], but silver ions inactivate probably 

TP of endopeptidase from destructive 

observation of bacterial cell walls [33]. Silver 

ions enhance activation of E. coli PGN autolysins 

of amidase, peptidase, carboxypeptidase [43,44], 

such as silver depending PGN autolysin, Ami C 

[45], Ami D [46], Muramidase [47], Amino acid 

amidase [48], Carboxypeptidase-degraded aldolase 

[49], Carboxypeptidase Y [50] that serve to be 

effective for the PGN autolysins. It is particularly 

worth noting that enhancement of the activities of 

autolysins is characterized on PGN carboxy 

peptidase and TP-endopeptidase [40] requiring 

divalent cations. Degradation of E. coli PGN during 

elongation may be turned over by lytic TG and 

periplasmic amidase [13]. Thus, the inhibition of 

PGN elongation had occurred by silver ion induced 

activities of PGN hydrolases and autolysins. Ag+ 

ions promote damage of E. coli PGN synthetic 

enzyme of silver-protein amidase in periplasmic 

space and the activations by amidase, peptidase, 

and carboxypeptidase of PGN autolysins. 

Accordingly, antibacterial mechanism for E. coli by 

Ag+ ions is found that bacteriolysis and destruction 

of E.coli cell wall are caused by the destruction of 

outer membrane structure owing to the activation of 

amidase of lipoprotein at C- and N-terminals, and 

by inhibition of PGN elongation due to the 

damage of PGN synthetic enzyme of silver-

protein amidase in periplasmic space and the 

activations of PGN autolysins of amidase, 

peptidase, and carboxypeptidase. The other, the 

zinc-induced decrease of protein biosynthesis led 

to a partial disappearance of connexin-43 of 

protein synthesis in neurons [51], but it is 

unknown whether PGN synthesis is inhibited. 

Further, it is also unclear whether the both TG/TP 

should be inhibited by the zinc ions [41,52]. Zinc 

ions were accumulated in E. coli periplasmic 

space, in which the zinc ions are spent to the 

activation of bacteriolysis of the cell wall. Zinc 

depending PGN autolysin, amidase PGRPs [44], 

zinc metalloenzymes AmiD [46], amidase zinc-

containing amidase; AmpD [53], zinc-present 

PGLYRPs [54] serve to be effective for the PGN 

autolysins. It is particularly worth noting that 

enhancement of the activities of autolysins is 

characterized on PGN carboxypeptidase-
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transpeptidase IIW[55] requiring divalent cations.  

Accordingly, the inhibition of PGN elongation 

had occurred by zinc ion induced activities of 

PGN hydrolyses and autolysins. 

ROS Production and Oxidative Stress against E. 

Coli 

Silver or zinc ions reacted with -SH, and H+ 

generates. In E.coli, free radicals O2
－, OH－,･OH 

and H2O2are formed as follows [56]: 

O2 + e   → O2
－ 

2O2
－+ 2H+→ H2O2 + O2 

O2
－＋H2O2 → OH－+ ･OH + O2 

In cell wall, reacting with polyunsaturated fatty 

acids: 

LH + OH･ → L･ + HOH 

L･ + O2 → LOO･ 

LH + LOO･ → L･ + LOOH 

Ag+-containing peptidoglycan recognition 

proteins (PGRPs) induce ROS production of 

H2O2, O－, HO･, and then the ROS occur the 

oxidative stress, and killing by stress damage 

[57].  

Zinc-containing Peptidoglycan Recognition 

Proteins (PGRPs) induce ROS production of 

H2O2, O2
－, HO･, the ROS occur the oxidative 

stress, and killing by stress damage. 

As mentioned above, bacteriolyses and destructions 

of bacterial cell walls by antibacterial Ag+ and Zn2+ 

ions are caused of inhibition of PGN elongation by 

which the activations of degradative hydrolases and 

PGN autolysins against S. aureus and E. coli are 

summarized in Table 1. 

Table1. Antibacterial Ag+ and Zn2+ ions induced activations of degradative hydrolase and PGN autolysins, and 

ROS generations against S. aureus and E. coli 

Ag+    and 

Zn2+ ions 

S. Aureus Cell Wall E. Coli Cell Wall 

PGN Layer Cell Wall Lipoprotein at 

 C- and N-Terminal 

Periplasmic Space  

Thin PGN Layer 

 

 

Ag+ ion 

Ag+, O2
－, H+, ･OH, H2O2, ･HO2, 

   ･NO, ONOO－ 

Ag+, O2
－, H2O2,･OH Ag+, O2

－, H2O2, OH－, ･OH 

･PGN TG or TP inactivation 

･Autolysins; Amidases Mur A, Lyt A. 

Ag+  +  (-SH)－  →  AgSH  → 

 [Ag2(SH)2S]2－ 

･Activation of 

  degradative amidase 

･PGN autolysins; Amidase, 

 peptidase and 

 carboxy-peptidase 

 

Zn2+ ion 
Zn2+,O2

－,H2O2,･OH,･NO,ONOO－ Zn2+, O2
－, H2O2 Zn2+, O2

－, H2O2, OH－, ･OH 

･PGN TG/TP inactivation is unclear. 

･Amidase and endopeptidase 

･Endopeptidase 

activation 

Zn2+   +  2(-SH)   → 

  -S Zn(Ⅱ)－S + 2H+ 

･PGN autolysins; Amidases and 

carboxypeptidase-transpeptidase. 

    

Damage within DNA Base-Pairs 

DNA Damage by Ag+ Ions 

Ag+ ion induced occurrence of generations of 

ROS and hydrogen peroxide H2O2 in bacterial 

cells and DNA, in which formation of DNA 

damage resulting from a release of catalytic 

binding of zinc ion to DNA with generation of ･
OH radicals, and by reaction of H2O2 with the 

metal produces the strand breaks in DNA as well 

as DNA base-pairs modifications and 

deoxyribose fragmentation. Transfer of Ag+ ions 

into triple and double hydrogen bonds within 

DNA base-pairing G(guanine)≡C(cytosine) and 

A(adenine)=T (thymine) pairs occurs by Ag+ ion 

substitution shown in Figure 3.  Ground state-

structure in Figure 1 is considered that the gain in 

electronic charge is mainly localized on the noble 

silver metal atom for anions and the charge is 

donated partially by the metal and partially by the 

nucleobase for cations. In neutral case, binding 

occur through positive and negative centers, 

where the s electronic orbital in the metal atom 

hybridizes with the d orbital by redistributing the 

charge to favor the dipolar interaction [58]. Silver 

ion can bond to consecutive guanines that when 

the metal bonds to a non-hydrogen-bonding site 

it has only a very small effects on the structure of 

the base pair and on the strengths of the hydrogen 

bonds of the base pair, in which the bonding of 

the metal atoms to two consecutive base pairs 

leads mechanism of popular cisplatin-based anti-
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cancer drugs [59]. Thus, it may be considered that 

DNA damages due to linear two-coordinated Ag+ 

complex formations within DNA base-pairs of 

triple hydrogen bond G≡C and double hydrogen 

bond A=T are subjected in ground state. A=T 

base pairs are less stable than G≡C base pairs in 

Ag+-DNA reaction [60]. 

 

Fig3. Ag+ substitution into the triple and double hydrogen bonds within DNA base-pairs G≡C and A=T pairs 

a )  2-coordinated linear Ag+ complex formation in G≡C pair Ground state; O-Ag+-N, N-Ag+-N, N-Ag+-O 

              (stable) 

b )  2-coordinated planar linear Ag+ complex formation in A=T pair Ground state; N-Ag+-O, N-Ag+-N  

(stable).  

Damage of DNA Base-Pairs by Zn2+Ions 

Zn2+ ion induced occurrence of generations of 

ROS and hydrogen peroxide H2O2 in bacterial 

cells damages DNA, in which formation of DNA 

damage resulting from a release of catalytic 

binding of zinc ion to DNA with generation of 

OH･ radicals, and by reaction of H2O2with the 

metal produces the strand breaks in DNA as well 

as DNA base-pairs modifications and 

deoxyribose fragmentation. Transfer of Zn2+ ions 

into hydrogen bonds in DNA base-pairing G 

(guanine) ≡ C (cytosine) and A (adenine) = T 

(thymine) pairs occurs by Zn2+ ion substitution 

shown in Figure 4. Thus, it may be considered 

that DNA damages due to Zn-complex within 

DNA base-pairs G≡C, A=T is formed in the 

hydrogen bonds.  

 

Fig4. Zn2+ substitution into the triple and double hydrogen bonds in DNA base-pairing G: C and A: T pairs 

a) G≡C base pair, 6-coodinated Zn2+ complex formation (stable) 

b) A=T base pair, 4-coodinated planar Zn2+ complex formation (unstable) 
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CONCLUSION 

Ag+-induced PGN synthesis TG or TP on S. 

aureus PGN cell wall is inactivated, and 

simultaneously, PGN autolysin is activated. 

Bacteriolysis of S. aureus PGN cell wall that the 

wall teichoic acids control PGN synthesis cross-

linking TP, may be caused by the inhibition of 

PGN elongation due to enhancement of the 

activities of PGN autolysins; amidase Ami A and 

Ami E, and PGN hydrolase Lysostaphin-like 

endopeptidase. The other, Zn2+ ions are thought 

that the activations of these PGN autolysins could 

be enhanced the inhibitions of PGN elongation 

simultaneously, with bacteriolysis and 

destruction of S. aureus PGN cell wall. 

Accordingly, Zn2+ ions inhibit the PGN 

elongation due to the activations of PGN 

autolysins. Bacteriolysis and destruction of 

E.coli outer membrane lipoprotein cell wall by 

Ag+ ions are considered that the damage of LPS 

synthesis and destructing of outer membrane 

structure by degrading of lipoprotein at C-, N-

terminals occur, and bacteriolytic cause due to the 

inhibition of PGN growth formation by 

enhancement of activation of amidase, peptidase, 

and carboxypeptidase of PGN autolysins results 

with inactivation of TP-endopeptidase. The other, 

Zn2+ ions are particularly worth noting that 

enhancement of the activities of autolysins is 

characterized on PGN carboxypeptidase-

transpeptidase IIW requiring divalent cations. 

Accordingly, the inhibition of PGN elongation 

had occurred by zinc ion induced activities of 

PGN hydrolases and autolysins. By the 

penetration of silver or zinc ion into S. aureus cell 

wall, production of O2, H+, H2O2, ONOO－occurs 

against S. aureus. The other, in silver and zinc 

ions into E.coli cell wall, the productions of O2
－, 

H+ in outer membrane, and H2O2, OH－, ･OH in 

periplasmic space occur. These ROS and H2O2 

give the damages of cell membrane proteins and 

DNA molecular in cytoplasm. The DNA damages 

may be considered that are ascribed to two-

coordinated linear Ag+ complex formations by 

Ag+ substitution, and four-coordinated planar 

Zn2+ complex and six-coordinated Zn2+ complex 

formations by Zn2+ substitution, within DNA 

base pairs of A=T double and G≡C triple 

hydrogen bonds in cytoplasm of bacterial cells. 

CONFLICT OF INTEREST 

 The author declares no conflict of interest. 

REFERENCES 

[1] Alan B.G. Lansdown (2010); A pharmacological 

and toxicological profile of silver as an 

antimicrobial agent in medical devices, Advances 

Pharmacological Sciences, 2010: 1-16pages.  

[2] SIMON SANDSTROM (2011); The antibacterial 

effect of silver with different release kinetics, 

Master Science Thesis in Biotechnology, 

Chalmers University and Biological Engineering, 

Sweden, 2011. Abstract.   

[3] T. Ishida (2016); Bacteriolyses of Cu2+ solution on 

bacterial cell walls/cell membrane and DNA base 

pairing damages, Japanese Biomedical Research 

on Trace Elements, 27, No.4:151-161. 

[4] R. Behra, L. Sigg, M.J.D. Clft et al (2013); 

Bioavailability of silver nanoparticles and ions: 

from a chemical and biochemical perspective, 

Journal of The Royal Society Interface, 2013; 10:1-

15.  

[5] T. Ishida (2017); Halo-inhibitory zone tests and 

antibacterial activities for some metallic salts 

aqueous solutions, Japanese Journal of Preventive 

Medicine, 11(3):93-99. 

[6] S.Y. Park, S.G. Birkhold, L.F. Kubena et al (2004); 

Review on the role of dietary zinc in poultry 

nutrition, immunity, and reproduction, Biological 

Trace Element Research, 201: 147-163. 

[7] Wai Fan, Qing Sun, Yanyun Li et al (2018); 

Synergistic mechanism of Ag+-Zn2+ in antibacterial 

activity against Enterococcus faecalis and its 

application against dentin infection, Journal of 

Nanobiotechnology, 16(10): 1-16. 

[8] Jessica Human and Laurel L. Lenz (2009); 

Bacterial peptidoglycan degrading enzymes and 

their impact on host muropeptide detection, J. 

Innate Immune, 1: 88-97. 

[9] A. Typas, M. Banzhaf, C. A. Gross, and W. Vollmer 

(2017); from the regulation of peptidoglycan 

synthesis to bacterial growth and morphology, Nat 

Rev Microbiol. 10(2):123-136. 

[10] T.J. Silhavy, D. Kahne, and S. Walker (2014); The 

Bacterial Cell Envelope, Cold Spring Harbor 

Perspectives in Biology, 2:1-14. 

[11] Tsuneo Ishida (2017); Halo-inhibitory zone tests 

and antibacterial activities for some metallic salts 

aqueous solutions, Japanese Journal of Preventive 

Medicine, 11(3):93-99. 

[12] Tsuneo. Ishida (2016); Bacteriolyses of Cu2+ 



Comparative Bacteriolytic Mechanism for Ag+ and Zn2+ Ions against Staphylococcus Aureus and 

Escherichia Coli: A review 

10                                                                     Annals of Microbiology and Infectious Diseases V2 ● I1 ● 2019 

solution on bacterial cell walls/cell membrane and 

DNA base pairing damages, Japanese Biomedical 

Research on Trace Elements,27, No.4:151-161 

[13] Tsuyoshi Uehara and James T. Park (2008); 

Growth of Escherichia coli: Significance of 

peptidoglycan degradation during elongation and 

separation. American Society for Microbiology. 

190, No.11: 3914-3922.  

[14] Yi-Huang Hsueh, Kuen-Song Lin, Wan-Ju Ke, 

Chien-Te Hsieh et al (2015); The antimicrobial 

properties of silver nanoparticles in Bacillussubtilis 

are mediated by released Ag+ ions, PLOS ONE, 

10(12):1-17. 

[15] Magda L. Atilano, P.M. Pereiraetal (2010); 

Teichoic acid are temporal and spatial regulators of 

peptidoglycan cross-linking in S.aureus, PNAS, 

107:18991-18996. 

[16] E.R. Baizman, S.A. Bransttrom, C.B. Longley et al 

(2000); Antibacterial activity of synthetic 

analogues based on the disaccharide structure of 

moenomycin, an inhibitor of bacterial 

transglycosylase, Microbiology,246: 3129-3140.   

[17] Tetsuo Oka, Kazuko Hashizumre, and Hironori 

Fujita (1980); Inhibition of peptidoglycan 

transpeptidase by beta-lactamanbiotics: structure-

activity relationships, The Journal of Antibiotics, 

33:1357-1362. 

[18] M.A. Ortiz-Gila, R.E. Nunez-Anita, Ma. C. 

Srenas-Arrocena et al (2015); Silver nanoparticles 

for the inhibition of S.aureus, Entreciencias, 

3(7):133-142. 

[19] C. Croux, B. Canard, G. Goma, and P. Soucaille 

(1992); Purification and characterization of an 

extracellular muramidase of clostridium 

acetobutylium ATCC 824 that acts on non-N-

acetylated peptidoglycan, Applied and 

Environmental Microbiology,58,No.4:1075-1081. 

[20] P. Mellroth, T. Sandalova, et al (2014); Structural 

and Functional Insights into Peptidoglycan Access 

for the Lytic Amidase Lyt A of Streptococcus 

pneumoniae, 15:1-10. 

[21] Elzbieta Jagielsksa, Olga Chojnacka, and Izabela 

Sabata (2016); Lyt M Fusion with SH3b-Like 

Domain Expands Its Activity to Physiological 

Conditions, Microbial Drug Resistance, 23:461-

468. 

[22] D.M. Prigozhin, D. Mavrici,et al (2013), Structural 

and Biochemical Analyses of Mycobacterium 

tuberculosis N-Acetylmuramyl-L-alanine 

Amidase Rv3717 Point to a Role in peptidoglycan 

Fragment Recycling, J Biological Chemistry, 

288:31549-31555.  

[23] S.A. Carroll, T. Hain et al (2003), Identification and 

Characterization of a Peptidoglycan Hydrolase, 

Mur A of  Listeria monocytogenes, a Muramidase 

Needed for Cell Separation, J. Bacteriology, 

185,No.23; 6801-2003. 

[24] S. Zoll et al., Structural Basis of Cell Wall Cleavage 

by a Staphylococcal Autolysin, PloS Pathogens, 

6(2010)1-13. 

[25] L. Ramadurai, K.J. Lockwood et al. (1999); 

Characterization of a chromosomally encoded 

glycyglycine endopeptidase of S. aureus, 

Microbiology, 145: 801-808. 

[26] H.J. Rogers and C. W. Forsberg (1971); Role of 

autolysins in the killing of bacteria by some 

bactericidal antibiotics, Journal of Bacteriology, 

108, No.3: 1235-1243. 

[27] R. Gaupp, N. Ledala and G. A... Somerville 

(2012); Staphylococal response to oxidative stress, 

Frontiers in Cellular and Infection Microbiology, 

2:1-8.  

[28] F. Morina, M. Vidovic, et al (2015); Induction of 

peroxidase isoforms in the roots of two Verbascum 

Thapsus L. populations is involved in adaptive 

responses to excess Zn2+ and Cu2+, Botanica 

SERBICA,39(2):151-158. 

[29] S. LANGLEY and T.J. BEVERIDGE (1999); 

Effect of O-Side-Chain-LPS Chemistry on Metal 

Binding, Applied and Environmental Microbiol, 

65:489-498. 

[30] Xian-Zhi Li, H. Nikaido, and K.E. Williams (1997), 

Silver-resistant mutants of E.coli display active 

efflux of Ag+ and are deficient in porins, Journal of 

Bacteriology, 179, No.19:6127-6132. 

[31] S.G. Walker, C.A. Flemming, F.G. Ferris et al 

(1989); Physicochemical interaction of E. coli cell 

envelopes and Bacillus subtilis cell walls with two 

clay and ability of the composite to immobilize 

heavy metals from solution, Applied and 

Environmental Microbiology, 55, No.11:2976-

2984. 

[32] C. Sousa, P. Kotrba, T. Rumi et al (1998); Metallo-

adsorption by E. coli cells displaying yeast and 

mammalian Metallothioneins anchored to the outer 

membrane protein Lam B, Journal of 

Bacteriology,180, No.9:2280-2284.  

[33] C. Saulou-Berion, I. Gonzales, B. Enjalbert et al 

(2015); E. coli under ionic silver stress: An 

integrative approach to explore transcriptional, 

physiological and biochemical responses, PLOS 

ONE, 10(12): 1-25.  

[34] TOH Her Shuang, BATCHELOR-MCAULEY 

Christopher, TSCHULIK Kristina, COMPTON 

Richard G. (2014); Chemical interactions between 

silver nanoparticles and thiols: a comparison of 

mercapto-hexanol against cysteine, Sci China 

Chemistry, 57, No.9:1199-1210.   



Comparative Bacteriolytic Mechanism for Ag+ and Zn2+ Ions against Staphylococcus Aureus and 

Escherichia Coli: A review 

Annals of Microbiology and Infectious Diseases V2 ● I1 ● 2019                                                                     11 

[35] Claudia A. Blindauer (2015): Advances in the 

molecular understanding of biological zinc 

transport, The Royal Society of Chemistry, 

51:4544-4563. 

[36] E. Cascales, A. Bernadac, M. Gavioli et al (2002); 

Pal lipoprotein of E. coli plays a major role in 

outer membrane integrity, Journal of Bacteriology, 

184, No.3:754-759. 

[37] G. Veronesi, A. Deniaud, T. Gallon et al (2016); 

Visualization, quantification and coordination of 

Ag+ ions released from silver nanoparticles in 

hepatocytes, Nanoscale, 8:17012-17021. 

[38] Y.N. Slavin, J. Asnis, U. Hafeli, and H. Bach 

(2017); Metal nanoparticles: understanding the 

mechanisms behind antibacterial activity, Journal 

of Nanobiotechnology, 15:15-65.   

[39] A.J. Dinning, I.S.I.AL-Adham, P. Austin, M. 

Charlton and P.J. Collier (1998), Pyrithione groups, 

J. Applied Microbiology, 85: 132-140. 

[40] Renata Godlewska, Katarzyna Winniewska, 

Pietras and Elzbieta Katarzynika (2009); 

Peptidoglycan-associated lipoprotein (Pal) of 

Gram-negative bacteria: function, structure, role in 

pathogenesis and potential application in 

immunoprophylaxis, FEMS Microbiol Letter, 

298(1):1-18. 

[41] Santosh Kumar; three redundant murein 

endopeptidases catalyse an essential cleavage step 

in peptidoglycan synthesis of E. coli K12, 

Molecular Microbiology 2012; 86(5):1036-1051. 

[42] V. Ramachandran, B. Chandrakala, V.P. Kumar, V. 

Usha, S.M. Solapure, and S.M. de Sousa (2006): 

Screen for Inhibitors of the Coupled 

Transglycosylase-Transpeptidase of Peptidoglycan 

Biosynthesis in E. coli, Anti-microbial Agents 

and Chemotherapy, Apr.:1425-1432. 

[43] Silva M. Gonzalez-Leiza, Miguel A.de Pedro, and 

Juan A. Ayala (2011); Amp H, a bifunctional DD-

Endopeptidase and DD-carboxypeptidase of E. 

coli, Journal of Bacteriology, 193, No.24:6887-

6894. 

[44] I. Rivera, R. Molina, M. Lee, S. Mobashery, J. 

Hermoso (2016); Orthologous and Paralogous 

Amp D Peptidoglycan Amidases from Gram-

Negative Bacteria, Microbial Drug Resistance, 22, 

No.6:470-476. 

[45] D.L. Garcia and J.P. Dillard (2006); Ami C 

functions as an N-Acetylmuramyl-L-Alanine 

amidase necessary for cell separation and can 

promote autolysis in Neisseria gonorrhoeae, 

Journal of Bacteriology, 188, No.20:7211-7221. 

[46] A. Pennartz, C. Genereux, C. Parquet (2009); 

Substrate-induced inactivation of the E. coli Ami D 

N-Acetylmuramoyl-L-Alanine Amidase 

highlights a new strategy to inhibit this class of 

enzyme, Antimicrobial Agents and Chemotherapy, 

53, No.7:2991-2997. 

[47] C. Croux, B. Canard, G. Goma, and P. Soucaille 

(1992); Purification and characterization of an 

extracellular muramidase of Clostrium 

acetobutylicum ATCC 824 that acts on non-N-

Acetylated peptidoglycan, Applied and 

Environmental Microbiology, 58, No.4:1075-1081. 

[48] H. Komeda, N. Hariyama, Y. Asano (2006); L-

Stereo selective amino acid amidase with broad 

substrate specificity from Brevundimonas 

diminuta: characterization of a new member of the 

leucine aminopeptidase family, Applied 

Microbiology and Biotechnology, 70:412-421. 

[49] E.R. Drechsler, P.D. Boyer, and A.G. Kowalsky 

(1959); The catalytic activity of carboxypeptidase-

degraded aldolase, The Journal of Biological 

Chemistry, 234. No.10: 2627-2634. 

[50] R. Hayashi, Y. Bai, T. Hata (1975); further 

confirmation of Carboxypeptidase Y as a metal-

free enzyme having a reactive serine residue, J. 

Biochem. 77: 1313-1318. 

[51] Alirezaei M, Mordelet E., Rouach  N., Nairn AC, 

Glowinski J, Premont J. (2002), Zinc-induced 

inhibition of protein synthesis and reduction of 

connexin-43 expression and intercellular 

communication in mouse cortical astrocytes. Eur J 

Neurosci. Sep; 26(6): 1037-1044. 

[52] Alexander J.F... Egan, Jacob Biboy, Inge van’t Veer, 

Eefjan Breukink and Waldemar Vollmer (2016), 

Activities and regulation of peptidoglycan 

synthases, Philosophical Transactions B, 370: 1-20. 

[53] C. Carrasco-Lopez, et al, Crystal Structures of 

Bacterial Peptidoglycan Amidase AmpD and an 

Unprecedented Activation Mechanism, J. Biol. 

Chem.286(36) Sep9, 31714-31722. 

[54] Minhui Wang, Li-Hui Liu, et al (2007), Human 

Peptidoglycan Recognition Proteins Require Zinc 

to Kill Both Gram-positive and Gram-negative 

Bacteria and Are Synergistic with Antibacterial 

Peptides, The Journal of Immunology, 178: 3116-

3125. 

[55] Haimanti, Das Gupta and David P. Fan (1979): 

Purification and Characterization of a 

Carboxypeptidase-Transpeptidase of Bacillus 

megaterium Acting on the Tetrapeptide Moiety of 

the Peptidoglycan, J. Biologycal Chemistry, 254, 

No.13: 5672-5682. 

[56] Z.N. Kashmiri and S.A. Mankar (2014); Free 

radicals and oxidative stress in bacteria, 

International J. of Current Microbio and Appl 

Sciences, 3: 34-40. 

[57] D.R. Kashyap et al (2014); Peptidoglycan 



Comparative Bacteriolytic Mechanism for Ag+ and Zn2+ Ions against Staphylococcus Aureus and 

Escherichia Coli: A review 

12                                                                     Annals of Microbiology and Infectious Diseases V2 ● I1 ● 2019 

Recognition Proteins Kill Bacteria by Inducing 

Oxidative, Thiol and Metal Stress, PLOS Pathogen, 

7,10 Issue :1-17. 

[58] L.A. Espinosa Leal and O. Lopez-Acevedo (2014); 

A theoretical study of the interaction between 

DNA/RNA and then noble metal atoms of gold and 

silver; －Ground-state properties, Condensed-

Matter-Materials-Science, 2014:1-10. 

[59] Paulo H. and Sudha Srinivas (2014). Silver- and 

gold-mediated nucleobase bonding. J Mod Model. 

2, Issue 1:1-9.  

[60] Andrew H-J Wang, Toshio Hakoshima et al (1984); 

AT base pairs are less stable than GC base pairs in 

Z-DNA, Cell, 37: 321-331

 

Citation: Dr. Sci. Tsuneo Ishida, " Comparative Bacteriolytic Mechanism for Ag+ and Zn2+ Ions against 

Staphylococcus Aureus and Escherichia Coli: A review ", Annals of Microbiology and Infectious Diseases, 

2(1), pp.01-12 

Copyright: © Dr. Sci. Tsuneo Ishida, This is an open-access article distributed under the terms of the 

Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original author and source are credited. 

 

 


