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Abstract—Counteraction of the origin and distribution of multidrug-resistant pathogens responsible for
intra-hospital infections is a worldwide issue in medicine. In this brief review, we discuss the results of our
recent investigations, which argue that many antibiotics, along with inactivation of their traditional biochem-
ical targets, can induce oxidative stress (ROS production), thus resulting in increased bactericidal efficiency.
As we previously showed, hydrogen sulfide, which is produced in the cells of different pathogens protects
them not only against oxidative stress but also against bactericidal antibiotics. Next, we clarified the interplay
of oxidative stress, cysteine metabolism, and hydrogen sulfide production. Finally, demonstrated that small
molecules, which inhibit a bacterial enzyme involved in hydrogen sulfide production, potentiate bactericidal
antibiotics including quinolones, beta-lactams, and aminoglycosides against bacterial pathogens in in vitro
and in mouse models of infection. These inhibitors also suppress bacterial tolerance to antibiotics by disrupt-
ing the biofilm formation and substantially reducing the number of persister bacteria, which survive the anti-
biotic treatment. We hypothesise that agents which limit hydrogen sulfide biosynthesis are effective tools to
counteract the origin and distribution of multidrug-resistant pathogens.
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INTRODUCTION

The spread of multidrug-resistant bacterial patho-
gens and nosocomial infections is one of the most seri-
ous health problems worldwide. The COVID-19 pan-
demic has shifted this problem from the category of
“important” to the category of “acute.” The slow
progress in the development of new antimicrobial
drugs and the rapid emergence of resistance to new
therapeutic agents cause serious concern and call into
question the effectiveness of current methods of treat-
ment of bacterial infections [1–3]. Antibiotic resis-
tance of pathogenic bacteria is the basis of the next
pandemic awaiting humanity in the foreseeable future.
Currently, approximately 700000 people worldwide
die annually from antibiotic-resistant bacterial infec-
tions. With an increase in the number of resistant
forms of dangerous bacterial infections, the death rate
will amount to millions of victims. The high mortality
rate of patients with bacterial infections and economic
losses will significantly exceed the negative effect of
the COVID-19 pandemic. Forecasts indicate that by
2050, the number of deaths caused by antibiotic-resis-
tant bacterial infections will reach 10 million per year,
and the losses to the global economy will amount to an
impressive 100 trillion US dollars [4].

The resistance of bacteria to antibiotics, i.e., the
hereditary ability to grow and multiply in the presence
of high levels of antibiotics [3, 5], is provided by four
main mechanisms: (1) modifications of the antibiotic
targets because of mutations; (2) reduction of the per-
meability of the bacterial cell shell for antibiotics; (3)
reduction of the process of importing of antibiotics
into the cell or increase of the efficiency of their export
from the cell, which prevents interaction of the antibi-
otic with the target; (4) enzymatic degradation or
other chemical modifications of the antibiotic, which
reduce its affinity for the target [7–12]. Furthermore,
bacteria can survive in the presence of antibiotics by
halting their growth and reducing the level of metabo-
lism, rather than genetically determined resistance.
This condition is called antibiotic tolerance, or per-
sistence. Under these conditions, only a small portion
of the bacterial population survives, and the surviving
bacteria are called persisters [13]. In addition to anti-
biotics, the formation of persisters can be induced by
other types of stress, and the bacterial population
spontaneously generates a small number of persisters
to protect against potential genotoxic agents [14].

The problem of antibiotic tolerance attracted the
attention of researchers in the early 2000s when it was
shown that the resistance of bacterial biofilms to high
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doses of antibiotics is due to the presence of persisters
[15–19]. The formation of biofilms, which accompa-
nies most human infectious diseases, occurs especially
often in clinical settings [13, 20]. Some chronic human
diseases are accompanied by the generation of persist-
ers, the fight against which is difficult and requires
special approaches [14, 21–23]. The role of persisters
as precursors of the formation of antibiotic-resistant
mutants is becoming more and more obvious [24–27].
To successfully counteract persisters, it is necessary to
develop specific compounds, potentiators, which
inhibit the formation of persisters in the presence of
antibiotics. In this regard, the works aimed at deci-
phering the mechanisms responsible for the lethal
effect of antibiotics are of particular relevance.

Recent studies have shown that in addition to their
main activity, many antibiotics cause oxidative stress,
which damages cellular macromolecules and pro-
motes the bactericidal activity of antibiotics [28–30].
The involvement of reactive oxygen species (ROS) as a
new factor in the bactericidal action of antibiotics has
expanded the development of new experimental
approaches in the search for compounds with antioxi-
dant properties, which increase the efficiency of anti-
biotics. We have previously found that bacteria pro-
duce hydrogen sulfide (H2S), which reduces oxidative
stress and provides significant protection for a wide
range of bacterial pathogens from bactericidal antibi-
otics [31]. Suppression of H2S formation makes bacte-
ria less resistant to the primary action of antibiotics,
thus enhancing their bactericidal activity [32]. In
almost all bacteria, H2S production involves enzymes
orthologous to mammalian enzymes, i.e., cystathi-
onine-γ-synthase (CSE), cystathionine-β-synthase
(CBS), and 3-mercaptopyruvate sulfotransferase
(3MST) [33, 34]. It has been shown that in some
pathogens including Staphylococcus aureus and Pseu-
domonas aeruginosa, genetic damage to the H2S bio-
synthesis pathways leads to sensitivity to various
classes of antibiotics and the host immune response
[35, 36]. Taking these data into account, we chose spe-
cific inhibitors of the CSE enzyme and showed their
ability to enhance the effect of bactericidal antibiotics on
the pathogenic bacteria S. aureus and P. aeruginosa and
suppress the formation of bacterial persisters. Before
proceeding to the description of the H2S-dependent
bacterial protection system against oxidative stress and
bactericidal antibiotics, we will consider in more detail
the relationship between the lethal effect of antibiotics
and oxidative stress.

INTERPLAY OF BACTERICIDAL ACTION 
OF ANTIBIOTICS AND OXIDATIVE STRESS

The molecular targets of the main classes of bacte-
ricidal antibiotics have been studied in sufficient
detail. Beta-lactams interfere with cell wall biosynthe-
sis; quinolones inhibit the DNA gyrase of gram-nega-
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tive bacteria, i.e., one of the key enzymes involved in
bacterial chromosome replication at the stage of the
tyrosyl phosphate ether bond formation, which leads
to a break in the DNA main chain; and aminoglyco-
sides bind to receptors for the 30S subunit of the bac-
terial ribosome, thus causing translation errors [37].
However, over the past few decades, the accumulated
data indicate that the lethal effect of antibiotics cannot
be explained solely by their interaction with primary
targets; it also depends on metabolic processes accom-
panied by the generation of ROS [38]. Three types of
ROS were found in bacterial cells, i.e., superoxide
anion ( ), hydrogen peroxide (H2O2), and hydroxyl
radical (∙OH), which are formed as byproducts of the
activity of enzymes in the respiratory system [39]. The
bacterial cell contains enzymes, which protect against
ROS. SodA, SodB, and SodC superoxide dismutases
reduce the superoxide anion to oxygen and hydrogen
peroxide, which is further decomposed by katG and
KatE catalases and AHPC alkylhydroperoxidase to
form water and oxygen [40]. It has been shown that the
lethal effect of hydrogen peroxide is associated with
the presence of free iron ions Fe2+ in the cell [41, 42].
In this case, hydrogen peroxide turns into a hydroxyl
radical ∙OH in the reaction with an iron ion (Fenton
reaction):

The ∙OH radical is characterized by high stability
and the ability to cause breaks in the DNA chain [43].

The first indications for the interplay between the
bactericidal action of antibiotics and ROS generation
were obtained in studies which showed that activation
of SoxRS regulon led to resistance of bacteria to differ-
ent classes of antibiotics [44–46]. A similar conclusion
was made based on data that showed that the treat-
ment of bacteria with antioxidants, such as vitamin C
or glutathione, caused an increase in the minimum
inhibitory concentration for antibiotics of the quino-
lone and aminoglycoside classes [47, 48]. In addition,
a statistically significant increase in the level of ROS
was recorded in antibiotic-treated bacterial cells com-
pared to the control [49, 50].

Direct evidence of the relationship between the
lethal effect of antibiotics and ROS generation was
obtained in a series of works by the Collins group. The
main observation was that the lethal effect of the nor-
floxacin, ampicillin, and kanamycin antibiotics was
accompanied by a sharp spike in the intracellular level
of the hydroxyl radical, which was evaluated using the
HPF fluorescent reagent, whereas the use of five bac-
teriostatic antibiotics did not lead to the appearance of
the f luorescent signal [30, 51, 52]. It was shown that
the death of bacteria under the action of bactericidal
antibiotics decreased with the addition of an iron che-
lator (2,2-dipyridyl) or a ROS suppressor (thiourea)
[30]. It has been also found that the Escherichia coli
RecA mutants are characterized by a higher sensitivity
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to antibiotics, which indicates the involvement of ROS
in the DNA damage, which is eliminated using the
RecA-dependent repair system. It is important to
emphasize that ROSs do not always negatively affect
the survival of bacteria. For example, the use of sub-
lethal doses of superoxide anion or inactivation of super-
oxide dismutase (sodAB) leads to a decrease but not an
increase in the lethal effect of antibiotics [53–55].

The important role of ROS in the lethal effect of
antibiotics is confirmed by the data that sodA sodB
double mutants have greater resistance to antibiotics,
whereas genetic damage of catalases/peroxidases
(katG katE) increases the lethal effect of antibiotics of
all three classes by factors of 10–100 [43]. The data on
transposon mutagenesis of the E. coli genome in the
presence of antibiotics allowed for an interesting con-
clusion. It turned out that two-thirds of transposon
insertions were localized in genes responsible for elec-
tron transfer and oxidative phosphorylation, or genes
involved in the formation of iron-sulfur clusters [56].
All these mutants are characterized by a decrease in
the pool of enzymes involved in respiration, NADH
consumption, or the electron transport chain, i.e.,
processes which should reduce the generation of ROS
[56]. It is noteworthy that the analysis of the sensitivity
of the Keio E. coli collection [57] to 22 antibiotics
revealed increased sensitivity to bactericidal antibiot-
ics in mutants that contained insertions in the RecA,
RecB, or recC loci [58]. Consequently, ROS-induced
double-stranded breaks in DNA are one of the factors
of the lethal action of antibiotics [59].

It should be emphasized that some changes in the
metabolism of bacteria caused by bactericidal antibi-
otics are in no way related to the functioning of their
primary targets. For example, it unexpectedly turned
out that the treatment of the S. aureus bacteria with
the DNA-damaging agent ciprofloxacin led to the oxi-
dation of fats and guanine bases in DNA with the for-
mation of 8-oxo-dGTP [60]. In addition, it was found
that protein aggregation was suppressed with kanamy-
cin under conditions of peroxiredoxin AhpF overpro-
duction [61] or ampicillin- and kanamycin-mediated
lethal effects were inhibited in the case of overexpres-
sion of the MutT and RibA enzymes involved in the
removal of 8-oxo-dGTP, a toxic oxidation product of
the GTP pool under the action of ROS [59].

Thus, a set of data on the role of ROS in the action
of bactericidal antibiotics allows one to conclude that
low concentrations of ROS can be useful to trigger cell
defense systems, whereas high concentrations, as a
rule, lead to a lethal effect. In this regard, the question
arises, how the bacterial cell recognizes these two
alternative situations and how the signal is transmitted
from the primary stress-causing factor to the ROS-
generating system. One of these systems is the
MazF/MazE toxin/antitoxin pair. When the bacterial
cell is stressed, the MazE antitoxin protein degrades
and the mazF toxin protein is released, which pro-
motes the degradation of cellular mRNAs [62, 63].
Some of these RNAs are translated to form shortened
improperly folded peptides, which are incorporated
into the cell membrane and activate the Cpx regula-
tory system located in the shell [64–66]. Activation of
Cpx induces expression of the YihE protein [67]
encoding protein kinase, which is involved in the neg-
ative regulation of mazF [64]. The Cpx protein
induces other systems, which are involved in the rena-
turation or degradation of improperly folded proteins,
i.e., Cpx performs a protective function in the cell
[68]. However, it has been turned out that deletion of
the CpxR gene encoding the regulator of the Cpx sys-
tem leads to the protection of cells from the lethal
effects of quinolones, beta-lactams, and aminoglyco-
sides [64, 65]. Thus, the wild-type Cpx system also
performs destructive functions, possibly because of
the activation of the two-component Arc system
involved in the control of the redox balance in the cell
[65, 66]. The Arc system participates in the regulation
of the activity of components of the transport system,
in particular, cytochrome oxidase bd-I [66], and
thereby can regulate the intracellular content of ROS.

Thus, the bacterial cell under moderate and short
oxidative stress can transform the reactive oxygen spe-
cies formed and protect itself from the toxic and lethal
effects. However, an increase in the amount of ROS in
the cell and exposure time leads to a Cpx-dependent
change in the activity of the Arc system, which, in
turn, leads to an increase in the ROS content to a level
exceeding its positive effect on the cell, thus resulting
in a lethal effect. Thus, the bacterial cell has several
regulatory systems, in which ROS can provide various
scenarios of the action of antibiotics on bacteria.

A striking example of the important role of oxida-
tive stress in the lethal effect of antibiotics is the phe-
nomenon of the protective function of hydrogen sul-
fide in relation to a wide range of antibiotics that we
have discovered.

GENETIC CONTROL OF HYDROGEN 
SULFIDE GENERATION IN BACTERIA

For many decades, hydrogen sulfide (H2S) has
been known as a highly toxic poison that suppresses
the respiration of organisms because of its ability to
effectively reduce and inactivate terminal cytochrome
oxidases and other metal-containing enzymes. The
ability of bacteria to produce H2S as a byproduct of
sulfur metabolism was discovered almost a century ago
[69] but the study of its functions in the bacterial cell
began only recently. Along with nitrogen oxide (NO)
and carbon monoxide (CO), H2S belongs to the group
of so-called transmitter gases, which perform (at low
concentrations) an important signaling role in the cel-
lular metabolism of eukaryotes [70]. The first trans-
mitter gas detected in bacteria was nitric oxide, the
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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Fig. 1. Two paths of H2S generation in model organisms. In E. coli cells, cysteine is first converted to 3-mercaptopyruvate with
the participation of cysteine aminotransferase (CAT), followed by the formation of H2S, pyruvate, and ammonium under the
control of 3-mercaptopyruvate sulfotransferase (3MST). The Bacillus subtilis cells have two ways of generating H2S with the par-
ticipation of either cystathionine-β-synthase (CBS) or cystathionine-γ-lyase (CSE).
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synthesis of which is controlled by nitric oxide syn-
thase (bNOS) [71, 72].

Computer analysis of the nucleotide sequences of
bacterial genomes revealed potential bNOS analogs in
a limited number of gram-positive bacterial species
[73]. These data served as a reason for the search for
bacterial orthologs of enzymes, which generate H2S in
mammals, i.e., cystathionine-β-synthase (CBS, [EC
4.2.1.22]), cystathionine-γ-lyase (CSE, [EC 4.4.1.1]),
and ТВ 3-mercaptopyruvate sulfotransferase (3MST
[EC 2.8.1.2]). Unlike bNOS, the enzymes, which cat-
alyze the biosynthesis of H2S are very conserved. At
least one of the homologs of mammalian enzymes has
been found in most analyzed bacterial species, which
indicates the important role of hydrogen sulfide in the
vital activity of bacteria [31].

Long before the enzymes which catalyze the
endogenous synthesis of H2S were discovered, it was
known that hydrogen sulfide can be generated in the
metabolic pathway of sulfate reduction in anaerobic sul-
fate-producing bacteria [74]. Some intestinal bacteria
can similarly produce H2S by reducing thiosulfate [75].

As noted above, bacteria contain three enzymes
involved in the generation of H2S, i.e., CBS, CSE, and
3MST (Fig. 1).

All three enzymes use cysteine as a substrate for the
synthesis of H2S, and the CBS/CSE system can also
metabolize homocysteine in a series of reactions, thus
leading to the formation of H2S and other compounds
[74, 76]. CBS and CSE are pyridoxal phosphate-
dependent enzymes. The 3MST-dependent reaction
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
requires a preliminary stage, which is controlled by
aspartate-aminotransferase with cysteine-amino-
transferase activity, with the formation of sulfane,
which then is transformed to H2S in the presence of
reducing agents [77, 78]. These enzymes are found in
the cells of at least four different bacterial pathogens.
The Bacillus anthracis, P. aeruginosa, and S. aureus
bacteria contain the CBS/CSE enzymes, whereas
3MST is characteristic of E. coli [31]. Other proteins
potentially capable of generating H2S are also known,
e.g., cysteine desulfurases but their contribution to the
generation of hydrogen sulfide has not been proven.
Until recently, only one pathway of H2S generation in
E. coli cells with the participation of the 3MST enzyme
is known [31]. However, the cyuPA operon, which
controls the anaerobic degradation of cysteine to
hydrogen sulfide, was relatively recently identified in
the E. coli and Salmonella enterica genomes [79]. The
physiological role of these enzymes is to maintain the
intracellular content of cysteine at a level which can
restrain the inhibitory effect of cysteine on the expres-
sion of some amino acid operons.

HYDROGEN SULFIDE PROTECTS BACTERIA 
FROM OXIDATIVE STRESS AND THE ACTION 

OF BACTERICIDAL ANTIBIOTICS

It has been shown that in mammalian organisms,
H2S performs the function of a cardioprotector, con-
trols the relaxation of blood vessels and smooth mus-
cles, is involved in neuromodulation and protection of
neurons from oxidative stress, and inhibits an anti-
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inflammatory effect in gastrointestinal tract infections
[80, 81]. The protective role of hydrogen sulfide in
relation to bactericidal antibiotics we showed for the
first time more than ten years ago [31]. It has been
turned out that the inactivation of the genes respon-
sible for the generation of H2S in various pathogenic
bacteria leads to an increase in the sensitivity of bac-
teria to a wide range of antibiotics. According to our
early studies, nitric oxide (NO) exhibits similar pro-
tection of antibiotics in bNOS-containing gram-pos-
itive bacteria [82]. Therefore, the first assumption
about the possible signaling function of H2S in bac-
teria was based on our study of the signaling func-
tions of NO.

It is well known that NO is involved in various vital
properties of the bacterial cell including resistance to
various stresses, virulence, and modulation of the
host’s response to stress and cellular communication
[72, 73, 82–87]. In 2009, it was shown for the first
time that nitric oxide protects bacteria from a wide
range of antimicrobial drugs in the bNOS-containing
bacterial species [82]. Interestingly, the NO, which is
secreted by the B. subtilis and B. anthracis bacteria also
protects against the pyocyanin toxin secreted by
P. aeruginosa [82]. It is very likely that the use of NO
and H2S transmitter gases is a universal strategy used
by bacteria to protect against genotoxic agents.
Indeed, we have found that a violation of the ability of
bacteria to produce H2S as a result of inactivation of
the cbs, cse, or mstA genes leads to a sharp increase in
the sensitivity of these mutants to a wide range of anti-
biotics [31].

The addition of an exogenous source of H2S to the
growth medium restored the resistance level of these
mutants to antibiotics to that of the wild-type strain. It
is important to note that among all the mutants we
used which were defective in H2S production, only the
B. anthracis strain contained active nitric oxide syn-
thase bNOS. However, attempts to combine cbs/cse
and ∆nos mutations in one genome were unsuccessful,
i.e., the combination of mutations that disrupt the
generation of both gases leads to a lethal effect [31]. At
the same time, chemical inhibition of bNOS activity
in the cbs/cse-defective mutants resulted in a signifi-
cantly greater sensitivity of these bacteria to antibiotics
compared to that of single cbs/cse and ∆nos mutants.
These data suggest that bacteria with both the NO and
H2S generation systems have a synergistic effect of
these gases as protectors from antibiotics.

An important observation indicating the protective
effect of H2S at the level of oxidative stress suppression
was based on the evaluation of the frequency of hydro-
gen peroxide-induced (H2O2) double-stranded breaks
in the chromosomal DNA of the ∆mstA mutants with
impaired H2S production and mutants with overex-
pression of the mstA gene under the control of the Ptet
promoter. It turned out that increasing the level of H2S
generation in the Ptet-mstA mutant or the addition of
exogenous H2S significantly reduced the number of
double-stranded breaks in DNA when treating cells
with H2O2 [88]. These data suggest that the protective
effect of H2S is caused by reducing the efficiency of the
Fenton reaction, which leads to the generation of the
toxic hydroxyl radical [89, 90]. To verify this assump-
tion, we introduced an additional mutation into the fur
gene in the genome of mutants which contained the
∆mstA deletion. The product of the fur gene is a regu-
lator of enzymes responsible for the assimilation of
iron in bacterial cells [91, 92]. It is known that the
inactivation of the fur gene leads to an 8-fold increase
in the concentration of free iron in the E. coli cells and
dramatically enhances the sensitivity of DNA to oxi-
dative stress [93–95]. It has been turned out that the
inactivation of the fur gene in the cells of the wild-type
strain leads to a 40-fold increase in the sensitivity to
H2O2, whereas the survival rate of cells of the strain
with the deletion in the mstA gene is reduced by a fac-
tor of more than 300. In the cells of the Ptet-mstA
mutant, inactivation of the fur gene has virtually no
effect on the survival of H2O2-treated bacteria [88].
The results indicate that H2S, which is synthesized
endogenously under the control of the mstA gene, pro-
tects cells from the bactericidal action of H2O2. The
data shows that the protective function of H2S gener-
ated under the control of the mstA gene is most pro-
nounced against the background of Δfur gene deletion,
i.e., under conditions of high intracellular content of
free iron. Therefore, it can be assumed that being a
powerful reducing agent, H2S binds free intracellular
iron, a substrate of the Fenton reaction, leading to the
formation of the hydroxyl radical [88].

This conclusion was confirmed by subsequent
experiments with E. coli mutants which contained
modifications in the genes responsible for the metab-
olism and transport of cysteine.

INTERRELATION BETWEEN HYDROGEN 
SULFIDE GENERATION, CYSTEINE 

METABOLISM, AND OXIDATIVE STRESS

The high level of resistance to oxidative stress in the
Ptet-mstA mutant may be due to not only the binding of
free iron in the Fenton reaction but also increased deg-
radation of L-cysteine. It has been shown that L-cys-
teine can promote the Fenton reaction by reducing tri-
valent iron (Fe3+) to divalent iron (Fe2+) [96]. It can be
assumed that the Fenton reaction undergoes addi-
tional repression after intensive degradation of L-cys-
teine to H2S by the sequential action of the AspC and
3MST enzymes observed in the Ptet-mstA mutant. We
hypothesize that the enhanced degradation of L-cys-
teine in the Ptet-mstA mutant should activate CysB reg-
ulon expression. The CysB protein serves as a sensor
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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Fig. 2. Interrelation between H2S generation, serine acetyltransferase activity, and cysB gene expression. The activity of serine
acetyltransferase encoded by the cysE gene is subjected to retroinhibition by cysteine. The product of the serine-acetyltransferase
reaction is O-acetylserine, which is spontaneously converted into N-acetylserine. N-acetylserine is an inducer of the transcrip-
tional СysB regulator. The CysB protein binds in front of the –35 region of positively regulated promoters and facilitates the for-
mation of the transcription initiation complex in the presence of the inducer. In addition, the cysB gene is subjected to autoregu-
lation by its product, which binds to its promoter as a repressor protein. N-acetylserine stimulates the binding of the cysB protein
to sites involved in positive regulation but inhibits binding to the negatively regulated promoter of the cysB gene [88].
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and regulator of the intracellular content of L-cysteine
and sulfur (Fig. 2) [97].

To identify the interplay of the H2S generation and
degradation of L-cysteine, we evaluated the transcription
level of the cysK, cysP, and tau genes, which are regulated
by the CysB protein in the ΔmstA and Ptet-mstA strains,
by quantitative real-time PCR. It turned out that the
transcription level of the cysB, cysK, cysP, and tau
genes in the ΔmstA mutant is slightly lower than in the
wild-type strain. On the contrary, in the Ptet-mstA
mutant, the transcription of the cysK, cysP, and tau
genes is significantly increased (by factors of 10.5, 8.2,
and 4.8, respectively). The enhanced expression of
these genes is most likely due to a 2-fold increase in
the expression of the cysB gene because inactivation of
this gene reduces their expression to the basal level.
Consequently, the induction of the genes of the CysB
regulon is caused by the enhanced degradation of
L-cysteine in the cells of the Ptet-mstA mutant. L-cys-
teine is known to participate in the allosteric inhibition
of serine acetyltransferase (the cysE gene), the product
of which is O-acetylserine (OAS), which, in turn, is
converted into N-acetylserine, an auto-inducer of the
transcription regulator (the CysB protein) [98].
Therefore, it is the increased pool of OAS that is most
likely the main reason for the increased expression of
CysB-regulated genes in the Ptet-mstA mutant, whereas
the reduced level of transcription of these genes in the
ΔmstA mutant is caused by a violation of the aspC-
mstA-dependent pathway of L-cysteine degradation
(Fig. 2). According to this assumption, the expression
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
of CysB-regulated genes decreases to the basal level
when exogenous L-cysteine is added to the medium
with the growing Ptet-mstA mutant. In addition, the
transcription levels of the genes of the CysB regulon
under oxidative stress were compared in the wild-type
strain, ΔmstA deletion mutant, and a Ptet-mstA mutant,
a superproducer of H2S. In the wild-type strain, we
found a fairly high level of induction of CysB-regulated
genes in response to treatment with hydrogen peroxide,
which is consistent with the published data. It should be
emphasized that the molecular mechanism of the influ-
ence of H2O2 on the transcription level of CysB-regulated
genes remains undisclosed. Of particular interest are our
results, which show the almost complete absence of
induction of CysB-dependent genes under the action of
H2O2 in the ΔmstA deletion mutant.

We have proposed a model that can explain the
unexpected role of H2S in the regulatory response of
CysB regulon to oxidative stress (Fig. 3) [88]. Accord-
ing to this model, exogenous hydrogen peroxide, once
in the periplasm of the cell, oxidizes L-cysteine to
L-cystine with the release of water. This process
should decrease the intracellular pool of L-cysteine,
which, in turn, leads to a cessation of autoregulation of
cysB gene transcription, the product of which activates
the CysB-regulon genes and, in particular, the tcyP
gene responsible for the synthesis of the L-cystine
transporter. The increased f low of L-cystine/L-cyste-
ine into the cell provides enhanced mstA-dependent gen-
eration of H2S, which, by binding to free iron, reduces the
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Fig. 3. A model of H2S-mediated protection of E. coli cells from oxidative stress. The fraction of exogenous H2O2 in the cell peri-
plasm reacts with cysteine to form cystine and water. This leads to a decrease in the intracellular cysteine content, followed by
autoregulation shutdown of cysB gene and activation of CysB-regulated genes, including tcyP, which controls the transport of cys-
tine from the periplasm to the cytoplasm. The increased flow of cystine/cysteine into the cell leads to an increase in the level of
mstA-dependent generation of H2S, which sequesters free iron, inhibits the Fenton reaction, and prevents the formation of the
toxic hydroxyl radical [88]. 
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formation of the hydroxyl radical toxic to the cell (∙OH).

HYDROGEN SULFIDE-GENERATING 
ENZYMES AS TARGETS 

FOR ANTIBACTERIAL THERAPY
Despite the potential toxicity at large doses, H2S at

physiological concentrations acts as an important sig-
naling molecule, which protects bacteria from oxida-
tive stress, immune attack, and many antibiotics.
These results, which support the concept of bacteri-
cidal action of antibiotics through oxidative damage,
allowed H2S-producing enzymes to be proposed as
promising new targets for antimicrobial therapy. A
practical task was set for the synthesis of low molecular
weight compounds, which would be capable of inhib-
iting specific enzymes involved in the generation of
hydrogen sulfide.

These studies were performed using model patho-
genic bacteria, i.e., S. aureus (Gram-positive) and
P. aeruginosa (Gram-negative), the main pathogens of
nosocomial infections. Using transposon mutagenesis
in the genome of these bacteria, the cbs and cse genes
encoding the enzymes involved in the production of
hydrogen sulfide were inactivated and their contribu-
tion to the generation of hydrogen sulfide was assessed
[99]. The level of the H2S generation in the mutants
was evaluated, and the CSE enzyme was shown to play
the main role in the production of hydrogen sulfide in
both bacterial species. In addition, the cse deletion
mutants demonstrated significantly higher sensitivity
to the gentamicin, ampicillin, and norfloxacin antibi-
otics compared to wild-type strains.

Based on virtual screening (SBVS), three potential
inhibitors of the CSE enzyme were selected from ~3
million commercially available small molecules, NL1,
NL2, and NL3. Experiments on the co-crystallization
of these inhibitors with CSE monomers made it possi-
ble to determine the binding sites of all three inhibitors
to the enzyme. The ability of selected inhibitors to
suppress the activity of the CSE enzyme in vitro and in
living cells was assessed. It is important to emphasize
that the selected inhibitors show strong specificity to
bacterial CSE but do not suppress the activity of CSE
activity in mammals including humans. It has been
found that NL1, NL2, and NL3 inhibitors suppress
the ability of the S. aureus and P. aeruginosa bacteria to
generate H2S and significantly increase the sensitivity
of these bacteria to the antibiotic gentamicin [99].

The ability of NL1, NL2, and NL3 inhibitors to
enhance the effect of gentamicin against S. aureus-
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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induced sepsis and P. aeruginosa-induced lung infec-
tion was tested on mouse models of these infections. It
has been shown that the combination of the antibiotic
gentamicin with an NL1 inhibitor increases the sur-
vival rate of sepsis-infected mice and reduces the titer
of the P. aeruginosa bacteria in the lung infection. We
studied the ability of the selected inhibitors to decrease
the proportion of persisters resistant to ciprofloxacin
and gentamicin in the population of S. aureus and
P. aeruginos bacteria and reduce their effect on the for-
mation of biofilms. It has been shown that the treat-
ment of bacteria with the NL1 inhibitor significantly
reduces the proportion of persisters in the population
of the S. aureus and P. aeruginosa bacteria. It has also
been demonstrated that all three inhibitors suppress
the formation of biofilms in the P. aeruginosa bacteria.
Thus, it can be concluded that NL1, NL2, and NL3
inhibitors act as highly active antibacterial drugs which
enhance the toxic effect of traditional antibiotics [99].

CONCLUSIONS
An infectious disease can often be incurable, even

if it is caused by a pathogen sensitive to antibiotics.
This is the main paradox of chronic infections. In
most cases, chronic infections are accompanied by the
formation of persisters and biofilms. Persisters are
metabolically inactive nondividing variants of ordi-
nary cells, which randomly or under the influence of
stress are formed in microbial populations and have a
high tolerance to antibiotics (without acquiring resis-
tance to them). Persisters may be the main reason for
the ineffectiveness of therapy for chronic infectious
diseases. The periodic use of high doses of bactericidal
antibiotics can lead to the selection of strains with an
increased level of persisters. This is exactly what hap-
pens during the treatment of chronic infections when
the patient is periodically exposed to high doses of
antibiotics.

Screening knockout libraries did not reveal
mutants completely devoid of persisters, which indi-
cates the redundancy of the mechanisms of the forma-
tion of dormant cells. This redundancy makes it diffi-
cult to find targets to prevent the formation of persist-
ers. We have shown that the production of hydrogen
sulfide in the cell is crucial for the formation of a pop-
ulation of persisters. The S. aureus and P. aeruginosa
cells with a genetic disorder of the main pathway of
hydrogen sulfide formation generate 100 times fewer
persisters after treatment with ciprofloxacin at a ten
times higher concentration than the minimum inhibi-
tory concentration (MIC). The CSE NL1 inhibitor,
which we proposed enhances the action of bactericidal
antibiotics, reduced the number of persisters to the
same extent as the genetic inactivation of the cse
operon.

Persisters generate significantly more H2S than
normal cells, which probably leads to controlled self-
poisoning and a decrease in ATP synthesis. As a result,
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
metabolism slows down, leading to high tolerance to
antibiotics. Another surprising observation is related
to pyocyanin, a secondary metabolite, which func-
tions as a signaling molecule and virulence factor in
the stationary P. aegidinosa culture. When CSE is
inactivated, the color of the P. aeruginosa culture
changes from the light yellow characteristic of reduced
pyocyanin to green-blue corresponding to oxidized
pyocyanin. Since the proportion of persister cells in
the wild-type P. aeruginosa culture can increase by a
factor of 90 in response to pyocyanin, the absence of
redox activity of pyocyanin can explain the antiper-
sister effect of CSE inhibition. Pyocyanin is associated
with the formation of biofilms of P. aeruginosa. Inacti-
vation of CSE leads to a sharp change in the morphol-
ogy of the P. aeruginosa colonies on agar plates and a
significant decrease in the formation of static biofilm
in P. aeruginosa and S. aureus.

Comparative transcriptomic analysis of P. aerugi-
nosa has shown that the genes involved in biofilm for-
mation (including genes for the biosynthesis of algi-
nate and other exopolysaccharides) are most strongly
suppressed in H2S-deficient cells. The discovery of the
fact that H2S inhibitors suppress the formation of per-
sisters and biofilms (the two main adaptations of bac-
teria to the action of antibiotics) opens up new oppor-
tunities for further testing our therapeutic approach,
which consists of a combination of antibiotics and H2S
inhibitors including improved new variants.
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