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Oxidative stress is the result of an imbalance between the presence of reactive oxygen species (ROS) and the
ability of a biological system to detoxify them and their side products. Similarly, nitrosative stress is an imbalance of
reactive nitrogen species (RNS). Some of these molecules can play an important role in signalization in both

eukaryotes and prokaryotes.

bacterial envelope oxidative stress nitrosative stress

| 1. Oxidative Stress Chemistry

Molecular oxygen (O,) is a small non-polar molecule that diffuses freely across usual biological membranes [,
Therefore, the bacterial intracellular O, concentration is similar to their environment. As a result, bacteria either
have to avoid oxidative stress by living in anaerobic or microaerobic environments or survive elevated internal
oxygen levels. Oxygen is not toxic by itself, as it is practically unreactive with the molecules structuring biological
organisms that are lipids, proteins, carbohydrates, and nucleic acids. However, the reduction of O, can generate
various ROS, such as the superoxide anion (O,""), hydrogen peroxide (H,0,), and hydroxyl radicals (OH") . In
aerobic environments, endogenous ROS may be produced in bacteria via the reaction between O, and univalent
electron donors. These donors can be metal centers, dihydroflavin cofactors, or quinones [&. The main
endogenous source of O, and H,0, is the autoxidation of non-respiratory flavoproteins & by electron transfer
between O, and the dihydroflavin of the reduced flavoproteins. This reaction leads to the formation of O,"~, which
generally goes through another electron transfer before escaping the active site of the enzyme, generating H,0».
Aside from its conversion into H,O,, O, is in equilibrium with the hydroperoxyl radical (HO,") through the
reversible reaction O,"” + H* 5 HO," [4l. Since the pKa of this reaction is 4.88, it is estimated that the HO," form
represents less than 1% of the total superoxide in the cellular cytoplasm Bl. However, cytoplasmic pH may not be
uniform and may be significantly lowered in the proximity of membranes containing negatively charged
phospholipids such as cardiolipin, phosphatidylserine, and phosphatidylinositol €. Therefore, local pH decrease
could allow the formation of significant quantities of HO," near the IM. Unlike O,*", HO," is hydrophobic, allowing it
to cross to the IM lipidic core. As a result, HO," is critical in the process of lipid peroxidation. In the presence of
light, photosynthetic organisms also generate the highly reactive singlet oxygen (*O,) through the pigments of their
photosystems . This stress can also occur in non-photosynthetic microorganisms through other cellular cofactors

such as rhodopsin, quinones, flavins, and porphyrins 4.

| 2. Nitrosative Stress Chemistry
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The range of reactive molecules created by oxidative stress is not limited to ROS. Indeed, RNS production is tightly
linked to the presence of ROS in the cells. Nitric oxide (NO) is a small lipophilic radical which diffuses across
biological membranes. It is an important molecule for signalization in biological organisms. In mammals, NO
notably controls blood pressure and acts as a messenger in the central nervous system [&l. Despite its role as a
signaling molecule, NO is toxic for biological organisms at high concentrations, and this molecule is synthetized by
macrophages to combat pathogens during the immune response through their inducible nitric oxide synthases
(iNOS), making resistance to RNS critical for pathogens [EIl28 NO is more reactive than oxygen regarding the
structural components of biological organisms, particularly proteins. Its toxicity comes from its ability to inhibit haem
enzymes binding dioxygen, react with Fe-S centers, and indirectly induce the nitrosation of proteins 1. Similar to
oxygen, NO is relatively unreactive with most biological molecules. Direct biological targets of NO are limited to
radicals and metal complexes, especially Fe-containing complexes. However, these reactions with intracellular
molecules can generate other reactive species much more harmful to the cell. For example, NO with O, reacts at
a diffusion-controlled rate to form the peroxynitrite anion (ONOO™) and its conjugated acid, peroxynitrous acid
(ONOOH) (Figure 1) 12 Since these two species coexist and are in an acid-base equilibrium in common
biological conditions, the term peroxynitrite is generally used to describe both species 22l Peroxynitrite is an
impactful biological oxidant. ONOOH isomerizes to nitrate at rates of 0.095 s™1, 1.3 s71, and 4.5 st at 5 °C, 25 °C,
and 37 °C, respectively 24! through the formation of both OH® and NO,", hereafter simply noted OH and NO, 23],
However, in biological conditions, peroxynitrite reacts with its biological targets, such as proteins, lipids, and nucleic
acids, at a much faster rate, making this reaction irrelevant. Due to its high reactivity, peroxynitrite-induced
damages will mostly depend on the kinetics of the reactions between peroxynitrite and its surrounding targets in
priority protein metal centers, thiols, and selenols 131, Another important RNS is NO,. This may appear alongside
OH, in an aqueous environment, through the isomerization of ONOOH (Figure 1). In an air polluted by NO, such
as smog, for instance, NO autoxidation in the gaseous phase leads to the formation of NO, through the equation
2NO+0O, - 2NO,. Further reactions between NO and NO, leads to the formation of N,O3 through the equation
NO,+NO s N,O3 13, In aqueous media, such reactions may occur too fast to produce a significant amount of NO,
intermediate. However, these reactions still have biological relevancy as they may take place in non-aqueous

media such as the lipid bilayers of membranes [18],
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Figure 1. Reactions network of reactive oxygen and nitrogen species in biological conditions.

| 3. Exogenous Sources of Oxidative/Nitrosative Stress
3.1. Biotic Stress Sources

In addition to the endogenous ROS and RNS synthesis through metabolic processes described above, bacteria

have to deal with exogenous stresses from various sources.

The most studied one is the oxidative burst released by phagocytic cells during the immune response. During this
process, macrophages and neutrophils cause an oxidative burst on phagocyted bacteria while they synthetize Oo™
through the activity of the membrane nicotinamide adenine dinucleotide (NADPH)-oxidase. Half of the O," reacts
with H* to form H,0,. In addition to ROS, macrophages also release large quantities of NO, synthetized by their
iINOS. The simultaneous release of O and NO in biological conditions lead to the formation of peroxynitrite 3]
The mammalian immune system also induces oxidative stress inside bacteria using PG Recognition Proteins
(PGRPs). These proteins kill bacteria by induction of oxidative, thiol, and metal stresses in bacteria. PGRPs induce
oxidative stress by blocking the bacterial respiratory chain, which promotes the production of H2O> inside the cell

17 n the context of host infection, bacteria are also exposed to other envelope-damaging factors such as the
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membrane attack complex and lysozyme, which synergize to degrade bacterial envelopes 18, In addition to its role
in bacterial killing through peptidoglycan hydrolysis, lysozyme possesses immune-dampening properties. It is
notably able to decrease the neutrophil oxidative burst 19 and neutralize the prooxidant advanced glycation end

products 29, which block its bactericidal activity 21,

The use of ROS as a weapon against microorganisms is not exclusive to the animal immune system. Some plants
and microorganisms excrete ROS or redox-cycling compounds to suppress the growth of their competitors. For
example, Gram-positive lactic acid bacteria are able to release important concentrations of H,O, in their
environment. In fact, they lack full respiratory chains, but many of them still use oxygen as a direct electron
acceptor, thanks to lactate and pyruvate oxidases 2223, The obtained product is converted by an acetate kinase in
another ATP molecule(s), as well as H,0,. In favorable experimental conditions, lactic acid bacteria can produce
millimolar concentrations of H,O, inhibiting the growth of other bacteria [22][24](25] However, in natural conditions,
H,0, might be carried away or otherwise degraded; therefore, such concentrations might not be reached. Another
example is the production of pyocyanin by P. aeruginosa. This secondary metabolite is able to inhibit the
respiration chain, leading to the impairment of energy-dependent transport systems and the production of oxidative

species, such as H,0, [28127],

Another source of oxidative stress could be antibiotics. Oxidative stress is not directly the primary mode of action of
antibiotics to suppress bacterial growth, although new antimicrobial relying on the production of ROS and RNS are
gaining interest (28 |ndeed, antibiotics mainly target peptidoglycan biosynthesis, protein synthesis, or DNA
replication and repair. However, oxidative stress could be a secondary effect of some antibiotics. For instance,
some bactericidal antibiotics 2289 could lead to the intracellular production of ROS such as O,"~ and H,0, [28131]
(321 although these results have been challenged 2929, Fyurthermore, the response to some antibiotics depends on
their species [B3l. Overall, the impact of oxidative stress in the modes of action of traditional antibiotics on Gram-
negative bacteria is a complex question requiring further clarification. In addition to their oxidative potential,
antibiotics often induce protective responses leading to the reshaping of the envelope, especially by modulating the
efflux pumps and porins at the outer membrane through the triggering of envelope regulators, such as the Cpx

complex (241,

3.2. Abiotic Stress Sources

Environmental bacteria are also subjected to oxidative and nitrosative stresses through multiple abiotic sources. An
important source is ultraviolet (UV) radiations, which can induce oxidative stress inside the cells by direct exposure
or through the generation of H,0, in surface water through UV photochemistry [B3I38I37] - Anthropogenic activities
also create the conditions for oxidative and nitrosative stresses in the environment. The most glaring example is
the release of vast amounts of ROS and RNS into the atmosphere by fuel combustion processes used in transport
and industry 281391 which can affect bacterial physiology 2241l

3.3. Targets of ROS and RNS
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Overall, the exposure of bacteria to excessive oxidative and nitrosative stresses destabilize the envelope, impairing
its proper functions, inducing membrane permeabilization 41 and hyperpolarization 2 and eventually leading to
cell death. The harm caused by ROS and RNS to the bacterial envelope comes from their ability to react with
biomolecules and alter their biochemical properties, disturbing the biochemical processes necessary for cell
survival. The vast range of ROS and RNS leads to a wide panel of biological targets. In the envelope, the main
targets for oxidative and nitrosative stresses are proteins, and in some cases, phospholipids. These molecules can
undergo various alterations discussed below, constituting a real challenge for cells to maintain their envelope

integrity.

3.3.1. Phospholipids

ROS and RNS are relatively unreactive with the phospholipids forming biological membranes, except for
phospholipids containing polyunsaturated fatty acids (PUFAs), on which ROS and RNS induce their lipid
peroxidation. Most bacteria do not synthetize PUFAs, and as a result, most bacterial membranes are composed of
saturated or monounsaturated phospholipids 2! thence theoretically insensitive to ROS and RNS. However,
studies on P. fluorescens showed modifications of the membrane phospholipid composition after exposure to NO»,
despite the absence of PUFAs in the strain 4941 By contrast, in various water sources and fish microbiota,
bacteria, mostly from the Shewanella genus, synthetize PUFAs, such as eicosapentaenoic acid and
docosahexaenoic acid, which are prone to peroxidation 24!, Moreover, even bacteria that are unable to synthetize
them may incorporate PUFAs from their environment into their membranes. For example, various Vibrio species,
such as V. cholerae, V. vulnificus, and V. parahaemolyticus, possess the mechanisms required to accumulate and

incorporate PUFAs into their membranes [42],

Noticeably, the vertebrate immune system takes advantage of such a PUFA incorporation mechanism to initiate
lipid peroxidation in bacteria. In vertebrates, arachidonic acid is released concomitantly with RNS and ROS during
the oxidative burst. In the context of the immune response, PUFAs are toxic for a wide range of bacteria such as
Acinetobacter baumannii 8, Listeria monocytogenes ¥4, Pseudomonas aeruginosa 4, including gram-positive
species, such as Staphylococcus aureus 8l Cutibacterium acnes 48l and Streptococcus pneumoniae 2. The
PUFAs toxicity depends on their capacity to esterify the fatty acids into the bacterial membranes 9. In the case of
the Gram-positive Staphylococcus aureus, the toxicity of PUFAs was shown to be specifically mediated by lipid
peroxidation B, As a result, even though bacteria are relatively less sensitive to lipid peroxidation than other

genera, this process still plays a crucial role in bacterial pathogenicity.

3.3.2. Peptidoglycan

Although the effects of oxidative and nitrosative stress on peptidoglycan are poorly understood, a few ones were
reported links between oxidative or nitrosative stress and proteins associated with peptidoglycan or its synthesis
(5253154551, The clearest demonstrated effect of oxidative stress on peptidoglycan comes from a recent one by
Giacomucci et al. It was showed that the absence of the protein ElyC of unknown function induces the

overproduction of OH" in the periplasm, which leads to a direct or indirect interruption of peptidoglycan synthesis
156]
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3.3.3. Envelope Proteins

ROS and RNS can react with a wide variety of protein features and virtually with any amino acid. However, the
susceptibility of amino acids to ROS and RNS oxidation varies, and the reactions taking place are determined by
their reaction rate. ROS react especially well with the amino acids containing sulfur, methionine, and cysteine 57,
The oxidation of methionine residues by ROS forms one of two diastereoisomers of methionine sulfoxide (Met-O):
methionine-S-sulfoxide or methionine-R-sulfoxide. None of the couple of Met-O stereoisomers is preferably formed
over the other, but different reductases are required to reduce each one 8. ROS oxidation of cysteine residues
first generates a highly reactive sulfenic acid derivative (RSOH). Depending on its microenvironment, RSOH may
also further react with a nearby cysteine to form a disulfide bond or be oxidized to sulfinic (RSO,H) and sulfonic

(RSO3H) acid. Sulfenic acid and methionine sulfoxide formation may induce misfolding, inactivation, or degradation
of proteins 2269,

3.3.4. Protein Carbonylation

ROS can also induce irreversible protein modifications through protein carbonylation. So ROS react with the side
chains of amino acids to form carbonyl groups B1l. Protein carbonylation is directly induced by ROS such as H,0,
on the side chains of amino acids: arginine, lysine, proline, and threonine 82, Furthermore, aldehydes formed by
lipid peroxidation can also indirectly target the side chains of lysine, histidine, and cysteine through the Michael
reaction (6384 Similar to methionine sulfoxide and sulfenic acid, carbonylation can impair protein functions. Protein
carbonyls are more difficult to induce than methionine sulfoxide and sulfenic acid and then are considered markers
of a more intense oxidative stress 62l In E. coli, for example, the entry into the stationary phase caused by

nitrogen or carbon starvation leads to an increase in protein carbonylation 68,

3.3.5. Protein S-Nitrosylation

Cysteines are also prone to S-nitrosylation, a process by which NO moieties covalently bind to thiols to form an S-
nitrosothiol (SNO). Its formation is related to reaction with different RNS, such as NO and N,Og3, or NO carriers
such as other nitrosothiols. This process may alter protein function. Protein S-nitrosylation is reversible and is often
enzymatically mediated by organisms to protect their proteins against untargeted S-nitrosylation from exogenous
nitrosative stress 67,

3.3.6. Tyrosine Nitration

The most characteristic protein modification induced by peroxynitrite is tyrosine nitration. Its first step consists of
the one-electron oxidation of the tyrosine phenolic ring to form a tyrosine radical, Tyr". This step is performed by
various ROS and RNS, such as OH, NO,, or secondary produces of peroxynitrite reactions, CO3~ and oxo-metal
complexes. In hydrophobic environments, tyrosine nitration may also be initiated by the intermediates of lipid
peroxidation, such as lipid peroxyl LOO® and alkoxyl LO* 6869, These radicals contribute to tyrosine nitration within

lipid bilayers. During the second step of the tyrosine nitration, Tyr® reacts with NO, to form NO,Tyr. The complete
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process impairs protein function and leads to loss of function but is compensated by a gain in proteins implicated in

regulatory cascades [13],
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