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Listeria monocytogenes (Lm) is a Gram-positive bacterium that
thrives in nature as a saprophyte and in the mammalian host as
an intracellular pathogen. Both environments pose potential
danger in the form of redox stress. In addition, endogenous
reactive oxygen species (ROS) are continuously generated as
by-products of aerobic metabolism. Redox stress from ROS
can damage proteins, lipids, and DNA, making it highly
advantageous for bacteria to evolve mechanisms to sense and
detoxify ROS. This review focuses on the five redox-responsive
regulators in Lm: OhrR (to sense organic hydroperoxides), PerR
(peroxides), Rex (NAD*/NADH homeostasis), SpxA1/2
(disulfide stress), and PrfA (redox stress during infection).

Address
Department of Microbiology, University of Washington, Seattle, WA,
USA

Corresponding author: Reniere, Michelle L (reniere@uw.edu)

Current Opinion in Microbiology 2019, 47:20-25

This review comes from a themed issue on Host-pathogen interac-
tions: bacteria

Edited by Karen M Ottemann and Linda J Kenney

For a complete overview see the Issue and the Editorial

Available online 6th November 2018
https://doi.org/10.1016/j.mib.2018.10.006
1369-5274/© 2018 Elsevier Ltd. All rights reserved.

Introduction

Detoxification, avoidance, or destruction: these are the
possible outcomes when bacteria encounter redox stress.
Redox stress refers to an imbalance in reductive and
oxidative species, which is often caused by reactive oxy-
gen species (ROS). ROS, including hydrogen peroxide,
superoxide, and hydroxyl radicals, are generated endoge-
nously during aerobic respiration and exogenously by the
host respiratory burst during infection [1]. In addition,
ROS are generated in the environment by chemical and
photochemical processes, as well as by plants and bacteria
that excrete redox-cycling compounds to kill competitors
[2,3]. The severity of potential defects caused by altered
redox homeostasis explains why bacteria have evolved
myriad mechanisms to sense and detoxify ROS, as well as
repair oxidatively damaged DNA, proteins, and lipids.
The ability of pathogenic bacteria to inhabit the host
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environment is then, in part, determined by bacterial
defenses against ROS and other redox stressors found
in the host.

Listeria monocytogenes (Lm) is a Gram-positive, foodborne
bacterium that thrives in dramatically distinct environ-
ments during its transition from saprophyte to cytosolic
pathogen [4]. The intracellular lifecycle of L requires it
to survive the harsh phagosomal compartment, escape
into the highly reducing cytosol, and spread to neighbor-
ing cells. To survive these changing environmental con-
ditions, Lm encodes dozens of transcriptional regulators
that each sense a distinct stimulus to modulate expression
of specific genes appropriately. In this review, we focus on
the five redox-responsive regulators and describe how
they enable Lm to adapt to changing redox conditions in
nature and during pathogenesis.

OhrR: organic hydroperoxide stress

Organic hydroperoxides (OHPs), such as cumene HP and
tert-butyl HP, are derived from fatty acids and steroids
and are strong oxidizers that readily generate free radicals.
When bacteria encounter OHPs, peroxiredoxins in the
OsmC/OhrA family detoxify these dangerous compounds
by reducing them to their corresponding alcohols in order
to prevent damage to cellular macromolecules. OhrA
peroxiredoxins are commonly regulated by redox-respon-
sive transcriptional repressors of the MarR-family named
OhrR. In the model bacterium Bacillus subtilis, OhrR
regulates OhrA, which shares 63% similarity to L OhrA
[5]. B. subtilis OhrR is a functional dimer that senses
OHPs via S-thiolation at a conserved cysteine residue [6].
S-thiolated OhrR dissociates from DNA, resulting in
derepression of 047A transcription and relief from OHP
stress (Figure 1a). Lm o/hrA is encoded in an operon with a
transcriptional regulator that has 68% amino acid similar-

ity to B. subtilis OhrR [7].

Infected macrophages produce abundant phagosomal
OHPs, requiring intracellular pathogens to detoxify them.
For example, Mycobacterium smegmatis ohrA is derepressed
in this environment, suggesting that OhrR is oxidized
during infection [8°]. Further, the Lm AokrA mutant
exhibits a growth defect in macrophages that may be
due to host-derived OHP toxicity. In addition to its role in
detoxifying OHPs, OhrA was identified as being required
for proper regulation of virulence factors during Lm
infection [7]. These findings demonstrate that OhrA is
important for OHP detoxification in L, and that redox
regulation is tied to virulence gene regulation.
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Figure 1
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Redox-regulated repressors.

Schematic depicting the functions of OhrR, PerR, and Rex. Red DNA represents specific DNA-binding sequences recognized by each
transcriptional repressor. (a) Dimerized, reduced OhrR binds to specific DNA sequences and represses downstream genes. OHP stress oxidizes a
cysteine residue on each monomer to sulfenic acid (-OH). This can then be S-thiolated by the low-molecular-weight thiols cysteine or glutathione,
resulting in nonfunctional protein and derepression of ohrA [21]. (b) In the absence of stress and in the presence of sufficient metals, PerR binds
to DNA and represses expression of target genes [13]. Peroxide induces oxidation of Fe(ll)-bound PerR, altering the conformation such that it
releases from the DNA and the PerR regulon is derepressed [15]. Oxidized PerR is then targeted for degradation [11]. Dysregulation of the PerR
regulon also occurs in conditions of excess Zn(ll) or Mn(ll) [44°]. (c) When NAD* concentrations are sufficient, Rex represses target genes by
binding a specific DNA sequence, referred to as a ‘Rex box’. However, as NADH increases, it competes with NAD™* for binding to Rex and NADH-
bound protein does not bind DNA, thereby relieving repression of the Rex regulon [18].

PerR: peroxide stress

Hydrogen peroxide is generated endogenously from
incomplete reduction of oxygen during aerobic respira-
tion, and produced exogenously by the mammalian host
to Kkill invading pathogens [1]. Peroxides exert their
toxicity through the oxidation of iron-sulfur clusters
and cysteine residues [9]. Consequently, bacteria possess
mechanisms to directly sense peroxides and upregulate
genes required for their detoxification. The primary per-
oxide-sensing transcriptional repressor in Firmicutes is
PerR, which normally binds DNA and represses transcrip-
tion of target genes (Figure 1b). The irreversible oxida-
tion of two PerR histidine residues upon peroxide expo-
sure leads to its degradation and derepression of its

regulon [10,11]. Genes repressed by Lm PerR include
the iron homeostasis regulator ( f#r), catalase (#af), heme
biosynthesis machinery (hemA), an iron efflux pump
(forA), the iron storage protein (f77), thioredoxin reduc-
tase (#7xB), and a predicted peroxiredoxin (/mol604) [12].

It is clear from the PerR regulon that the response to
peroxide stress is intimately intertwined with metal
homeostasis. Indeed, PerR has two metal-binding sites
upon which PerR activity depends: the first is a structural
Zn(IT1)-binding site and the second binds Fe(II) or Mn(IT)
and serves a regulatory function [13]. Mn(II)-bound PerR
represses transcription of fur and perR itself, while Fe(II)-
bound PerR represses peroxide-detoxification genes [14].
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Thus, the iron status of the cell directly regulates PerR
activity [15]. During peroxide stress, iron-catalyzed oxi-
dation of PerR histidine residues results in dissociation of
the regulatory metal ions and derepression of the PerR
regulon. The regulation of Fur and iron homeostasis is
therefore critical to redox homeostasis. Although we will
not expand on Fur in this review as it is not a canonical
redox-regulator, its importance cannot be overlooked.

Lm strains lacking perR form small colonies on rich media
and exhibit increased sensitivity to peroxide stress, sug-
gesting important roles for PerR in both routine detoxifi-
cation of endogenously produced peroxides as well as
exogenous ROS stress [12]. These growth defects are due
in part to iron starvation that results from derepression of
the PerR regulon; specifically, increased Fur expression
and repression of iron-acquisition genes [15]. The AperR
strain was also attenuated 100-fold in a murine model of
infection [12]. Together, these phenotypes demonstrate
the importance of peroxide-sensing to Lm survival and
pathogenesis.

Rex: NAD*/NADH levels

Nicotinamide adenine dinucleotide (NAD) exists in
the oxidized (NAD") or reduced (NADH) state and
is a coenzyme critical for cellular redox reactions. The
ratio of NAD™ to NADH is a measure of the redox state
of the cell and must be carefully regulated to maintain
homeostasis. To monitor this balance, many low-G + C
Gram-positive bacteria encode the transcriptional
repressor Rex (Figure 1c¢), which directly senses the
NADH:NAD* ratio to regulate carbohydrate and
energy metabolism [16]. Although Rex has not yet been
studied in Lm, the protein (encoded by /mo2072) is
highly similar to its homologues in B. subtilis and
Staphylococcus aureus, sharing 65% and 52% amino acid
identity, respectively. In these bacteria, Rex binds a
specific DNA consensus sequence to repress target
genes under basal growth conditions when NAD™ con-
centrations are relatively high [16,17]. In contrast,
NADH-bound Rex is unable to bind DNA, thus reliev-
ing repression of its regulon when NADH is more
abundant. For example, high NAD" levels in B. subrilis
result in Rex repression of #d% (encoding NADH dehy-
drogenase), which decreases NADH oxidation to
restore homeostasis [17]. In addition to NADH dehy-
drogenase, the Rex regulon typically includes genes
encoding lactate dehydrogenase, pyruvate formate
lyase, respiratory nitrate reductase, and cytochrome
oxidases [18]. A bioinformatics approach to understand-
ing Rex function in 119 bacterial genomes found con-
siderable variability in Rex-dependent genes, likely
corresponding to the different niches of individual
species [16]. Therefore, while we can make predictions
about Rex function in L, its regulon and role during
infection remain to be experimentally determined.

SpxA1/2: disulfide stress

Disulfide stress is characterized by the oxidation of cys-
teine residues, resulting in irreversible overoxidation or
erroneous intramolecular and intermolecular disulfide
bridges that induce conformational changes in thiol-con-
taining proteins [19]. The arsenate reductase (ArsC)
family transcriptional regulator Spx is widely conserved
throughout Firmicutes and detects disulfide stress
through its N-terminal Cys-x-x-Cys redox switch [20].
The abundance and activity of Spx are tightly regulated
to control the disulfide stress response [21]. In B. subtilis,
Spx protein concentrations are kept low by ClpXP-medi-
ated proteolysis, which requires the protease adaptor
YjbH [22,23]. YjbH is a relatively unstable protein that
aggregates in response to stress, including disulfide stress.
The lowered abundance of YjbH during disulfide stress
effectively increases Spx concentrations, as it is less
efficiently degraded by CIpXP in the absence of YjbH
[24]. Oxidative stress also induces an intramolecular
disulfide bond in the Spx CxxC redox switch, altering
its conformation such that it interacts with RNA poly-
merase to regulate downstream genes (Figure 2a)
[25°,26). In B. subtilis, oxidized Spx activates over
100 genes involved in maintaining redox homeostasis
(e.g. thioredoxin, bacillithiol biosynthesis, and oxidore-
ductases), and represses approximately 170 genes
involved in energy-consuming functions [27,28].

Lm encodes two Spx paralogues named SpxA1l and SpxA2
that share 56% amino acid similarity. While SpxAl is
essential for Lm aerobic growth and pathogenesis, a
AspxA2 mutant exhibits only slightly impaired growth
in vitro and is fully virulent in mice [29°]. Strikingly, a
strain lacking spxA7 can only be generated anaerobically
and is killed upon exposure to oxygen [29°]. B. subrilis Spx
functionally complements the Lm AspxAl mutant, dem-
onstrating that the physical interaction with RNA poly-
merase is conserved between Lm and B. subtilis [29°].
However, given the severe defects of the AspxA7 mutant,
the Lm SpxAl regulon must be distinct from that of B.
subtilis Spx, which is not required for growth.

Lm AspxAl replicates in macrophages, suggesting that
either Lm experiences oxygen deprivation in the host
cytosol, or host cytosol components can restore AspxAl
growth. Intriguingly, AspxAl colonizes the spleens of
infected mice but is nearly sterilized from the livers
[29°]. These data suggest that Lm experiences organ-
specific differences in redox stress and/or oxygen con-
centrations during infection and that SpxAl-dependent
genes are differentially essential in host microenviron-
ments. The host factor(s) that contribute to AspxA7
intracellular growth and pathogenesis have not yet been
investigated. Additionally, identifying the SpxAl regulon
will elucidate the genes required for aerobic growth
extracellularly and those necessary for intracellular
growth in the mammalian host.

Current Opinion in Microbiology 2019, 47:20-25
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Redox-regulated activators.

Schematic depicting the functions of SpxA1 and PrfA. (a) SpxA1 can activate or repress target genes. In the absence of stress, SpxA1 abundance
is kept low by ClpXP-mediated degradation, which requires the protease adaptor protein YjbH [23]. Disulfide stress induces YjbH aggregation,
resulting in increased SpxA1 abundance. SpxA1 does not possess DNA-binding activity on its own, but regulates target genes through its
interaction with the aCTD of RNA polymerase [45]. (b) PrfA is a homodimer that binds to a 14-bp palindromic repeat referred to as a ‘PrfA box’.
Reduction of the protein thiols allows PrfA to bind to high-affinity PrfA boxes containing perfect palindromic sequences [32]. During infection,
allosteric binding of glutathione to PrfA induces the active conformation that promotes transcription of all PrfA boxes [39°].

PrfA: pathogenesis

PrfA is known as the ‘master virulence regulator’ in L, as
it directly activates all nine virulence genes and indirectly
regulates over 140 additional genes [30,31]. PrfA is abso-
lutely essential for virulence and a Ap7fA mutant is
attenuated over four-logs in a murine infection model
[32]. Conversely, constitutive PrfA activation results in
significantly decreased extracellular growth [33],
highlighting the requirement for appropriately localized
PrfA activation specifically in the intracellular compart-
ment. To that end, PrfA is regulated transcriptionally by
multiple promoter regions [34,35], post-transcriptionally
by a temperature-sensitive riboswitch and a 5’ untrans-
lated region [36,37], and post-translationally by an allo-
steric ligand that modulates the activation state of PrfA
[38].

PrfA is a member of the cAMP receptor protein family,
which is characterized by allosteric activation by a small
molecule cofactor. It was recently determined that the
abundant low-molecular-weight thiol glutathione is the
allosteric activator of PrfA [32]. Reduced glutathione
binds PrfA in an intraprotein tunnel region previously
predicted to be the site of ‘activator’ binding [39°,40].

Upon binding to reduced glutathione, PrfA undergoes a
slight conformational shift that promotes DNA binding
and transcriptional activation. PrfA activation is further
regulated by the redox state of the environment via its
four cysteine residues: all eight thiols of the PrfA homo-
dimer must be in the reduced state for PrfA to bind DNA
[32]. Together, these findings suggest a model in which
PrfA is reduced upon Lm entering the host cytosol,
enabling it to bind DNA. Bacterial-derived or host-
derived glutathione then binds and activates PrfA, pro-
moting transcription of virulence genes (Figure 2b).

Importantly, PrfA activation is also closely connected to
the metabolic changes that occur as Lm shifts from a
saprophytic to parasitic lifestyle. The most apparent
example of this is the hexose phosphate transporter,
directly regulated by PrfA, which enables Lm to take
up glucose-6-phosphate from the host cytosol [41]. PrfA
activity is high when grown in the presence of carbohy-
drates abundant in the mammalian cytosol, such as glyc-
erol or glucose-6-phosphate, although the exact molecular
mechanism of this regulation is unknown. In contrast,
PrfA activity is repressed in the presence of carbon
sources commonly found outside the host environment,
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such as plant-derived cellobiose [4]. Therefore, as Lm
switches to a virulent state, its metabolic reprogramming
is redox-regulated via PrfA activity.

Conclusion

Without mechanisms to sense and respond to ROS and
other redox stressors, bacteria would fall prey to oxidative
damage, resulting in hypermutation or death. Lm is a
particularly resilient intracellular pathogen, able to mon-
itor and detoxify many varied ROS. This resiliency is
critical to the ability of L, and other pathogens, to cause
disease. During the process of infection, for example, Lm
encounters diverse environments that each pose distinct
danger. As a foodborne pathogen, L is first exposed to
ROS that are produced via iron chemistry in the mam-
malian gut [42]. Upon entering host cells Lz must survive
the oxidative burst in the phagosome, escape into the
reduced cytosol, and spread to neighboring cells [43]. If
the infection becomes systemic, L can colonize nearly
every organ, each of which may differ in their inherent
redox stress levels (see ‘SpxA1/2: disulfide stress’). There
remains much to be learned about redox-responsive reg-
ulators in L, but the work summarized in this review is
representative of an excellent knowledge base. Ongoing
research in this field will help illuminate the exact mech-
anisms by which Lm occupies both the soil and the
intracellular niche so successfully.
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