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ABSTRACT Neutrophils kill invading microbes and therefore represent the first line
of defense of the innate immune response. Activated neutrophils assemble NADPH
oxidase to convert substantial amounts of molecular oxygen into superoxide, which,
after dismutation into peroxide, serves as the substrate for the generation of the po-
tent antimicrobial hypochlorous acid (HOCI) in the phagosomal space. In this minire-
view, we explore the most recent insights into physiological consequences of HOCI
stress. Not surprisingly, Gram-negative bacteria have evolved diverse posttransla-
tional defense mechanisms to protect their proteins, the main targets of HOCI, from
HOCl-mediated damage. We discuss the idea that oxidation of conserved cysteine
residues and partial unfolding of its structure convert the heat shock protein Hsp33
into a highly active chaperone holdase that binds unfolded proteins and prevents
their aggregation. We examine two novel members of the Escherichia coli chaperone
holdase family, RidA and CnoX, whose thiol-independent activation mechanism dif-
fers from that of Hsp33 and requires N-chlorination of positively charged amino ac-
ids during HOCI exposure. Furthermore, we summarize the latest findings with re-
spect to another bacterial defense strategy employed in response to HOCI stress,
which involves the accumulation of the universally conserved biopolymer inorganic
polyphosphate. We then discuss sophisticated adaptive strategies that bacteria have
developed to enhance their survival during HOCI stress. Understanding bacterial de-
fense and survival strategies against one of the most powerful neutrophilic oxidants
may provide novel insights into treatment options that potentially compromise the
ability of pathogens to resist HOCI stress and therefore may increase the efficacy of
the innate immune response.
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oxygen, which can occur during electron transfer in the respiratory chain, by enzymes
such as NADPH oxidases, and in organelles such as peroxisomes (1). Bacteria naturally
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compounds, including reactive oxygen and chlorine species (RO/CS) (2, 3). In this
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Minireview

minireview, we first describe how phagocytic cells generate RO/CS as a powerful
strategy to kill invading pathogens. We then focus on the most abundant and powerful
neutrophil-derived RO/CS, hypochlorous acid (HOCI), and discuss the cellular targets
that are most sensitive to HOCI. Finally, we examine redox-regulated mechanisms that
bacteria utilize to protect their proteome against the harmful proteotoxic effects of
HOCI.

NEUTROPHILS GENERATE RO/CS DURING OXIDATIVE BURST

Neutrophils are recruited to the sites of infection to rapidly carry out their micro-
bicidal activity, which relies on several mechanisms such as phagocytosis, degranula-
tion of antimicrobial proteins, and the release of neutrophil extracellular traps (NETs)
(4). During phagocytosis, neutrophils identify and engulf foreign cellular material by
endocytosis in order to eliminate the ingested particles. Along with the invagination of
the plasma membrane, specific azurophilic granules containing antimicrobial enzymes
such as NADPH oxidase complex 2 (NOX2), myeloperoxidase (MPO), and digestive
enzymes fuse with the phagosomal compartment and release their content (5). As part
of the antimicrobial action, neutrophils activate a powerful oxidative burst by convert-
ing large amounts of oxygen into superoxide radicals (3, 6). This event is mediated
through the activation of NOX2, a multicomponent electron-transfer complex (a more
detailed review on NOX2 and its enzymology can be found in reference 6). Stimulated
by proinflammatory mediators, microbes, soluble stimuli, or activation of pattern
recognition receptors (PRRs), NOX2 assembles in the phagosomal membrane and
catalyzes the reduction of molecular oxygen by transfer of a single electron (Fig. 1).
Coming from NADPH, the electron is directionally transferred via the NOX2 complex to
molecular oxygen in the phagosomal space, resulting in the formation of superoxide
(05,*7) (7). Notably, NOX2 activation by phagocytosis is a rapid and vigorous event: the
assembly of NOX2 takes only ~45 s and results in a level of oxygen consumption that
is up to 100-fold higher than the level seen with basal metabolic activity of neutrophils
(8). Enzymatic characterization of NOX2 revealed that oxygen concentrations of as little
as 20 uM are sufficient to maintain maximal activity, suggesting rapid superoxide
production even at low oxygen concentrations (9). However, the directional NOX2-
mediated electron transfer from cytoplasm to the phagosomal space has two conse-
quences: a charge imbalance (which would ultimately result in membrane depolariza-
tion and NOX2 inhibition) and a proton gradient (due to increased proton release in the
cytosol and a higher demand for protons in the phagosome caused by superoxide
dismutation). Neutrophils overcome this limitation by activating the voltage-gated
proton channel VSOP/HV1, which compensates for the discrepancies in close coordi-
nation with the NADPH oxidase complex (10). The heme-dependent peroxidase MPO,
an enzyme that is released by phagosomal degranulation and constitutes 5% of the
total protein expressed in neutrophils (11), rapidly dismutates superoxide into peroxide
(H,0,). Peroxide, in turn, serves as the substrate for the oxidation of available (pseu-
do)halides such as chloride, bromide, and thiocyanate to produce hypochlorous acid
(HOCI), hypobromous acid (HOBr), and hypothiocyanous acid (HOSCN), respectively (5,
6, 12) (Fig. 1). The outcome of the MPO-catalyzed reaction is determined not only by the
differences in availability of the three anions but also by the distinct levels of selectivity
of the enzyme for each of them: ~70% to ~80% of all peroxide consumed by MPO
yields HOCI, and the remainder is accounted for by HOSCN, as the level of formation of
HOBr is negligibly low due to the low concentration of available bromide (13). However,
both HOCI and HOSCN are produced in the phagosomal space and likely react with
phagosomal constituents before they reach the microbe. Indeed, it has been shown
that tyrosine chlorination was more pronounced in phagosomal proteins than in
proteins of ingested bacteria, suggesting that phagosomal proteins are exposed to a
higher HOCI concentration (14). Besides methionine and thiol groups, HOCI shows high
reactivity toward amino groups, resulting in the formation of chloramines (15). How-
ever, it is likely that protein chloramines decompose into smaller chloramines and/or
aldehydes, which are more stable and readily penetrate into the bacterial cell. Despite
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FIG 1 Neutrophil-mediated RO/CS formation. Neutrophils represent the first line of defense of the innate
immune system. To kill invading bacteria, they generate powerful antimicrobials in a multistep process.
(Upper panel) First, neutrophils sense and bind to the invading microbe (step 1), which results in the
ingestion of the microbe as well as in granule-phagosome fusion events (step 2). Subsequently, granular
proteins and RO/CS are released into the phagosome (step 3), where myeloperoxidase catalyzes the
production of RO/CS. (Lower panel) Superoxide (0,*~) is produced by activated NADPH oxidases (NOX2)
located in the phagosome membrane. The charge is balanced through proton channels (gray). 0,*~ is
mainly dismutated into peroxide (H,0,) by myeloperoxidase (MPO), an enzyme that is released from
azurophil granules. Moreover, MPO catalyzes the reaction of H,O, with physiological concentrations of
chloride or thiocyanate to yield hypochlorous acid (HOCI) or hypothiocyanous acid (HOSCN), respectively.
The rate of production of HOCI is determined by the availability of chloride, as superoxide competes with
chloride for MPO and thus controls the rate of production of HOCI. All neutrophilic RO/CS are produced
in the phagosomal space, and some readily penetrate into the bacterial cell.

having lower reactivities than HOCI, chloramines still show prolonged bactericidal
activities. However, all oxidants have powerful antimicrobial activity and (at least) HOCI
(and corresponding downstream products) and HOSCN are crucial for the immunolog-
ical functions of neutrophils (6). In addition to the bacterial cell, only a minor part of the
extracellular medium is taken up by phagocytosis (14). As a result, the space between
the phagosomal membrane and the particle’s surface is small and extremely concen-
trated, with these oxidants making the phagosomal space well equipped for the
efficient killing of the ingested microbe.

PHYSIOLOGICAL CONSEQUENCES OF HOCI-MEDIATED OXIDATIVE STRESS
Neutrophilic oxidants such as HOCIl, HOSCN, H,0,, and O,*~ differ significantly in

their concentrations and reactivities with cellular macromolecules. Both H,O, and O,*~

likely function only as intermediates for the production of HOCI rather than directly
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killing microbes during phagocytosis (16). With its limited reactivity and low ability to
penetrate the bacterial cell, O,*~ is immediately dismutated into H,O,. H,0, is thiol
specific; however, except for selected peroxidases, its reactivity with most cellular
macromolecules is rather slow (~10" M~'s~") and does not cause significant protein
aggregation. Even though H,0, is bactericidal at sufficient concentrations, it likely is
consumed by MPO rapidly after it is generated (3, 17). Both the physiological conse-
quences and cellular defenses of superoxide-mediated and/or peroxide-mediated ox-
idative stress have recently been reviewed (18-20). On the other hand, RO/CS, i.e.,
HOCI/HOBr/HOSCN, are extremely reactive and bactericidal even at low micromolar
levels (21, 22). One well-known target of HOCI is the amino acid cysteine (3, 6). HOCl or
related chloramines can cause oxidative thiol modifications which are either reversible
(i.e., sulfenic acids and disulfide bonds) or irreversible (i.e., sulfinic acid and sulfonic
acid) (1). However, HOCI reacts equally well with methionine and, much more slowly,
with amines. Chloramines, the products of reactions between amines and HOCI, show
moderate reactivity with high selectivity for sulfur centers. HOSCN, in contrast, targets
specifically thiol groups. Reversible thiol modifications often result in severe structural
and functional consequences, while irreversible thiol modifications lead to protein
aggregation and degradation (1, 23). Recent work revealed overlapping outcomes for
treatments of Pseudomonas aeruginosa with HOCl and HOBY, as the two oxidants target
nongrowing cells more efficiently than growing cells and elicit similar stress responses
(24). Results of treatment with HOSCN are, however, distinctly different, affecting
primarily actively growing cells and invoking different stress responses. However, all
three oxidants cause extensive protein unfolding and aggregation (24, 25). RO/CS cause
pleiotropic phenotypes in bacterial cells and can oxidize and damage virtually any
cellular molecule, including selected amino acids, lipids, metal centers, and nucleic
acids, leading to microbial death (26) and explaining why the absence of MPO in
isolated neutrophils results in strongly impaired killing of a wide range of bacteria (3,
15). In vivo thiol-trapping experiments identified a clear increase in cysteine oxidation
of proteins in phagocytized compared to nonphagocytized Escherichia coli (27). Recent
work with genetically encoded redox probes beautifully illustrated the severity of
oxidative stress experienced by E. coli when trapped in the phagosome of neutrophils
(2). The same study provided strong evidence for identification of HOCI as the main
component of the complex RO/CS mixture produced in neutrophils. Several other
findings further support the idea that neutrophilic oxidants, particularly HOCI, fulfill a
crucial function in killing invading microorganisms as follows. (i) NOX deficiency and
lower NOX activity result in reduced oxidation of the proteome in phagocytized
bacteria (2) and higher susceptibility to microbial infection in mice (28). (ii) Individuals
with chronic granulomatous disease, a genetic disease with impaired NADPH oxidase
activity, appear to be more prone to microbial infections (11). (iii) Compared to their
free-living counterparts, bacteria experience the largest amount of oxidative stress
when enclosed in the phagosome (2). (iv) Pretreatment of neutrophils with an MPO
inhibitor resulted in a much lower level of oxidation of the bacterial proteins and
reduced release of RO/CS (2). (v) Neutrophils show significantly impaired bacterial
killing and reduced HOCI production when cultured in a low-chloride environment (6).
Bacteria respond to sublethal HOCI stress by significant changes in gene expression,
including activation of HOCl-specific transcriptional regulators (26, 29, 30). A significant
disadvantage of stress-mediated transcriptional and/or translational responses is the
lengthy time from the detection of the stress until the newly synthesized proteins take
action, which can take up to 1 h in bacteria (31, 32). This is particularly pressing during
exposure to HOCI, an extremely fast-acting oxidant that oxidatively modifies cysteine
and methionine residues with reaction constants of ~108 M~'s~' so that damage
occurs long before cells can respond (3, 31, 33, 34). It is well established that the
generation of ATP is impaired in HOCl-stressed cells. The limited levels of ATP
are a consequence of oxidative inactivation of redox-regulated enzymes in ATP-
synthesizing pathways, including GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) and F,F,-ATP synthase, as well as of the rerouting of ATP into the chaperone
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holdase polyphosphate (polyP) (see below) (25, 35-37). The lack of ATP and the
oxidative inactivation of proteins essential for translation likely help to explain why
global protein synthesis is downregulated during HOCI stress, which, of course, reduces
the risk of toxic protein aggregate formation (38). An additional consequence is the
repression of the global transcription under these error-prone conditions. However,
these changes are certainly not sufficient to successfully fight the threats of HOCI-
derived oxidative stress.

CELLULAR DEFENSES AGAINST HOCI STRESS: RAPID ACTIVATION OF
CHAPERONE HOLDASES HELPS HOCI-STRESSED CELLS COPE WITH HOCI-
INDUCED PROTEIN AGGREGATION

HOCIl-mediated protein modifications can damage proteins, induce the loss of their
structure and function, and hence lead to excessive protein aggregation and cell death
(1, 25). Therefore, it is not surprising that microbes have developed posttranslational
mechanisms to reduce aggregation-sensitive folding intermediates, utilizing a powerful
proteostasis network. Molecular chaperones and proteases fulfill these functions; they
support de novo folding of newly translated polypeptides, prevent irreparable stress-
induced misfolding of native proteins within the crowded and metastable cellular
environment, and degrade proteins that are irreversibly damaged and/or refolding
incompetent (38, 39). The chaperone network is complex and includes multichaperone
machineries such as DnaK/Dnal/GrpE and GroEL/ES, where cochaperones are needed
for substrate binding, their foldase activity, and/or substrate release. However, the fact
that most of them rely on ATP for their function and some are oxidation-sensitive
disqualifies them from actively participating in the protein homeostasis under severe
oxidative stress conditions (35, 40). Instead, the cell employs a stress-specific chaper-
one, holdase, that deals with this dilemma even when ATP availability is limited. In this
minireview, we review the latest findings concerning four holdases that, despite distinct
activation mechanisms, all have been shown to bind unfolded proteins during expo-
sure to HOC| and prevent them from aggregation. When nonstress conditions are
restored, ATP-dependent chaperones take over and mediate the refolding of the client
proteins.

(i) Hsp33 holdase activity is activated by cysteine oxidation mediated partial
unfolding. Hsp33, a highly conserved heat shock protein in bacteria, green algae, and
several parasites such as Leishmania, was the first redox-regulated chaperone to be
described and was identified almost 2 decades ago (41). As commonly seen for most
molecular chaperones under the control of the heat shock response, expression of
Hsp33 is induced when protein unfolding intermediates accumulate in the cell (42, 43).
Given the many studies on Hsp33 (1, 38, 42, 44-47), its mode of action during oxidative
stress is well understood. Hsp33 consists of a compactly folded N-terminal domain, a
highly flexible ~40-amino-acid (aa)-long linker region, and a C-terminal redox-sensing
domain. Four highly conserved cysteine residues are located within the C-terminal
domain which function as redox sensors. Under nonstress conditions, the cysteines are
present in their reduced state and coordinate a Zn2* ion with high affinity, resulting in
a the formation of a compactly folded and chaperone-inactive Hsp33 monomer (48)
(Fig. 2). The tetrahedral arrangement by which the cysteine residues coordinate the
Zn27 ion under nonstress conditions likely explains why cysteines bound to zinc display
a higher reactivity with HOCI at a near-diffusion-limited rate than cysteine or methio-
nine alone (49, 50). Thus, under HOCI-mediated protein unfolding conditions, all four
cysteine residues are rapidly oxidized and Hsp33 forms two intramolecular disulfide
bonds. The cysteine oxidation causes the release of the Zn2?* ion, resulting in wide-
spread conformational rearrangements. These include partial unfolding of the central
linker region as well as dimerization, and (potentially) even higher levels of oligomer
formation of oxidized Hsp33 monomers follow, ultimately resulting in the activation of
the chaperone function (Fig. 2) (25, 51, 52). The unfolded, hydrophilic linker region
binds to unfolded client proteins via electrostatic interaction (51, 53). This effect is
further stabilized through hydrophobic interactions between the client and the well-
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FIG 2 Reversible cysteine oxidation causes conditional disorder to activate Hsp33. One way for bacteria to fight the proteotoxic effects
of HOCI stress is to employ the stress-specific molecular chaperone Hsp33, which is present as a chaperone-inactive monomer under
nonstress conditions. Reduced Hsp33 is well folded due to the coordination of a Zn2* ion by four highly conserved cysteine residues in
the C-terminal domain. Upon exposure to protein-unfolding conditions, such as HOCI stress, the cysteines are oxidized, resulting in the
formation of two disulfide bonds, zinc release, and massive structural rearrangements. Similarly to its client proteins, Hsp33 partially
unfolds during HOCI stress; however, the disordered conformation is essential for the chaperone activity of Hsp33. The disulfide bonds
are reduced upon return to nonstress conditions, and client proteins are transferred to the ATP-dependent DnaK/Dnal/GrpE system for
refolding.

folded N-terminal domain of Hsp33 (53). Additional activators of Hsp33’s chaperone
function have been identified over the years, including reactive bromine species (e.g.,
HOBr) (24), a combination of peroxide stress and heat stress (41, 48), bile salts (54), and,
as recently noted, atmospheric-pressure plasma (55). All of those conditions cause
oxidative protein unfolding and lead to the aggregation of many essential proteins in
the absence of Hsp33 in vivo (24, 35, 54-56). Not surprisingly, bacteria lacking Hsp33 are
significantly more sensitive under those stress conditions. Inactivation of Hsp33 re-
quires both reducing and refolding conditions. Once reducing conditions are restored,
oxidized Hsp33 dimers are converted to reduced Hsp33 dimers, which are still bound
to their client proteins, likely until ATP-dependent foldase systems such as the DnaK/
DnaJ/GrpE systems are fully functional for subsequent refolding of the client proteins.
However, a recent study suggested that Hsp33 may be involved in the process of
refolding of their client proteins (53).

(ii) Reversible N-chlorination as a novel mechanism for chaperone activation.
Recently, RidA was added to the list of holdases known to protect E. coli from
HOCl-mediated protein aggregation (57). E. coli RidA belongs to the functionally highly
diverse YjgF/YER057c/UK114 protein family and appears to be bifunctional. Under
nonstress conditions, the protein is chaperone inactive, functions as an enamine/imine
deaminase by accelerating the release of ammonia from enamine/imine intermediates
generated by the threonine dehydratase llvA, and even prevents the accumulation of
toxic metabolites in the cell (57-59). In the presence of HOCI, however, RidA no longer
accelerated the deaminase reaction but instead almost completely inhibited IlvA’s
dehydratase activity (57). This observation indicated that RidA and IlvA form a tight
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FIG 3 N-chlorination turns RidA and CnoX into powerful chaperone holdases. Similarly to Hsp33, CnoX (upper
panel) and RidA (lower panel) serve as powerful chaperone holdases in E. coli that prevent unfolded proteins from
aggregation during HOC| stress. HOCl-mediated N-chlorination increases the surface hydrophobicity of both
proteins and is required for activation of their chaperone function. N-chlorination is reversible, and at least RidA
forms oligomers when present in its chlorinated form (lower panel). Once nonstress conditions are restored, CnoX
(upper panel) transfers the substrate proteins to ATP-dependent chaperone foldase systems such as DnaK/Dnal/
GrpE or GroEL/ES and initiates refolding of the substrate proteins. Moreover, CnoX protects the substrate from
overoxidation through the formation of a mixed disulfide. While reduced Trx-SH or GSH can reverse the chlori-
nation of RidA (lower panel), the foldase system(s) required for refolding of the client proteins has not yet been

identified.

complex that negatively affects the activity of lIvA. In vitro studies with unfolded IlvA
and other model substrates revealed that HOCl-oxidized RidA rapidly turns into a
powerful holdase and prevents the aggregation of its client proteins (Fig. 3). The RidA
chaperone function is HOCI specific, as none of the other tested oxidizing agents (e.g.,
diamide and peroxide) activated RidA’s chaperone activity. In a previous study, RidA
was identified as one of the very few proteins affected by a cysteine modification after
treatment with the nitrosative stress-causing agent peroxynitrite (60). It was therefore
obvious that the activation of RidA’s chaperone function during HOCI stress might be
mediated via oxidation of its single conserved cysteine residue. Surprisingly, this was
not the case as the cysteine-free RidA variant still gained full chaperone activity (57).
Consistent with the 70% reduction in the number of free amino groups present in
HOCI-treated RidA compared to its untreated counterpart, mass spectrometry (MS)
analysis of HOCl-activated RidA identified the presence of multiple chlorinated RidA
species. These findings suggested that HOCI activates RidA by N-chlorination of the
g-amino groups of lysines, guanidinium groups of arginines, and/or the terminal amino
group. This type of chaperone activation was unexpected, as N-chlorination of proteins
can lead to protein inactivation, unfolding, fragmentation, cross-linking, and, ultimately,
protein aggregation (6, 61). Biophysical studies revealed that HOCl-mediated activation
of RidA is accompanied by the formation of higher oligomers and substantially in-
creased hydrophobicity, two features that facilitate the binding of unfolded proteins
and therefore represent characteristic features of chaperones (39). Treatment with
physiological redox systems such as Trx or glutathione (GSH) reversed the chlorination
of RidA, caused the inactivation of RidA’s chaperone function, and reactivated its
enamine/imine deaminase activity in vitro (57). However, it remains to be elucidated
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whether DnaK/Dnal/GrpE and/or GroEL/ES can serve as a foldase system to refold
the client proteins. The RidA-deficient cells were substantially more susceptible to
HOCI stress than the wild-type cells, indicating that RidA represents a remarkable
HOCI-specific bacterial defense strategy that effectively protects E. coli against
severe HOCI stress in vivo. Pulldown assays using cell lysates identified highly abundant
cytosolic proteins of the primary metabolism as potential in vivo substrates and
therefore pointed to a rather unspecific RidA-client interaction as well as to broad
substrate specificity. Since HOCI chlorinates primary amines in the phagosome,
resulting in chloramines (31, 34, 62), RidA may very well play a role as a bacterial
defense strategy to fight phagocytosis. However, it remains to be seen whether the
HOCI levels produced during the oxidative burst are sufficient to efficiently activate
RidA’s chaperone function during phagocytosis. RidA homologues seem to be func-
tionally diverse, as HOCI-mediated chlorination turned the S. aureus RidA homologue
into a potent RNase that did not exhibit any detectable chaperone activity (63). It is
therefore necessary to develop a better understanding of the identity and/or number
of the amino acids with free amino groups that are needed for activation and inacti-
vation of RidA’s chaperone function.

Soon after, CnoX was identified as another member of the HOCI stress defense
system in E. coli. It is mechanistically very similar to RidA (57); while it is chaperone
inactive under nonstress conditions, N-chlorination of CnoX resulted in increased
hydrophobicity and turned the protein into a powerful holdase (Fig. 3) (64). The
locations of the chlorinated residues were identified in four atypical tetratricopeptide
repeats (TPR) at the C terminus, representing motifs that mediate protein-protein
interactions and are prevalent in folding factors (65). N-chlorination of the C-terminal
TPR domain was essential for the survival of E. coli, as a CnoX variant lacking the TPR
domain was chaperone inactive and unable to complement a cnoX-deficient strain in
vivo, likely because the increase in hydrophobicity is a requirement for the interaction
with unfolded substrates (64). Earlier studies had pointed toward a potential protein-
protective role of CnoX, as cnoX-deficient cells were highly sensitive to elevated
temperature (66). Independent studies further confirmed its role as a chaperone, as it
was shown to form complexes with unfolded substrate proteins, to cooperate directly
with DnaK, and to affect cell division and DNA replication by assisting in folding DNA
polymerase 3 (66-68). Therefore, mechanisms other than N-chlorination must exist that
lead to the activation of E. coli CnoX’s chaperone function. Interestingly, HOCl-mediated
N-chlorination was not required for activation of the holdase activity of Caulobacter
crescentus CnoX, most likely due to its overall surface hydrophobicity being higher than
that seen with its E. coli homologue (69). Therefore, constitutively active CnoX might be
an inherent part of the proteostasis network in C. crescentus even in the absence of
HOCI exposure, a stress situation that this nonpathogenic species most likely would not
experience in its natural aquatic habitat. However, the two homologues share the
ability to transfer the substrate proteins to foldase systems such as DnaK/Dnal/GrpE,
which then initiate the refolding process in an ATP-dependent manner (Fig. 3) (64, 69).
Both homologues were also shown to efficiently cooperate in vitro and in vivo with
GroEL/ES, another ATP-dependent foldase system that assists numerous proteins to
regain their native structure, activity, and ability to perform their specific functions (64,
69). Intriguingly, it was the very first time that substrate transfer from a holdase to
GroEL/ES was shown in vitro. This unique feature was also supported by two additional
observations: (i) a direct interaction between CnoX and GroEL was previously reported
(66, 70) and (ii) CnoX also protected various client proteins from aggregation that
accept only GroEL/ES as a refolding system (64). However, in addition to its holdase
activity, CnoX was shown to confer redox protection to its client proteins. Thiol groups
are present in low-molecular-weight thiols such as the antioxidant GSH, in free cys-
teines, and in side chains of cysteine residues of polypeptides (reviewed in reference 1)
and are, along with methionine residues, the most reactive targets of HOCI. Therefore,
another consequence of HOCI stress is the formation of intra- or intermolecular
disulfide bonds in proteins, which can result in protein misfolding and aggregation,
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because ATP-dependent chaperone systems do not act as reducing agents and are not
capable of refolding oxidized proteins. Instead, independent oxidoreductases, i.e.,
members of the thioredoxin (Trx) family or glutaredoxin (Grx) family, are required to
first reduce the disulfide bonds via direct thiol/disulfide exchange before DnaK/DnaJl/
GrpE or GroEL/GroES can initiate the refolding process (71, 72). This view has now been
corrected, as C. crescentus CnoX was previously shown to combine its holdase with
thioredoxin activity (69). The latter is mediated by two surface-exposed cysteine
residues in the conserved WCGPC motif of the N-terminal Trx fold. Thus, CnoX is the first
bacterial protein identified as having the ability to prevent aggregation and reduce
nonnative disulfide bonds in substrate proteins, thereby providing a powerful alterna-
tive to independent Trx/Grx systems. E. coli CnoX, on the other hand, most likely lacks
oxidoreductase activity due to a mutation in one of the conserved cysteines of the Trx
fold (64, 73), even though a dissenting report exists (68). The protein contains an
additional surface-exposed cysteine residue; however, the great distance between the
two cysteine residues excludes the possibility of disulfide bond formation. Intriguingly,
a CnoX variant lacking this cysteine residue was unable to complement the phenotype
of a cnoX-deficient strain, suggesting a crucial role during HOCI stress (64). In fact, this
cysteine residue was responsible for the formation of mixed disulfide bonds with
cysteine residues in substrate proteins in vivo and therefore represents an elegant way
for CnoX to protect the substrate proteins from irreversible overoxidation (Fig. 3).
Efficient reduction of the mixed disulfide complex in vivo required the presence of
reduced glutathione, which itself is a prominent target of HOCI, suggesting that
substrate transfer to the ATP-dependent folding machineries can occur only when
nonstress conditions are restored. However, both the thioredoxin activity of C. crescen-
tus CnoX and the ability of E. coli CnoX to form mixed disulfide are redox functions that,
in combination with the chaperone activity, are unique properties of the newly
founded chaperedoxin protein family. Overall, N-chlorination represents a reversible
thiol-independent chaperone activation mechanism that fully depends on exposure to
HOCI. Chaperone activation mediated by the oxidation of cysteine residues, such as
occurs in Hsp33, is rather specific and almost exclusively affects highly conserved
cysteines (25, 74). N-chlorination, on the other hand, is much more unspecific. There-
fore, it is not unlikely that more chaperones exist that utilize this type of activation
mechanism. Indeed, additional holdases activated by N-chlorination, including blood
plasma proteins, were discovered over the last 2 years (75).

(iii) Conversion of ATP into the protein scaffold polyphosphate. Utilization of
protein-based chaperones is only one way by which Gram-negative bacteria protect
their proteome against HOCI stress. One of the most efficient posttranslational stress
response systems that bacteria employ to survive extended periods of HOCI is the
conversion of ATP into the biopolymer polyP (37). PolyP is highly conserved, present in
prokaryotic and eukaryotic species, and structurally extremely simple, as it consists of
a linear arrangement of phosphate molecules (up to ~1,000 P,/chain) covalently linked
via high-energy phosphoanhydride bonds (76). Much of the relevant early work was
done by the late Arthur Kornberg, who identified the enzymatic systems responsible for
synthesis and degradation of polyP. In bacteria, generation of polyP, . ,, is reversibly
catalyzed by nonessential polyphosphate kinase 1 (PPK1), which transfers a terminal
phosphate of ATP to a growing chain of polyP, (Fig. 4) (77, 78). Several cues, such as
nutrient shift, exposure to osmotic changes, acidic pH, and high temperatures, have
been identified that trigger the cellular accumulation of polyP (24, 37, 79-82). Degra-
dation of polyP into monomeric P, molecules is performed by an exopolyphosphatase
(PPX) (83). The ability to genetically manipulate polyP levels in vivo allowed detailed
phenotypic characterization and provided insights into the various roles of polyP, e.g.,
those involving increased susceptibility to elevated temperatures, heavy metals, oxi-
dants, and starvation (24, 37, 76, 79, 82, 84). Moreover, cells lacking the ability to
produce polyP are defective in biofilm formation, quorum sensing, virulence, and
motility (85-90). However, the mechanism by which polyP achieves these seemingly
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FIG 4 Conversion of ATP into protein-scaffold polyphosphate. Under HOCI stress conditions, bacteria convert
significant amounts of ATP into long chains of polyphosphate (polyP), a reaction catalyzed by the bacterium-
specific enzyme polyP kinase (PPK). The reversible oxidative inactivation of the polyP-degrading enzyme exopo-
lyphosphatase (PPX) further contributes to the accumulation of polyP in the cell. PolyP functions as a protein-
stabilizing scaffold that binds protein unfolding intermediates, stabilizes them in a soluble B-sheet-rich
conformation, and effectively prevents protein aggregation both in vitro and in vivo. Once nonstress conditions are
restored, chaperone foldases such as the DnaK/DnaJ/GrpE system take over to refold polyP-bound client proteins.

unrelated functions remained unclear. Many excellent reviews exist that discuss the
manifold roles of polyP in prokaryotes and eukaryotes (76, 91-94). Therefore, we focus
here exclusively on the recent discovery that polyP serves as a physiologically relevant
chemical chaperone during HOCI stress. Various Gram-negative bacteria, including E.
coli, Vibrio cholerae, and Pseudomonas aeruginosa, accumulate large amounts of polyP
in response to HOCI or related hypohalous acids (24, 37). HOCI-treated E. coli cells were
previously shown to experience a 50% drop in their ATP levels and showed substantial
upregulation of several phosphate-starvation genes (37, 95). PolyP-deficient cells were
substantially more susceptible to neutrophilic oxidants than wild-type cells, suggesting
that polyP counteracts the proteotoxic effects of HOCI (24, 37). The first connection to
the role of polyP as a protein-stabilizing scaffold was made with the observation that
the accumulation of aggregated proteins in vivo under high-temperature conditions or
in the presence of hypohalous acids was much more pronounced in the absence of
polyP (24, 37, 79). Consistently, expression of heat shock response genes in polyP-
deficient cells was upregulated upon stress treatment, indicating the cell’s need for
molecular chaperones. In vitro studies confirmed that polyP binds a broad set of
oxidatively damaged and otherwise unfolded proteins in a chain-length and con-
centration-dependent manner and prevents their aggregation by maintaining them in
a refolding-competent conformation (37, 79). Once nonstress conditions were restored,
client release was triggered by PPX-mediated polyP hydrolysis or PPK-catalyzed recon-
version into ATP (Fig. 4). However, the release of the client proteins requires the
presence of ATP-dependent foldase systems such as DnaK/Dnal/GrpE (37, 79). Conver-
sion of ATP into polyP offers a great deal for the cell; polyP does not depend on
transcription or translation, is inert to oxidative stress, and does not require ATP for its
chaperone function. Moreover, it can be reconverted to ATP by PPK if nonstress
conditions are restored. Once refueled, the ATP pool can then be utilized by ATP-
dependent foldases to promote protein refolding, making the conversion of ATP into
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the highly effective protein scaffold polyP an ideal alternative for the cell to combat the
detrimental consequences of HOCI stress (Fig. 4). Most strikingly, unfolded client
proteins remained fully soluble even at near-boiling temperatures in the presence of
physiological concentrations of polyP (37, 79). Structural analyses of the complexes
revealed the formation of B-sheet structures in these typically a-helical proteins (79).
The fact that no interactions were observed between polyP and native proteins
suggests that polyP interacts with emerging B-sheet structures that form during
stress-induced protein unfolding. However, additional structural analyses performed at
high resolution will be necessary to characterize the precise nature of the polyP-client
protein interaction in more detail as well as proteomic studies to identify polyP
substrates in vivo. Several open issues remain, particularly concerning the regulation of
polyP synthesis/degradation in vivo. PolyP synthesis appears to be primarily regulated
on posttranslational levels, as ppk transcript levels were unaffected during nutrient
starvation and HOCI stress (37, 95, 96). Moreover, the absence of PPX does not result in
significant changes in polyP levels under nonstress conditions. These observations
suggest that polyP homeostasis must be controlled either directly or through stress-
mediated regulators, which energetically makes sense given that polyP generation
directly affects the ATP pool of the cell. A recent study revealed that the RNA
polymerase secondary channel binding transcriptional regulator DksA affects polyP
synthesis in vivo (97). In addition, one redox-regulated mechanism has been identified
that contributes to the accumulation of polyP under severe conditions of HOCI stress:
HOCI oxidizes a cysteine residue located in close proximity to the polyP-binding site of
PPX, resulting in the transient inhibition of its exopolyphosphatase activity until non-
stress conditions are restored (37). Even though this explanation goes a long way
toward enabling full understanding of the diverse and pleiotropic phenotypes associ-
ated with polyP, it became clear over the past years that, given all the phenotypes of
polyP-deficient cells, the bacterium-specific PPK1 represents an ideal drug target.
Recently, mesalamine, the gold standard in treating patients with mild to moderate
ulcerative colitis, was identified as a potent inhibitor of bacterial polyP production in a
wide range of Gram-negative bacteria and in members of the gut microbiome (87). By
mediating decreases in the polyP levels in the cell, mesalamine mimics the phenotypes
reported previously for polyP-deficient cells (24, 87) and, therefore, may have a much
broader application than originally anticipated. Additional studies have suggested
that some probiotic bacteria potentially secrete polyP to modulate host inflammatory
responses in the gut (98). Given polyP’s role as a signal molecule for the control of
inflammation in mammals (99, 100) and the better understanding of polyP’s molecular
mechanism developed over the past few years, the door is now open for more precisely
directed investigations of, e.g., whether the observed effects on the immune cells are
based on polyP’s protein scaffolding function, potentially revealing broader implica-
tions for this simple but powerful molecule.

HOCI STIMULATES ADAPTIVE SURVIVAL STRATEGIES IN PATHOGENIC BACTERIA

Among the most important strategies enabling bacterial pathogens to persist in the
host is their ability to perform chemotaxis and form biofilms. The cohesive extracellular
matrix of biofilm bacteria provides numerous survival benefits, including protection
against attacks by immune cells, reduced metabolic activity, and up to 1,000-fold
decreased susceptibility to antimicrobial treatment compared to their planktonic coun-
terparts (101, 102). The change from a planktonic and motile lifestyle to sessile biofilms
requires the cells to attach to biotic or abiotic surfaces, a process that is regulated by
a complex regulatory network of different signaling pathways (103, 104). As a result,
substantial changes in gene expression occur which cause loss of motility and increase
expression of fimbriae and pili (105-107). Moreover, the level of production of com-
ponents of the extracellular matrix such as exopolysaccharides and extracellular DNA is
substantially elevated. Many of these changes are attributed to the accumulation of the
second messenger cyclic dimeric GMP (c-di-GMP), a key biofilm regulator in numerous
pathogenic bacteria (108-111). So far, only a few environmental stimuli affecting
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FIG 5 HOCI sensing affects biofilm formation and chemotaxis in pathogenic bacteria. (Upper panel) Sublethal
concentrations of HOCI turn planktonic P. aeruginosa into sessile biofilms. Upon exposure to HOCI, transcription of
the P. aeruginosa PA3177 gene encoding a diguanylate cyclase is induced via an as-yet-unknown regulatory
pathway. This results in elevated c-di-GMP levels (black arrow) and subsequent induction of exopolysaccharide Pel
and Psl production (dotted arrow). The increased hydrophobicity triggers the surface attachment and ultimately
results in the switch from planktonic growth to nonmotile biofilm formation. (Lower panel) Cytosolic transducer-
like protein D (TIpD) serves as a redox sensor in H. pylori to translate changes in HOCI concentrations. In the
absence of HOCI, TlpD's conserved cysteine in the chemoreceptor zinc-binding (CZB) domain is reduced and
coordinates a Zn?* jon. In its reduced state, TIpD induces the autophosphorylation of chemotaxis phosphorelation
system CheA/CheY. CheY-P; directly interacts with the flagellar rotor (labeled yellow), resulting in a temporary
reversal of flagellar rotation (as indicated by arrows). In the presence of HOCI, the conserved cysteine is
oxidized, Zn2* is released, and the signaling is reversibly inactivated, resulting in a smooth swimming
behavior (chemoattraction).

c-di-GMP homeostasis have been identified. One of them is sublethal HOCI stress,
which was shown to trigger the ability of P. aeruginosa to attach to abiotic surfaces and
form biofilms by activating c-di-GMP synthesis (Fig. 5) (112). This effect appears to be
mediated through induced expression of the P. aeruginosa 3177 (PA3177) gene, which
encodes the diguanylate cyclase (DGC) PA3177, an enzyme that catalyzes the conden-
sation of two GTP molecules to form c-di-GMP (108). The same DGC was also found to
contribute to antibiotic and ROS tolerance in P. aeruginosa biofilm cells (113). Induced
PA3177 gene expression appeared to be HOCI specific and was unaffected during
exposure to other oxidants such as peroxide and paraquat (112). Overexpression of
PA3177 had a strong stimulating impact on autoaggregation and biofilm formation,
indicating that changes in the expression level of this protein are indeed responsible for
the switch from the planktonic to the biofilm lifestyle. HOCl-stimulated biofilm cells
displayed substantially higher cell surface hydrophobicity, a result of c-di-GMP-
mediated upregulation of exopolysaccharide expression and a potential reason for the
increased surface attachment. Notably, HOCI is not the only stimulator of biofilm
formation, as several studies have presented evidence that bacteria increase their
tendency to form protective biofilms in response to sublethal concentrations of deter-
gents, antibiotics, or biocides (114, 115). c-di-GMP appears to be the mediator in many
cases (116). In fact, the E. coli DGC YdeH was shown to play an important role in
surface attachment not only under nonstress conditions but also particularly for
aminoglycoside-mediated biofilm induction (116); however, the mechanism is still
unknown. Given that aminoglycosides can cause oxidative stress, it is tempting to
speculate whether YdeH activation occurs via redox sensing. Despite recent attempts
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to explain potential mechanisms behind biofilm stimulation (117), the precise mecha-
nism behind PA3177’s activation during HOCI stress remains enigmatic. Future studies
will be needed to elucidate whether PA3177 expression is controlled by a redox-
controlled transcriptional or translational regulator. Alternatively, it is also possible that
the elevated level of c-di-GMP production is a result of posttranslational regulation.

One such HOCl-mediated redox-sensing adaptive survival strategy has recently been
identified in Helicobacter pylori, a persistent colonizer of the stomach (50). H. pylori
employs a strong antioxidant network that includes four highly expressed peroxidre-
doxins and catalases and is therefore ideally suited to resist infiltrating neutrophils and
inflammation, both of which lead to elevated HOCI concentrations in the stomach
(118). In fact, H. pylori not only tolerates but actively senses HOCl by modifying its
swimming behavior to move toward even higher HOCI concentrations. The pathogen
employs a cytoplasmic chemoreceptor, TlpD, that senses micromolar concentrations
of HOCI by reversibly oxidizing a conserved cysteine located in the chemoreceptor
zinc-binding domain (CZB) (119). In its reduced state, the cysteine coordinates a Zn2+
ion and allows TIpD to promote the autophosphorylation of the histidine kinase CheA,
which subsequently phosphorylates the response regulator CheY to induce chemore-
pulsion (Fig. 5). However, in the presence of micromolar concentrations of HOCI, TIpD’s
conserved cysteine is reversibly oxidized, impairing the stimulatory function of TlpD.
The inactivation of TlpD is based on oxidation-mediated conformational changes and
effectively decreases the availability of phosphorylated CheA/CheY (Fig. 5) (50). As a
result, H. pylori no longer performs chemorepulsion but instead performs chemoattrac-
tion. tipD-deficient H. pylori strains are defective in colonization of the stomach antrum,
a region that is associated with high inflammation and is therefore rich in HOCI (120).
Overall, these recent discoveries suggest that biofilm formation and chemoattraction
potentially are specific redox-regulated mechanisms that allow bacteria to thrive during
HOCI stress in the host.

CONCLUDING REMARKS

The production of RO/CS, such as the powerful oxidant HOCI, is successfully utilized
by cells of the innate immune response to combat invading pathogens. The mecha-
nisms by which HOCI contributes to bacterial killing in the phagosome are still far from
being fully understood, although much progress has been made to increase our
understanding of how bacteria respond to and defend against HOCI stress. We have
discussed some of the major strategies that Gram-negative bacteria employ to protect
their proteome under HOCl-mediated oxidative stress conditions. Activated within
minutes, ATP-independent holdases are ideally suited to the protection of cells against
conditions that lead to sudden HOCI-mediated protein unfolding and aggregation even
in the ATP-depleted cellular environment during HOCI stress. However, more research
is needed to elucidate how many more of the enzymes, transcriptional regulators, or
structural proteins that are present under nonstress conditions turn into effective
holdases during HOCI stress. Intriguingly, many of the strategies that bacteria have
evolved in order to fight HOCI stress are bacterium specific. Hsp33 has recently been
used as a DNA vaccine candidate to protect flounders from Vibrio anguillarum infec-
tions by eliciting local and systemic immune responses (121). Therefore, HOCI-specific
defense mechanisms have the great potential to serve as suitable targets for novel
antimicrobial therapies given the important antimicrobial role that HOCI plays during
innate immunity and host defense.
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