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Abstract

Hydrogen peroxide (H,05) is continuously formed by the autoxidation of redox enzymes in
aerobic cells, and it also enters from the environment, where it can be generated both by chemical
processes and by the deliberate actions of competing organisms. Because H,O5 is acutely toxic,
bacteria elaborate scavenging enzymes to keep its intracellular concentration at nanomolar levels.
Mutants that lack such enzymes grow poorly, suffer from high rates of mutagenesis, or even die.
In order to understand how bacteria cope with oxidative stress, it is important to identify the key
enzymes involved in H,O, degradation. Catalases and NADH peroxidase (Ahp) are primary
scavengers in many bacteria, and their activities and physiological impacts have been
unambiguously demonstrated through phenotypic analysis and through direct measurements of
H,0, clearance in vivo. Yet a wide variety of additional enzymes have been proposed to serve
similar roles: thiol peroxidase, bacterioferritin comigratory protein, glutathione peroxidase,
cytochrome c peroxidase, and rubrerythrins. Each of these enzymes can degrade H,O5 in vitro, but
their contributions in vivo remain unclear. In this review we examine the genetic, genomic,
regulatory, and biochemical evidence that each of these is a bona fide scavenger of H,O5 in the
cell. We also consider possible reasons that bacteria might require multiple enzymes to catalyze
this process, including differences in substrate specificity, compartmentalization, cofactor
requirements, Kinetic optima, and enzyme stability. It is hoped that the resolution of these issues
will lead to an understanding of stress resistance that is more accurate and perceptive.
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In 1900 Oscar Loew reported that higher organisms invariably contain a protein that
degrades hydrogen peroxide (H,0O,) to oxygen and water [1]:

H>O,+H,0, — 0,+2H,0 Q)

At the time few proteins were known that could catalyze reactions, and so he named his new
enzyme “catalase.” Catalase was later found in many bacteria as well. However, so were
H,0,-degrading proteins of another class: peroxidases, which are defined by their ability to
reduce rather than disproportionate H,0,:
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RH,+H,0, — R+2H,0 ®

Peroxidases can differ in their physiological electron donors (i.e., RH5), which may be
glutathione, thioredoxins, NAD(P)H, or cytochrome c. Some proteins with peroxidase
activity can also oxidize a range of non-physiological electron donors, including dyes; in a
few cases these assays have allowed peroxidases to be detected even while their
physiological electron donors remain unknown. The abundance of scavenging enzymes can
perplex the physiologist who wants to understand the contributions that they make to cell
fitness. Consider, for example, the model bacterium Escherichia coli, which expresses at
least nine enzymes that have been proposed to be catalases or peroxidases. The obvious
issue arises: Why so many? This review seeks to address this question.

The threat of hydrogen peroxide

Virtually every organism—animal, plant, or microbe—exhibits progressive indicators of
toxicity when it is exposed to high concentrations of oxygen. The loss of fitness manifests as
high mutation rates, growth defects, and ultimately death. Molecular oxygen itself cannot
directly react with most biomolecules [2], and so early workers quickly recognized that the
direct toxin might be a partially reduced form of oxygen that is formed inside the cell. The
progressive addition of single electrons to oxygen generates superoxide (O,7°), H2Oo, the
hydroxyl radical (HO-), and water (H,O) (Fig.1). Molecular oxygen can adventitiously steal
electrons from the dihydroflavin cofactors of a wide range of reduced redox enzymes in
vitro; the higher the oxygen concentration, the more rapid the reaction [3-6]. A mixture of
superoxide and hydrogen peroxide is formed, and the occurrence of such reactions in vivo
would validate the presence of superoxide dismutases and reductases on the one hand, and
catalases and peroxidases on the other. Measurements in Escherichia coli confirm that H,O,
is formed inside well-fed aerobic cells at a constant rate of 10-15 pM/second [7] (Fig. 2A).
Consistent with the enzymatic data, the rate increases in proportion to oxygen concentration,
which likely explains the toxicity of hyperoxia.

These doses are enough to require the presence of scavenging systems: bacterial mutants
that lack either superoxide or HoO»-scavenging enzymes exhibit growth defects (Fig. 2B),
and the phenotypes become more severe when the level of environmental oxygen
concentration is raised [8-11]. In H,O5-stressed cells, even 1 uM H»0, efficiently oxidizes
the pool of loose ferrous iron that is not incorporated in proteins, generating hydroxyl
radicals that subsequently damage DNA [12]. This reaction explains the mutagenic effect of
oxygen:

H202+Fe2+ — OH™+OH+Fe** (the Fenton reaction) ®3)

Through analogous reactions H,0, oxidizes and destroys the solvent-exposed iron-sulfur
clusters of dehydratases such as aconitase, thereby blocking key pathways requisite for
energy production and biosynthesis [13]. H,O5 also inactivates non-redox enzymes that
employ a single ferrous iron atom as a substrate-activating cofactor [14], (Anjem and Imlay,
in press). This basic catalytic strategy is used by enzymes that drive diverse reactions, from
epimerizations to dehydrogenations, and therefore a wide variety of metabolic pathways are
potentially vulnerable to H,O stress.

In vitro data reveal that the rate constants for the reaction of H,O, with these iron centers
can range from 1000-50,000 M1 s™1. Such high values suggest that even sub-micromolar
H,0, can inactivate such enzymes within minutes—and indeed that is what is observed in
bacterial mutants that cannot degrade H,0O,. Thus the challenge for aerobic organisms is to
keep H,0O, concentrations below these levels. They do so by expressing high titers of
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extremely active peroxidases and catalases. The levels of these scavenger enzymes in E. coli
are so high that, despite the rapidity of endogenous H,O, formation, the steady-state level of
H»0, is restricted to about 20 nM [15].

Flavoprotein autoxidation is not the only source of these oxidants; on occasion reactive
oxygen species are generated by extracellular redox chemistry (Fig. 3). At anoxic/oxic
interfaces, reduced metals and sulfur species encounter oxygenated waters, and the
subsequent oxidation reactions generate environmental O,™ and H,O, with which local
bacteria must contend. The same oxidants are formed when UV/visible radiation illuminates
extracellular chromophores, including pigments that are released by decaying vegetation.
O, is a charged species and cannot cross bacterial membranes at physiological pH, but
H,0, penetrates lipid bilayers with a permeability coefficient similar to that of water [15,
16]. When environmental H,O, concentrations exceed 0.2 M, in fact, the rate of H,0,
influx into £. coli exceeds the rate of its endogenous formation and drives the steady-state
intracellular concentration upwards [15]. Similar effects are expected when bacteria are
exposed to the H,O, that is excreted by lactic acid bacteria, which themselves eschew iron
enzymes and, thus being relatively immune to H,O», can use it to poison their competitors
[17]. More famously, amoebae, plants, and mammals all douse invading bacteria with H,O,
as a way of suppressing infection [18-20]. Once captured in phagosomes, bacteria are
exposed to ca. 5-10 uM H,0O,, a concentration that is expected to elevate intracellular H,O,
levels by more than an order of magnitude [21]. A variety of bacteria and plants also release
aromatic redox-cycling compounds; after infusion into bacteria, these compounds catalyze
rapid electron transfer from flavoproteins to oxygen, thereby generating crippling doses of
superoxide and H,O, [22, 23]. The common theme is that the microbial world is a
battlefield, and O,™, and H,0O, are weapons of choice.

Scavenging enzymes are key defenses against these assaults, and when the rates of H,0,
formation or entry are high, the basal levels of defenses are inadequate. For this reason
virtually all organisms respond to an infusion of H,O» by raising the rate of synthesis of
catalases, peroxidases, or both. These adaptive responses have been most thoroughly defined
in bacteria and, among eukarya, in yeasts [24]. The OxyR protein is a transcription factor
found in many bacteria, including the model bacterium £. coli. OxyR is largely inactive until
H,0, oxidizes a key cysteine residue, triggering the formation of a disulfide bond that locks
the protein into an active conformation [25, 26]. The oxidized OxyR then directly binds to
the promoter regions of members of the regulon, including genes encoding catalases and
peroxidases, and recruits RNA polymerase. Other members of the £. coliregulon include an
iron-storage protein that suppresses DNA damage by sequestering unincorporated iron [27—
30], an iron-sulfur-cluster assembly system that repairs damaged iron-sulfur clusters [31-
33], and a manganese importer that provides an alternative metal to mononuclear iron
enzymes [14, 34, 35]. The OxyR protein is quickly oxidized by 0.1 .M H,0, [15, 36],
ensuring that the regulon is activated when intracellular H,O, concentrations rise from the
basal 20 nM level and begin to approach the 400 nM level at which disabilities become
apparent.

Other bacteria use the PerR repressor as an alternative H,O, sensor in place of OxyR [37,
38]. PerR customarily binds ferrous iron, and this metallated form blocks transcription of
defensive enzymes; when H,0, sweeps into the cell, the Fenton reaction leads to oxidation
of the iron and the concerted oxidation of a histidine ligand, presumably irreversibly
inactivating the protein. The transcription of regulon members ensues. The PerR regulon has
been defined in detail in Bacillus subtilis, it again includes a peroxidase (Ahp), catalase
(KatA\), and iron-sequestering protein (MrgA), but an apparent zinc-import system stands in
place of the manganese importer that is induced in £. coli[39].
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Why so many scavengers of H,O,? General considerations

At first blush it is surprising and puzzling to discover that organisms encode so many
enzymes that can degrade H,O,. In eukaryotes—and higher organisms especially—the
presence of multiple scavengers might be ascribed to isoform-dependent
compartmentalization within organelles or to tissue-specific expression patterns. This
argument clearly does not hold for bacteria, thereby forcing us to look more closely. In the
pages that follow we will see that this puzzle has not yet been solved. In considering each of
the proposed scavenging enzymes, we will need to evaluate two things: whether its
physiological job is indeed to degrade H,O»; and, if so, what special role the enzyme plays
that the other scavengers do not fulfill.

The degradation of H,O5 can be achieved to some extent by any protein that displays
exposed iron or thiol moieties, and so the demonstration of such an activity in vitro is not
sufficient to conclude that the enzyme serves this purpose in vivo. How does one evaluate
each case? The first argument arises from catalytic efficiency. As we will see, authentic
catalases and peroxidases are extremely efficient, reacting with H,O, at rates that exceed by
orders of magnitude the reaction rates of typical iron chelates or cysteine residues.
Regulation comprises a second piece of evidence: for example, the strong induction of the
Ahp peroxidase in response to H,O» stress connoted a role in H,O, degradation rather than
(as originally believed) in the scavenging of only organic hydroperoxides. Third, the
genomic context of a structural gene sometimes implies its physiological purpose, since
scavenging enzymes are often encoded by loci adjacent to those of other defensive enzymes,
sometimes including the OxyR or PerR transcription factors themselves. Fourth, in some
cases the absence of a proposed scavenging enzyme results in a characteristic sensitivity to
H»0,. Such is not always the case, however, as diagnostic phenotypes are often obscured by
the compensatory induction of other defensive systems. And finally, in some happy
examples the presence or absence of a particular enzyme measurably affects the rate at
which a specially constructed strain clears H,O, from the growth medium.

We will see that uncontestable cases for authentic scavenging have been made for only a
few enzymes: catalases and NADH peroxidase (Ahp). The evidence for other peroxidases
ranges from compelling to dubious (Table 1).

Still, even by rigorous standards, £. coli expresses at least three authentic scavengers, two
catalases plus the Ahp peroxidase—enough to pose the question of what circumstances
might require more than a single scavenger. In the discussion that follows we will consider
this issue for each candidate enzyme, but in general several possibilities have been
considered (Table 2). First, the kinetic behaviors of catalases and peroxidases are distinct in
ways that suit them to distinct doses of H,O,. Catalases operate through a disproportionation
cycle that includes a reactive intermediate; this species is potentially problematic for cells,
which might in general favor the use of peroxidases at low concentrations of H,O,. The
latter enzymes, however, typically have a reductive step that is slow. They also are
ultimately limited by the capacity of the cell to provide electrons. Both of these features
cause peroxidases to be saturated by higher levels of H,O,, whereas catalases turn over at
progressively higher rates.

Other factors may also pertain. Catalases rely on iron or manganese, and some peroxidases
depend on selenium; therefore when bacteria enter environments that lack one of these
metals, it stands to reason that such enzymes might fail and a metal-independent enzyme
might become necessary. Peroxidases can differ in the identities of their electron donors, and
the ability of cells to provide various donors may depend upon metabolic circumstances,
particularly if severe H,0, stress or cell starvation disables some branches of metabolism.
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Some scavenging enzymes may be compartmentalized in the periplasm, a location that
might enable them to degrade exogenous H,O, before enters the cytoplasm, which houses
all the known targets of damage. And some enzymes might trade catalytic efficiency for
stability—an important issue in bacteria, which routinely experience protracted periods of
starvation that preclude protein biosynthesis as a strategy to replace unstable enzymes.

Each of these reasons has been proposed to explain the particular role of one scavenging
enzyme or another. As we will see, most of these ideas have not yet been well-tested by
experiment.

Heme catalases

Most bacteria contain catalases, although streptococci, enterococci and leuconostocs do not.
The nature of their cofactor distinguishes catalases into heme and non-heme (or manganese)
catalases. All heme catalases catalyze the typical dispropornation reaction, while some
exhibit an additional peroxidatic activity. Catalases with only catalatic activity are called
monofunctional catalases, and those with both catalatic and peroxidatic activities are
referred to as bifunctional catalases or catalase-peroxidases.

Monofunctional catalases are the earliest known bacterial catalases [40, 41] and are virtually
ubiquitous among both aerobic and anaerobic bacteria. Bifunctional catalases are less
abundant; as of November 2011, 435 catalase-peroxidase sequences were deposited in the
peroxibase data set [42]. Crystal structures have been determined for the monofunctional
catalases of Proteus mirabilis [43], E. coli[44, 45], Micrococcus lysodeikticus [46],
Pseudomonas syringae [47], and Helicobacter pylori[48]. Catalase/peroxidase structures are
available for the enzymes from Burkholderia pseudomallei [49], Mycobacterium
tuberculosis [50], and Synechococcus PCC 7942 [51], and for the C-terminal domain of the
E. colienzyme [52]. These two classes differ in their overall 3D structures but share a
characteristic deep burial of heme, which can be accessed by through a narrow channel [53].
The narrowness of the channel blocks the entry of molecules larger than H,O and thus
provides substrate specificity. Thus catalases do not degrade organic hydroperoxides.

For all heme catalases the catalatic reaction requires two consecutive encounters with
molecules of H,0,. In the first step, Fe3*-heme reduces H,0,, releasing water and forming
a radical intermediate, compound | (Por *-Fe#*=0). Two electrons are removed from the
heme in this process, one from the Fe3* atom, which becomes Fe**, and the second from the
porphyrin ring of the heme, which acquires cation radical character:

Enzyme (Por - Fe3+) +H,0, — Compound I (Por'+ - Fe4+=0) +H,0 N

In the second step, compound | oxidizes a second molecule of H,O, and the enzyme returns
to the original Fe3* state:

Compound I (Por“r - Fe4+:0) +H,0, — Enzyme (Por - Fe3+) +H,0+0, (5)

Catalase is an exceptional enzyme in that its population inside a cell will, in principle,
consist of an equimolar mixture of enzymes in the resting and highly oxidizing (compound
I) states. The reactivity of the latter form is potentially problematic. Many monofunctional
catalases bind NADPH, apparently providing a mechanism to discharge the porphyrin/ferryl
radicals when H,O5 is scant [54]. The failure to do so is believed to enable the compound |
species to abstract electrons from nearby polypeptide, ultimately leading to enzyme
inactivation. However, the NADPH-free enzyme remains active when H,O, is provided as a
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physiological reductant for compound I. Not all monofunctional catalases bind NADPH,
however, leaving open the question of how these enzymes cope with the compound |
species.

Catalase-peroxidases also exhibit a low-level peroxidatic activity: exogenous electron
donors can reduce the compound I species in two sequential one electron steps back to the
Por-Fe3* state:

Compound I (Por” - Fe4+=0) AH — Compound II (Por — Fe*t - OH) +A (0x)

Compound II (Por — Fe* — OH) +AH — Enzyme (Por - Fe3+) +H,0+A (0x)

This activity is low (ca. 1% the k., of the catalase activity) and thus seems unlikely to be an
important contributor to H,O, degradation. However, the activity could conceivably provide
a mechanism that discharges the compound | species when H,0, levels decline. Access to
the heme site is provided by a channel that is distinct from the path of H,O, entry. A wide
range of biological and artificial reductants can be used, and so the physiological electron
donor (if any) remains unknown.

The apparent K, and k.4 values of monofunctional catalases are in the range of 40-600 mM
and 54000-83300 sec™! [55], whereas those of characterized catalase-peroxidases are 3.7-8
mM and 3500-6000 sec™L, respectively [56-58]. Thus the catalytic efficiencies (kgz:/ Ky of
both catalases are in the range of ~10% M1 sec'; this is the pertinent parameter, as
physiological concentrations of H,O5 are in the low-micromolar range, far below the Ky, of
either enzyme. One infers then that the two enzymes are equally proficient in degrading
H»0,, and one must look elsewhere to understand why nature maintains two distinct enzyme
families.

Physiological role

When bacteria are exposed to millimolar doses of H,0,, they require catalase to degrade it
—mutants cannot do so. This observation initially led to the incorrect conclusion that
catalases are the primary scavengers of H,O», with peroxidases playing only a secondary
role. What we have learned more recently, however, is that peroxidases are often the
primary scavengers when the dose of H,05 is in the low-micromolar range [10]—the range
that is most commonly found in nature. Catalase activity predominates only at higher doses,
when peroxidases are saturated due to the slowness of electron delivery and/or inactivation
by over-oxidation. (See below.) Thus, in phenotypic studies catalase mutants often exhibit
no apparent defects unless millimolar levels of H,O, are imposed; at lower doses the
mutants behave like wild-type cells. Catalases may also be the primary scavengers when
bacteria are starved for carbon sources and thereby cannot provide reductants to their
peroxidases. Indeed, catalase is commonly induced when cells enter stationary phase. A
special catalase is expressed in Bacilli spores, which are metabolically inert, presumably for
the same reason [59].

Many bacteria contain more than one catalase isozyme. Bifunctional catalases seem to be
the preferred enzyme during exponential growth, and they are usually the enzymes that are
induced when the OxyR or PerR systems detect environmental H,O, [60-65]. In contrast,
monofunctional enzymes are induced upon entry into stationary phase by stationary-phase-
specific sigma factors [59, 66]. At this point the rationale for this arrangement is a matter of
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conjecture. Perhaps the bifunctional catalases rely on cellular reductants to revive them from
the compound | state when H,0, levels dwindle; because these reductants are less available
in non-growing cells, the monofunctional enzymes are induced in their place. Perhaps
monofunctional enzymes are more structurally stable and persist during the long periods of
stasis that bacteria must periodically endure.

Aside from the spore example, the requirement for multiple isozymes typically does not
arise from compartmentalization, as catalase is usually a cytoplasmic protein. However, data
suggest that bifunctional catalases are secreted to the periplasms of some pathogenic
bacteria, including enterohaemorrhagic £. coli O157: H7[67], Brucella abortus [68],
Pseudomonas syringae [69], Legionella pneumophila[70], Vibrio fischeri[71], and
Helicobacter pylori[72]. The N-terminal amino acid sequencing of KatP of £. coli O157:H7
and KatA of B. abortus indicated the presence of a signal peptide sequence, whereas in other
cases signal peptide sequences were absent. Interestingly, these bacteria typically also
contain cytoplasmic catalases. Such dual localization potentially offers an advantage to
bacteria that must survive phagosomal environments: the presence of scavenging systems in
both periplasm and cytoplasm would comprise a two-stage system that might protect
cytoplasmic targets from exogenous H,O, more effectively than would a similar amount of
catalase located entirely within the cytoplasm. The arrangement could also provide a
communal benefit to bacteria that live within clonal biofilms. At this point the physiological
significance of the periplasmic catalase in the pathogenic bacteria has not been
demonstrated. More than one hundred years after their discovery, the precise roles of
catalases remain unclear.

The role of bifunctional catalase in isoniazid action

The standard treatment for tuberculosis involves a multidrug regime consisting of isoniazid
(INH), ethambutol, rifampin and pyrazinamide. Of these, INH is quite effective against slow
growing mycobacterial species and targets the mycolic acid biosynthetic pathway of bacteria
[73-75]. Mycolic acids are long chain a-alkyl p-hydroxy fatty acids and are an integral
component of mycobacterial cell wall.

In recent years INH-resistant Mtb strains have been isolated from patients with increasing
frequency, and in at least half the cases the resistance arises from mutations in kafG [76].
This finding has been recently explained. INH is administered into patients as a prodrug,
which is activated by KatG inside mycobacteria. The compound I form of KatG removes the
hydrazine group from INH and forms a isonicotinyl radical, which is later added to the
NAD* to generate isonicotinyl-NAD radical [77]. Interestingly, studies of mutant enzyme
have suggested that the peroxidase activity of KatG may not be necessary for drug
activation. The activated form of INH, INNAD, acts as an NADH analogue to inhibit enoyl-
ACP reductase, an enzyme in the mycolic acid biosynthetic pathway [78, 79]. The
observation lends credence to the notion that Compound | may act indiscriminately as
cellular oxidant—which might justify the fact that it is maintained at a relatively low titer,
ceding the responsibility for H,O, clearance to peroxidases, until H,O5 levels rise to the
point at which peroxidases might be overwhelmed.

Manganese catalase

In a survey of pediococci, lactobacilli, leuconostocs, streptococci, and aerococci,
Whittenbury observed that some bacteria exhibit an azide- and cyanide-resistant catalase
activity [80]. This catalase was purified from the Pediococcus that had been grown in the
absence of any heme source [81] and later from Lactobacillus plantarum [82]. Biochemical
characterization and atomic absorption spectroscopy showed that the protein contained
manganese atoms instead of heme as a cofactor [82, 83]. The absence of heme led to the
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initial use of the name “pseudocatalase” [82]; however, it soon became clear that the
catalase activity of the protein is neither artifactual nor adventitious.

Manganese catalases from Lactobacillus plantarum [82], Thermus theromophilus [84],
Theromoleophilum album [83], Thermus sp. [85], Salmonella enterica [86] and an archeaon,
Pyrobaculum caldifontis [87] have been isolated and characterized, and crystal structure data
are available for the L. plantarumand T. thermophilus enzymes [88, 89]. Each subunit
contains two manganese atoms [90]. After the fashion of monofunctional heme catalases,
access to the dimanganese active site is through a narrow channel that likely provides
specificity to a small substrate like H,05.

The reaction of manganese catalase, like that of heme catalases, occurs in two steps:

2Mn**+H,0,+2H* — 2Mn>**+2H,0

2Mn** +H,0, — 2Mn**+2H"+0,

The Kkinetic constants of manganese catalases purified from L. plantarum, T. album, T.
thermophilus and P. calidifontis have been determined: the K, values for H,O, range
between 15-170 mM, which resembles those of heme catalases, while the kcq/Kp values
are in the range of 2-10 x 10° M~1 571, which is an order of magnitude lower [82, 83, 87,
91].

The authenticity of manganese catalase as a functional scavenger of H,O, was first
indicated by an inverse correlation between enzyme content and the accumulation of H,0,
in aerobic varieties of L. plantarum [82]. The deletion of katA/—the gene encoding
manganese catalase—from Sa/monella enterica serovar Typhimurium had no effect on
survival of H,0O, treated cells [92]; however, these bacteria contain both heme-catalases and
peroxidases, and it is likely that the activities of these enzymes masked the impact of
manganese catalase. Overexpression of kaf/V, however, protected the rpoS mutants, which
fail to induce the stationary-phase heme catalase and which otherwise showed sensitivity to
H,0, [92]. These data affirm the biochemical activity of manganese catalase in vivo, but
they do not explain its particular role.

Manganese catalases are not as widespread as the heme-catalases, with genes found thus far
in only 100 bacteria (Peroxibase database, November, 2011) [42]. The isozyme is
exclusively found in bacteria, and it is especially common among cyanaobacteria. In a
naturally manganese-rich bacterium, L. p/antarum, high manganese catalase activity was
only observed in a medium devoid of any heme source [93], suggesting that its raison d'etre
is to serve as a catalase when the more-efficient heme-dependent enzymes cannot be
activated. In S. enterica, enzyme expression is induced by the stationary-phase sigma
factor[92], presumably as an alternative to the stationary-phase (KatE) heme catalase.
Interestingly, manganese importers are strongly induced in enteric bacteria when iron levels
fall, due to deactivation of the Fur:Fe transcription repressor. Through this mechanism
manganese is imported to activate manganese-specific isozymes of enzymes whose
housekeeping form requires iron. The iron-dependent ribonucleotide reductase (NrdAB) is
replaced by a manganese enzyme (NrdEF), while the iron-dependent superoxide dismutase
(SodB) is replaced by the manganese isozyme (SodA); both of the manganese enzymes, like
the manganese transporter itself, are normally repressed by Fur [34, 94-96]. One might
speculate that kat/Vis regulated in an analogous manner—which would validate the notion
that it is the low-iron catalase.
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Thiol peroxidases (peroxiredoxins)

Peroxidases fall into two categories: thiol-based peroxidases and non-thiol peroxidases. The
latter are also known as peroxiredoxins. All peroxiredoxins contain a conserved peroxidatic
cysteine that reacts with H,O5 or organic hydroperoxides and forms a cysteine sulfenic acid.
The sulfenic acid residue subsequently reacts with another thiol (intra- or intermolecularly)
and forms a disulfide before getting reduced back to free thiol. Variations in the mechanism
by which thiols are regenerated and in the architecture of the protein allow peroxiredoxins to
be further classified into four groups: alkylhydroperoxide reductases (AhpCF), thiol
peroxidases (Tpx), bacterioferritin comigratory protein (BCP), and glutathione peroxidase
(Gpx). These groups will each be considered in turn in the sections that follow.

The recognition of thiol chemistry in H,O, scavenging came quite late. A eukaryotic non-
heme H,0, scavenging enzyme, glutathione peroxidase, was discovered in 1957 but did not
get much attention until the 1970s. In 1988 a thiol-specific antioxidant, TSA, was first
identified in yeast as an enzyme that could protect glutamine synthetase from metal-
catalyzed oxidation during dithiothreitol/Fe2*/O, exposure [97]. TSA functioned in cell
extracts only because it was able to employ dithiothreitol as an artificial electron donor—a
harbinger of the uncertainty that is attached to many of the peroxidases that have been
identified through biochemical approaches. A year later a thiol peroxidase, AhpC, was
isolated from Salmonella typhimurium and was characterized as a member of the OxyR
H,0,-stress regulon [98]. Identifications of other peroxiredoxins have followed; these
enzymes appear to be more prevalent than catalase, being expressed in almost all bacteria.
The few exceptions include Streptococcus pneumoniae, Rhodobacter capsulatus,
Rhodobacter sphaeroides, Borrelia spp., and Bartonella spp.

The reaction of H,0, with free cysteine has a rate constant of 2 M1 s71 at neutral pH [99],
whereas a cysteine-based peroxidase reacts with H,O, with a rate constant of ~108 M~1s71
[100]. A minor component of the ~10 fold difference in reactivity arises from local
polypeptide context, which ensures deprotonation of the active-site thiol to the reactive
thiolate form. Still, deprotonated free cysteine reacts with H,0, at a rate of only 20 M~1 571,
The mechanism by which peroxidases promote thiol reactivity remains fundamentally
unclear. In other enzymes whose reactivity depends upon the nucleophilicity of an active
site thiol that residue exhibits reaction rates with H,0, no higher than 102 M1 s71 [101].
Therefore the basis of the high reaction rates of thiol peroxidases remains a key mechanistic
question.

Alkylhydroperoxide reductase (Ahp)

The alkylhydroperoxide reductase system consists of two cytoplasmic proteins (Fig. 4).
AhpC and AhpF were first discovered in Sa/monella typhimurium [102], but homologues
are found throughout the aerobic and anaerobic biota. AhpC contains two conserved
cysteines, Cys46 and Cys165 (numbering based on AhpC from S. typhimurium). Cys46 is
present in the N-terminal region and lies in a VCP motif, which also remains conserved in
AhpC and other proposed thiol-based peroxidases. Mutation of Cys46 to serine completely
abolishes the peroxidase activity, whereas C165S mutation retains ~60% activity, suggesting
that Cys46 is the peroxidatic cysteine [103]. Cys46 has been shown by NBD-CI assay to
form a cysteine sulfenic acid on reaction with peroxide substrate [104]. The sulfenic acid
formation causes an unfolding of ~10 residues in the loop region of active site and brings
Cys46 closer to the Cys 165 of the other subunit in the head-to-tail dimer of AhpC,
permitting the formation of an intermolecular disulfide bond [105, 106]. Disulfide bond
formation was confirmed by the migration pattern of oxidized AhpC on a non-reducing
SDS-PAGE [104]. A conserved arginine residue (Argl132 in S. typhimurium) lies nearby in
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the three-dimensional structure and is proposed to stabilize the thiolate anion of Cys46;
mutation of the arginine codon abolishes activity [107].

AhpF is a flavoprotein with NADH:disulfide oxidoreductase activity; it restores the disulfide
in AhpC to its reduced form [102, 103]. In almost all cases a/ipF lies adjacent to a/pC on the
chromosome and is co-transcribed. AhpF probably evolved from thioredoxin reductase or a
common ancestor, and of course it functionally resembles them in reducing disulfide bonds.
It contains three domains: an FAD-binding domain, an NADH-binding domain with a thiol/
disulfide redox active center, and a thioredoxin-like domain [108]. Electron movement
within AhpF occurs from NADH to FAD, from FAD to a C345/C348 thiol/disulfide center,
and from those thiols to the N-terminal redox-active center (C129/C132) [109]. Mutational
analysis of the N-terminal cysteines has demonstrated that electron transfer from AhpF to
AhpC occurs via disulfide exchange reactions between AhpF C129/C132 and AhpC C46/
C165.

In bacteria such as H. pyloriand M. tuberculosis, AhpC is present but its reducing partner,
AhpF is absent [110, 111]. The H. pylori AhpC is reduced by a thioredoxin/thioredoxin
reductase system [111], whereas AhpD reduces AhpC in mycobacterial species [112].

The physical arrangement of AhpC and AhpF was unexpected. Reduced AhpC assembles in
vitro as a head-to-tail homodimer, but upon oxidation it regroups into a decameric [(a2)s]
complex. AhpF—which is less abundant in the cell—must then diffuse to AhpC and reduce
it during each turnover event. This arrangement raises important questions about the rate-
limiting step in vivo, and on a practical level it posed hurdles to workers who sought to
measure the catalytic efficiency of the system in vitro. Purified AhpC exhibited a K, of 1.4
M for H,0, and a catalytic efficiency (Kga/ K of 3.7 x 107 M1 s71 [113]. That value
indicates that AhpC is the equal, if not the superior, of catalase when physiological levels of
H,0, pertain. While AhpC can also react with various organic hydroperoxides, it does so
with a much higher Ky, (~240 and 110 M, respectively. for t-butyl hydroperoxide and
cumene hydroperoxide) and a k 5/ K that is two orders of magnitude lower than that for
H»0,. Thus the kinetic data suggest that H,O, per seis the physiological substrate of AhpC.
Indeed, some bacteria that possess AhpCF also express a distinct peroxidase (Ohr) that
operates most efficiently on organic hydroperoxide species. The significance of this finding
lies in the fact that AhpCF system was originally discovered as an organic hydroperoxide
scavenger in S. typhimurium, which led to its initial naming as an alkylhydroperoxide
reductase [102]. Thus its name is a misnomer.

Physiological role

The presence of AhpC has been documented in ~3000 bacterial species. Its role in
scavenging H,O, became apparent when it was shown that both afpCFand katE/katG must
be deleted to abolish H,O, scavenging in £. coli (Fig. 5). Further, the fact that Ahp is the
primary scavenger was evidenced by the fact that in its absence, the OxyR regulon is
induced by endogenous H,0, [10]. In contrast, OxyR remains off in katG katE mutants.
Kinetic studies showed that whole cells containing AhpC were able to rapidly degrade low
doses of H,0, (< 20 uM), but at H,0, doses above this value the Ahp system was saturated
—whereas catalase activity was not saturated even at millimolar concentrations of H,O,
(Fig. 6). Therefore, AhpC can be proposed to act as H,O, scavenger at low concentrations
of H,0, whereas catalase can be effective at high doses of H,0,.

The fact that AhpC and AhpF associate and dissociate during every catalytic cycle may
introduce a slow step that is responsible for the apparent saturation of the enzyme, and so at
first blush this arrangement seems counterproductive. Further consideration suggests
otherwise. Aerobically growing E. coli generates internal H,O, at a rate of about 10 pM/sec
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[10]. The AhpC concentration itself is about 10 puM—which means that each AhpC subunit
needs to react only about once per second. This turnover rate is very low and probably is not
limited by the AhpF binding and dissociation steps. Yet the steady-state concentration of
intracellular H,O, depends upon its lifetime—that is, upon the concentration and reactivity
of AhpC. Thus the threat of oxidative damage places great evolutionary selection upon the
first step of the AhpC reaction, but very little pressure upon the AhpF-driven recycling
process. Thus AhpF can be relatively low in concentration, with a few molecules servicing
an abundance of AhpC [10].

In the initial studies, the reactivity of AhpC with H,O, was overlooked because the
millimolar concentrations of H,O, that were used in those experiments immediately
inactivated the enzyme. The inactivation apparently occurs when H,O, further oxidizes the
nascent sulfenic acid before it can condense with the resolving cysteine; the consequence is
a sulfinic (RSOOH) species that cannot be reduced. This event may not be accidental: if it
occurs in vivo—which is not yet established—the effect would be to turn off an NADH-
exhausting enzyme whenever H,O, concentrations become very high. Under such
circumstances, peroxidase action may be futile, and catalase may be the preferred path of
scavenging, since at high doses of H,0, this enzyme is kinetically superior to Ahp anyway,
and it does not deplete a key cell energy source.

Membrane permeability and the effectiveness of H,O, scavengers

Because Ahp and catalase were identified as the primary scavenging enzymes of £. coli, it is
appropriate to pause and consider a basic question that was considered for this bacterium:
Do these scavengers work? In the 1980s workers were perplexed to realize that because
H,0, crosses membranes relatively quickly, the basal catalase activity of £. coliis too low
to prevent the equilibration of HoO5 across the cell membrane. That is, if catalase were the
sole scavenger of H,O,, then when cells are confronted with external H,O, it will flow so
quickly across membranes that catalase will be unable to keep up, and the intracellular
concentration will rise to virtually match that outside the cell. Catalase, they inferred, serves
only as a sink that ultimately depletes H,O, from the environment by mass action [114].
This idea was startling, as it suggested that catalase was “communal” defense that
altruistically served the entire microbial community by steadily degrading all the H,O5 in
the local habitat. This arrangement might make sense for clonal biofilms, but it was hard to
understand why open-sea bacteria, for instance, would attempt this, or why such a system
would be selected in bacteria (like £. coli) that live as minority organisms in a planktonic
population.

However, knowing now that £. col/ catalase is the primary scavenger only when H,0, is
abundant—a situation which triggers catalase induction to ten-fold higher levels—then one
must reconsider. Both calculations and experiments (Fig. 5) show that under inducing
circumstances the catalatic activity becomes high enough to outstrip H,O, entry into the
cell, so that the intracellular H,O, concentration is held lower than that in the external
environment [15]. Thus catalase serves to protect the specific cell that contains it.
Furthermore, at low concentrations of H,0,, the same can be said of Ahp, even without
induction. Calculations show that when £. colienters a habitat containing micromolar H,0,,
Ahp drives the intracellular H,O, concentration at least four-fold lower than that outside the
cell. A proportionately larger gradient is expected when Ahp is induced. In sum, despite the
ability of H,O, to penetrate membranes, these scavenging activities are sufficiently high to
substantially shield the cytoplasm from external stress. This fact neatly fits the observation
that all the H,O,-sensitive iron-sulfur dehydratases and mononuclear iron enzymes are
compartmentalized in the cytoplasm, rather than in the unprotected periplasm.
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Bacterioferritin comigratory protein (BCP)

Other peroxidases have also been identified, but our understanding is much less complete.
BCP is a model for a set of proteins that exhibit thiol-dependent peroxidase activities in vitro
but whose in vivo function is much less clear. BCP was originally discovered in £. colias a
protein that migrates with bacterioferritin on SDS gels [115, 116]. The primary sequence
suggested a resemblance to AhpC, and biochemical assays confirmed its ability to react with
H,0,. BCP homologues are present in both Gram-positive and —negative bacteria.

The N-terminal cysteine (Cys48 in Xanthomonas campestris BCP) acts as the peroxidatic
thiolate, and in BCPs with two conserved cysteines Cys84 is a resolving cysteine that
enables the formation of a disulfide bond. The loss of either residue eliminates activity [117,
118]. Crystal structures of the reduced and oxidized proteins are available for the BCPs of
X. campestris [118] and Aeropyrum pernix (2CX4 released in 2005 by the RIKEN
Structural genomics/Proteomics Initiative).

Unlike for Ahp, a dedicated mechanism for BCP reduction has not been identified. Catalytic
turnover with H,O, and organic hydroperoxides has been achieved using both biological
(thioredoxin and glutathione/glutaredoxin) and artificial (DTT) electron donors [118-121].
The thioredoxin system has been proposed to be the most likely source of electrons in vivo
(Fig. 7), but the absence of a clear phenotype has not allowed this proposal to be tested.

So is BCP an authentic scavenger of peroxides? Although BCP is well-expressed in
exponentially growing £. coli, strains that lack Ahp and catalases do not degrade H,0O, at a
significant rate, suggesting that BCP must have some other function. Recombinant E. coli
BCP reacts with t-butylhydroperoxide (Ky, = 40 wM) and linoleic hydroperoxide (Ky; = 10
M) as well as with H,O, (K, = 50 M), raising the prospect that the reduction of an
organic hydroperoxide might be its actual role [122]. It should be noted, however, that while
lipid peroxidation is well-established in eukaryotic organisms, biological sources of organic
hydroperoxides are not known in bacteria.

Neither phenotypic nor regulatory studies shed much light. The bcp mutants of Helicobacter
pylori, Campylobacter jejuni, and Porphyromonas gingivalis showed eventual impairment of
cell viability upon aeration as well as sensitivity to cumene hydroperoxide, but they did not
display sensitivity to H,O, [119, 120, 123, 124]. The latter result should perhaps be viewed
with caution, since excess H,O, can able to overwhelm and inactivate Ahp, an authentic
peroxidase, thus obviating any phenotype. In these studies Ahp exerted a much larger effect
than BCP upon markers of oxidative stress, including protein carbonylation, intracellular
free iron, and 8-oxoG DNA lesions.

The expression of bcp increased when Desulfovibrio vulgaris Hildenborough and E£. coli
were aerated [122, 125]. However, there is no evidence of a response to H,O, or other
oxidants; it is not regulated by either OxyR or PerR. The genomic context varies among
bacterial species and does not provide insight into the function of the protein [124, 126].
Thus in the absence of a compelling phenotype or regulatory pattern, the physiological role
of BCP remains mysterious.

Thiol Peroxidase (Tpx)

Thiol peroxidase was discovered as a factor in Saccharomyces cerevisiae cell lysates that
could protect glutamine synthetase from H,O, [127]. This activity depended upon a thiol-
reducing agent, and in the early literature Tpx was denoted thiol-specific antioxidant (TSA)
[97]. Subsequently, Cha et al. isolated and characterized a homologous protein from
periplasmic fractions of £. coli[128]. The E. coli enzyme was initially designated as p20
and later as thiol peroxidase.
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Like Ahp, thiol peroxidase contains a conserved cysteine residue in its N-terminal region;
however, they are not homologs at the sequence level. Thiol peroxidases from various
bacteria show conservation of cysteine 61 and cysteine 95 (numbering based on £. coli thiol
peroxidase), and upon exposure to H,O, these residues form an intramolecular disulfide
bond [129]. Mutations in Cys61 eliminate its peroxidatic activity [129, 130]. Crystal
structures have been solved in both reduced and oxidized state [131, 132].

The physiological reductant of Tpx is unknown. /n vitro peroxidase activity of Tpx with
H,0,, t-butylhydroperoxide, cumene hydoperoxide, and linoleic acid hydroperoxide has
been demonstrated using dithiothreitol as an electron donor [133]. In a thioredoxin/
thioredoxin reductase system [129], the kco/Ky Values were determined to be 4 x 105 M1
and 7.7 x 10 M~1 sec™ for H,0, and cumene hydroperoxide, respectively [129], favoring
the notion that it might serve to scavenge organic hydroperoxides. Indeed, the peroxidatic
cysteine sits at the bottom of a cleft that is lined with hydrophobic residues [132]. These
Kcat/Kp numbers are much lower than those cited for Ahp (10108 M1 s71), but a valid
comparison awaits an experimental system in which the reductive step is not rate-limiting.

The cellular localization of thiol peroxidases has been uncertain. Because Tpx was first
isolated from E. coli after osmotic shock, it seemed likely to be a periplasmic protein [128],
and as such it might appear to have a function that was discrete from that of the cytoplasmic
Ahp system. However, thiol peroxidases from £. coliand other bacteria do not exhibit N-
terminal signal sequences when analyzed by SignalP 4.0 software, and other workers
subsequently identified £. colithiol peroxidase in cytoplasmic fractions [120, 134]. The
presence of fox homologs in Gram-positive bacteria further supports its cytoplasmic
localization.

E. coli, Campylobacter jejuni, Helicobacter pyloriand Enterococcus faecalis tpx mutants did
not show any phenotype under aerobic growth conditions [120, 135-137], while a modest
sensitivity to organic hydroperoxides was observed in anaerobic cultures of £. coli. The H.
pyloriand E. faecalis tox mutants were sensitive to exogenous H,O, and cumene
hydroperoxide [136, 137]. These experiments were conducted with doses of oxidants that
exceed natural environmental doses by orders of magnitude, so the relevance of these
phenotypes is uncertain.

Thiol peroxidase concentration is modestly (2—3-fold) induced by aeration in £. coli[138,
139]. There is no evidence of control by reactive oxygen species. In E. faecalis, tox
expression is not induced by H,O, treatment [137]; however, during H,O stress, expression
was ~20 fold downregulated in a mutant lacking the oxidative stress regulator, HypR,
suggesting that Zpx expression is high even in the absence of H,O, stress and is positively
regulated by HypR. Purified HypR bound the fox promoter in a gel-shift assay.

In sum, the state of knowledge of Tpx function is similar to that of BCP: enzyme activity
can be demonstrated in vitro, but even modest phenotypes can be elicited in vivo only under
unnaturally stressful conditions. Neither the expression pattern nor genomic context implies
its physiological role. Finally, Ahp and/or catalase are the predominant scavengers of
organic peroxide and H,0, itself, which leaves room for specialization only in a particular
circumstance when the other enzymes are non-functional or with a particular substrate that
has not yet been identified.

Glutathione peroxidase (Gpx)

Glutathione peroxidase was first isolated in 1957 from lysates of human erythrocytes; it
comprised an activity that employed glutathione to prevent the oxidation of hemoglobin
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[140]. This effect arises from its ability to reduce hydroperoxides to H,O (or the
corresponding alcohols), using glutathione as an electron donor in the majority of cases:

2GSH+H»0; — GS - SG+H,0

Oxidized glutathione is then recycled by glutathione reductase. Gpx occurs in most tissues
from higher organisms, and it is also prevalent in eukaryotic microbes, including yeasts. In
these organisms it appears to be the primary scavenger that operates at low concentrations of
H»0o; in this respect it is functionally analogous to the prokaryotic Ahp. Its distinguishing
characteristic is that it features selenocysteine, rather than cysteine, as the peroxidatic
residue [141]. Selenium has similar redox potential and electronegativity as sulfur; however,
the rate constant of Gpx with H,O, is ~ 5 orders of magnitude higher with selenocysteine
than cysteine. The basis of the superior reactivity of selenocysteine is not completely clear.
Their reduction potentials and electronegativity are similar, although selenium has slightly
higher nucleophilicity [142] and lower pKa than does sulfur [143, 144].

Glutathione peroxidase orthologues have been predicted in bacteria based on their sequence
homology to the eukaryotic enzymes (Fig. 8). Multiple sequence alignments show extensive
homology and conservation of Cys37, GIn70, and Trp145 (numbers based on E. coli
glutathione peroxidase homolog, BtuE), which constitute the catalytic triad [145]. However,
the bacterial enzymes contain sulfur instead of selenium, a feature that is rare but not
unknown among the eukaryotic Gpxs [146-149].

Is the bacterial enzyme an authentic peroxidase? Peroxidase activity has been demonstrated
in vitro in the case of £. coli BtuE [150] with H,0,, t-butyl hydroperoxide, cumene
hydroperoxide and linoleic acid hydroperoxide as functional substrates. The enzyme
exhibited activity with thioredoxin as well as glutathione, a trait that has been observed with
some eukaryotic glutathione peroxidases and that might explain the presence of the enzyme
in bacteria that lack the glutathione biosynthetic pathway [151]. The k. K, for HoO5 in
case of eukaryotic glutathione peroxidases is 1086-107 M~1 s71 [151], but that of the bacterial
homologues has not been reported.

Deletion of homologs from Neisseria meningitides and E. coli does not create sensitivity to
H»0,, although the mutants are more sensitive to paraquat and tellurite, which both have
H»0, stress among their sequelae [152, 153]. The £. coli gene (btuE) is not regulated like a
H,0, scavenger: unlike catalase and Ahp, it is not induced during H,O, stress [152, 153].
More strikingly, even overproduced BtuE does not confer detectable H,O5-scavenging
capacity upon a strain that lacks these other enzymes (unpublished data). Its genomic
context is not conserved and does not imply its function [154, 155]. So, in broad strokes, the
bacterial Gpx homologs resemble Bcp and Tpx in that they evidence peroxide-scavenging
activity in vitro while standard indicators do not suggest that this is their proper function in
Vivo.

Organic hydroperoxide resistance protein (Ohr)

Organic hydroperoxides (ROOH) can be produced either by the lipoxygenase- or
cyclooxygenase-catalyzed oxidation of linoleic acid and arachidnoic acid or by reactions
between polyunsaturated fatty acids and free radicals [156]. The subsequent reaction of
ROOH with intracellular iron can trigger radical chain reactions that are thousands of events
long, generating patches of lipid peroxides that disrupt membrane function and produce
collateral damage to proteins and nucleic acids [157, 158]. For this reason eukaryotic cells
express peroxidases that specifically degrade lipid peroxides to unreactive alcohols.
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It is not immediately clear that bacteria require analogous enzymes, since bacterial
synthesize only saturated or monounsaturated fatty acids, neither of which are vulnerable to
peroxidation chains. However, many bacteria will take up exogenous polyunsaturated fatty
acids if they are presented in the culture medium [159], which suggests that bacteria
growing among eukaryotic organisms may incorporate peroxidizable lipids into their cell
membranes. Indeed, polyunsaturated lipids were observed in marine bacteria that had been
recovered from the intestinal tract of deep-sea subsurface fishes [160].

Thus lipid hydroperoxides seem to be the organic peroxide species most likely to be
problematic for bacteria—and a resistance mechanism against them has been found. The
organic fydroperoxide resistance (Ohr) protein [161] exhibits peroxidatic activity that is
much more substantial against model organic peroxides than against H,O5 itself [162]. The
enzyme was first identified when a Xanthomonas campestris plasmid library was screened
for genes imparting resistance to t-butyl hydroperoxides in an £. coliahpCF mutant [161].
Subsequent studies demonstrated that the o/ir mutants of X. campestris, A. tumefaciens and
P. aeruginosa show normal resistance to H,O but are unusually sensitive to t-butyl
hydroperoxide and cumene hydroperoxide [161, 163, 164]. Thus the genetic evidence
strongly supports the idea that Ohr is the primary scavenger of organic peroxides in these
organisms. Peroxidatic activity was demonstrated in vitro using dithiothreitol as an electron
donor.

Sequence alignments indicate the conservation of Cys60 and Cys125 (numbering based on
X. campestris Ohr). Cys60 has been proposed to be the peroxidatic cysteine. Crystal
structures of the dimeric protein indicate that the cysteine residues sit in a cleft at the dimer
interface [165-167]; the enzyme structure is compatible with a preference for substrates
with hydrophobic side chains. Indeed, the Ky, values for t-butylhydroperoxide and cumene
hydroperoxide were in the low-micromolar range, whereas those for H,O, were far higher
[168, 169].

Coprecipitation experiments found an interaction of X. fastidiosa Ohr with lipoic acid. On
this basis it seemed possible that the physiological donor of reducing equivalents might
actually be a lipoylated protein such as the dihydrolipoamide dehydrogenase (Lpd) subunits
of the a-ketoglutarate dehydrogenase and pyruvate dehydrogenase complexes. Recombinant
Lpd from X. fastidiosa supported the NADH dependent peroxidase activity of Ohr but not of
AhpC. Lpd is a flavoprotein disulfide reductase with an NADH binding domain. Based on
these studies, a physiological electron transfer pathway has been proposed (Fig. 9).

The expression level of oArincreased ~15 fold upon treatment of X. campestris with t-butyl
hydroperoxide [161] and of P. aeruginosa, A. tumefaciens, and Sinorhizobium meliloti with
cumene hydroperoxide [163, 164, 170]. This effect depends on a transcription factor, OhrR,
that is encoded immediately adjacent to o/r[171, 172]. OhrR does not respond to H,O».
Conversely, the same bacteria express H,O,-inducible Ahp and/or catalases, underscoring
the apparent specificity of Ohr for organic peroxides.

Finally, X. campestrisand A. tumefaciensohr mutants degrade cumene hydroperoxides in
lab media at only 15-20% the rate of wild-type cells [163, 173]. Thus the case that Ohr is a
dedicated scavenger of organic hydroperoxides is convincing. What remains is to identify
the organic species that is its natural substrate.
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Non-thiol peroxidases

Cytochrome ¢ peroxidase

Cytochrome ¢ peroxidases (CCPs) are heme enzymes that catalyze the two-electron
reduction of H,O5 to water by accepting electrons from a soluble cytochrome c. The first
CCP was discovered in baker's yeast [174]; like other eukaryotic CCPs, it is a single-heme
enzyme that is localized in the mitochondrial intermembrane space. The first bacterial CCP
that was reported and characterized was found in Pseudomonas aeruginosa [175, 176];
homologs were later studied in other bacteria, namely Rhodobacter capsulatus [177],
Paracoccus pantotrophus [178], Nitrosomonas europaea [179], Methylococcus capsulatus
[180], Neisseria gonorrhoea[181], and Campylobacter jejuni[182]. These bacterial enzymes
are found in the periplasm—the functional equivalent of the mitochondrial intermembrane
space—nbut they are not structural homologs of the eukaryotic enzymes, as bacterial CCPs
are diheme enzymes. These CCPs are well distributed among Gram-negative bacteria and
are absent from Gram-positive bacteria (Peroxibase), which is in line with their periplasmic
localization.

Structural features and mechanism

Crystallization data of CCPs from P. aeruginosa, N. europaea, P. pantotrophus, P.
denitrificans, P. stutzeri and Geobacter sulfurreducens are available [183-186]. CCP exists
as a homodimer. The monomers consist of two domains, each of which binds a c-type heme
[179, 183, 187-191]. The resting enzyme has a mixed valence, with Fe2* at the high-
potential heme (HP-heme) and Fe3* at the low-potential heme (LP-heme) (Fig. 10). H,05
binds and oxidizes the LP-heme site; simultaneous electron transfer from the HP-heme
creates an LP-heme ferryl (Fe[l1\V]=0) species but avoids the porphyrin cation radical that is
potentially problematic for catalases. The oxidized enzyme is then apparently reduced by
consecutive electron transfers from reduced cytochrome c, the first transfer generating Fe3*
heme at both HP and LP positions, and the second regenerating the initial mixed-valence
enzyme with Fe2* HP-heme.

Measured Ky, values for H,O5 are in the range of 25-50 uM [192-194]. Following the
argument presented previously for Ahp, one might expect that the physiologically important
kinetic step in the turnover of CCP is the oxidation part of the reaction cycle, whereas the
reduction stage may only be functionally limiting when H,O, levels are high (when
peroxidases generally saturate). Unfortunately, because it is difficult to establish the mixed-
valence form of the enzyme in vitro without continuous turnover of the enzyme, it is not
easy to isolate and quantify the rate of the oxidation step. The overall turnover numbers,
which might provide a lower limit, have been reported to be orders of magnitude lower than
those of Ahp and catalase—perhaps because the measurements were obtained using
heterologous cytochrome ¢ proteins. Thus the kinetic data alone do not yet provide a
sufficient argument that peroxidase activity is the bona fide function of the enzyme.

Cytochrome ¢ proteins are central electron carriers in many electron transport chains, but it
is not self-evident that the same cytochrome c that delivers electrons to cytochrome ¢
oxidases also delivers them to CCP. Inhibitors of the bcl complex did not slow H,0,
reduction by P. denitrificans, indicating either that this was not the route of electron delivey
to CCP or that CCP was not the predominant scavenger under the conditions of the
experiment [195]. CCP-encoding genes do not sit adjacent to those of prospective partners.
Recently, a small monoheme cytochrome ¢, ScyA, was indicated to be the redox partner of
the Shewanella oneidensis CCP: abolition of either CCP or ScyA resulted in ~70% loss of
H,0, scavenging activity [196]. The mutants grew somewhat more slowly than did their
wild-type parents, but only under aerobic conditions. To date these are the only phenotypic
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data for CCP-deficient mutants, and they are broadly consistent with the proposal that CCP
relieves oxidative stress.

However, a dilemma arises in considering £. coliand Salmonella typhimurium. They both
possess CCPs as well as a cytochrome ¢ biogenesis mechanism and two cytochrome ¢
proteins. However, the latter proteins appear to be dedicated to the delivery of electrons to
periplasmic nitrate and nitrite reductases; their structural genes are co-transcribed and are
co-regulated. It is not clear then how a peroxidase would fit into the mix, as this electron
source would seemingly only be available during periods of nitrate respiration. An
alternative is that something other than a cytochrome ¢ might be its physiological electron
donor. To compound matters, studies determined that CCP transcription in £. coli, N.
gonorrhoea, P. denitrificans, P. stutzeri, and P. aeruginosa is driven by the oxygen-sensitive
Fnr transcription factor—meaning that CCP is synthesized only in anaerobic habitats [181,
197-200]. This observation suggests an alternative role for CCP: that in the absence of
oxygen CCP enables H,0O5 to serve as an alternative respiratory electron acceptor. If so, the
fundamental function of CCP is not simply to scavenge H,O,. In any case, £. coli mutants
that lack catalase and Ahp exhibit very little residual ability to scavenge H,0, (Fig. 5),
supporting the idea that CCP does not play this role in aerobic cells. The £. colistructural
gene is also positively regulated by the OxyR protein, albeit in anaerobic media that
presumably lack the H,0, that normally activates this transcription factor [199]. This
arrangement seems to imply some connection to H,O,. In sum, CCP is another protein that
displays peroxidase activity in vitro but whose physiological function remains to be shown.
At best, its pattern of synthesis indicates that its function is more specialized than service as
a general scavenger of periplasmic H,0,.

Rubrerythrin

Spirillum volutans is a microaerophilic bacterium that lacks catalase and is quickly killed by
micromolar levels of H,O,. Alban and Krieg selected an H,O,-resistant mutant that had
acquired the ability to degrade H,0, [201]. Mutant extracts exhibited high levels of an
NADH-dependent peroxidase activity; proteomic analysis identified rubrerythrin as one
protein that the mutant expressed in unusually high levels. This protein had been
encountered previously [202] but without knowledge of its biochemical activity. It is
broadly distributed among anaerobic and microaerophilic bacteria and archaea.

Rubrerythrins are defined by their two distinctive metal centers: a rubredoxin-type iron
center [Fe(Cys),4] and a discrete di-iron site with a p-oxo bridge [203] (Fig. 11). H,0O,
concertedly oxidizes the two ferrous iron atoms at the di-iron site and is thereby reduced to
water, thus constituting a peroxidase reaction [204-208]. The Ky for H,O, of this activity is
as low as 2 M, and in vitro systems (below) have achieved turnover numbers as high as
5000 min~L. Completion of the catalytic cycle requires movement of two consecutive
electrons from the rubredoxin site to the (now) di-ferric site. In turn, the oxidized rubredoxin
site probably is then reduced in vivo by an authentic rubredoxin protein, as its structural
gene is sometimes located in an operon with that of the rubrerythrin. A complete peroxidase
system has been reconstituted in vivo using NADH:rubredoxin oxidoreductase, rubredoxin,
and rubrerythrin [205, 208].

It is not surprising that anaerobic bacteria would contain antioxidant enzymes: anaerobes
almost invariably express superoxide dismutases and/or reductases and catalase and/or Ahp,
presumably to forestall damage upon the occasional exposure to oxygen. Such enzymes are
preemptively expressed even during stringent anaerobiosis; were this not the case, aeration
would damage metabolic enzymes to the point that defensive systems could not be
synthesized. However, given the presence of other scavenging enzymes, it is not self-evident
that another peroxidase is needed; one must again consider the possibility that a peroxidase
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activity might be merely adventitious. Notably, the high NADH peroxidase activity of the S.
volutans mutant was not definitively demonstrated to arise from the overexpressed
rubrerythrin.

The rubrerythrin of Porphyromonas gingivalis is induced upon oxygenation, and
rubrerythrin mutants exhibit sensitivity to both H,O, and oxygen [209]. Further, “reverse
rubrerythrins”—enzymes in which the positions of the rubredoxin and di-iron sites are
reversed from that of the conventional enzyme (Fig. 11)—are encoded in Clostridium
acetobutylicum and Desulfovibrio vulgaris adjacent to an apparent PerR transcription factor
[210, 211]. While the conventional rubrerythrins in Pyrococcus furiosus and C.
acetobutylicum are not induced by H,0, treatment, the reverse rubrerythrins are [212-214],
and in C. acetobutylicum this induction appears to be controlled by the PerR protein [215].
Strikingly, perR null mutants exhibit some growth upon aeration—a feature that even the
wild-type cell does not share—which confirms that the PerR regulon effectively defends the
cell against oxidative stress. These data do not prove that the contribution of the reverse
rubrerythrin is to scavenge H,O», but they certainly align with that idea.

Prospects

Two overarching themes run through this accounting of scavenging enzymes. First, only
catalase and Ahp have been rigorously demonstrated to be authentic scavengers in vivo. For
the others definitive evidence—in the form of phenotypes or measurements of H,0,
degradation—has been hard to come by. Perhaps this failure reflects the second theme: cells
typically possess multiple scavenging systems, so that the absence of one is hidden by the
presence of another. Efforts are underway to genetically peel back these multiple layers so
that the contribution of each can be appraised in isolation from the others. If and when the
true scavengers are identified, the next step will be to probe the raison d'etre of each. In this
review we have considered a number of possible reasons why a single enzyme might not
suffice: the need for multiple forms of compartmentalization, substrate specificity, metal
requirements, stability, and electron demand. The irony is that 112 years after catalase was
first reported, we are still struggling to understand the basic roles of these enzymes.
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Fig. 1.

Stepwise univalent reduction of oxygen to superoxide, hydrogen peroxide, the hydroxyl
radical, and water. Standard potentials are indicated for pH 7; the oxygen/superoxide
potential is designated for 1 M molecular oxygen (not 1 atmosphere).
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Fig. 2.

A requirement for endogenous scavengers of H,O». A. £. colif mutants that lack scavenging
enzymes continuously release H,O» into the extracellular medium. Growing cells were
suspended at time zero into fresh glucose/amino-acids medium, and the concentration of
extracellular HoO, was determined at intervals using a peroxidase assay [10]. Medium was
gassed either with air or with pure oxygen, as indicated. The rate of intracellular formation
can be deduced to be 10-15 pM/sec in air-saturated medium. B. The same mutants are
unable to grow in simple aerobic glucose medium. At time zero the strains were switched
from anaerobic to aerobic media, and biomass was monitored by measurements of optical
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density. The mutant strain lacks both catalases and NADH peroxidase (Kat™ Ahp™); it does
not exhibit any defect under anaerobic conditions.
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Exogenous sources of H,0, include H,O,-excreting microbes such as lactic acid bacteria,
the NADPH oxidase responses of plants and macrophages, photochemically driven redox

reactions, and chemical thiol/metal oxidations that occur at oxic-anoxic interfaces.

Endogenous H,05 is constantly formed by the adventitious oxidations of flavoenzymes. The
H,0, damages DNA through the Fenton reaction. It also disables dehydratases that contain

iron-sulfur clusters and non-redox mononuclear enzymes that contain iron.
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Fig. 4.
The catalytic cycle of alkylhydroperoxide reductase (Ahp).
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Fig. 5.

H,0, decomposition by aerobic £. coli depends upon catalase and alkylhydroperoxide
reductase (Ahp). H,O2 (1.5 wM) was added to a dilute suspension of cells at time zero, and
the amount of remaining extracellular H,O, was subsequently determined at intervals. Note
that for the wild-type strain and the single mutants, the rate-limiting step in H,O,
degradation was diffusion into the cell; consequently, the rates of H,O, clearance from the
medium were equivalent. Measurements were made as described [10].
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Decomposition of exogenous H,O5 by E. coli Ahp* Kat™ mutants (solid line) or Ahp~ Kat*

mutants (smooth line). Alkylhydroperoxide reductase (Ahp) is effective at low H,0,
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concentrations, but catalase is the more effective enzyme at high concentrations. Note the

difference in scale between panels A and B. Measurements were made as discussed in Fig.
5.
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" TrxR Trx Prx
NADPH + H (0%) (red) (%) ROH + H,0
" TrxR Trx Prx
NADP (red) (o) (red) ROOH

Fig. 7.

Proposed electron transfer pathway of the thiol-based peroxidases: bacterioferritin
comigratory protein (BCP), thiol peroxidase (Tpx), and glutathione peroxidase (Gpx). Prx in
the figure is a general representation of all three thiol based peroxidases. Trx and TrxR
represents thioredoxin and thioredoxin reductase, respectively.
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Fig. 8.

Multiple sequence alignment showing conservation of glutathione peroxidase (Gpx) active-
site residues (yellow) within various bacteria (Ec: £. coli; Se: Salmonella enteric serovar
Typhimurium; Pa: Pseudomonas aeruginosa; Bs: Bacillus subtilis 168; Nm: Neilsseria
meningitides, Sy:. Synechocystis sp., Bj. Bradyrhizobium japonicum;, Rs. Rhodobacter
sphaeroides, Bf. Bacteroides fragilis) and human glutathione peroxidase | (Hs). The
presence of selenocysteine in place of cysteine in human Gpx 1 has been marked by an
arrow. Other conserved residues are highlighted in green.
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Fig. 9.

Proposed electron-transfer pathway for reduction of organic hydroperoxides by organic
hydroperoxide reductase (Ohr). LpdA represents the lipoylated disulfide-based enzymes that
reduce oxidized Ohr.

Arch Biochem Biophys. Author manuscript; available in PMC 2013 September 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Mishra and Imlay

Page 38

Cytc Cytc
(ox) (red)

] S 3

LP . / 5
H,0,
OH- + Cytc
H,0 H*+ Cytc (ox)

(red)
LP

Fig. 10.

Mechanism of H,0, degradation by cytochrome ¢ peroxidase. The active form of enzyme
(FeZ*/Fe3*) reduces H,0, and forms a Fe#*=0 species at the LP-heme site. Reduction
occurs through two consecutive deliveries of electrons from cytochome c to the HP-heme
site.
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Rubredoxin domain Diiron domain

Reverse rubrerythrin

NADH + H* NROR Rubredoxin Rbr ROH + H,0
(0x) (red) (%)
: Rbr
+ NROR Rubredoxin
NAD (red) (%) (red) ROOH

Fig. 11.
Rubrerythrins. A. Domain organization. B. Scheme of electron delivery to recycle
rubrerythrin (Rbr). NROR: NADH:rubredoxin oxidoreductase.
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Table 2

Why multiple H,0, scavenging enzymes? Some possible answers.

Requirement (or not) for electron donors: e.g., peroxidases vs. catalases.

Distinct optima for H,O, concentration: e.g., Ahp vs. catalase.

Reliance on the availability of different metals: e.g., heme-catalases vs. manganocatalases.
Compartmentalization: e.g., cytoplasmic Ahp vs. periplasmic cytochrome ¢ peroxidase.
Stability of catalytic intermediate: e.g., Ahp vs. heme-catalase.

Substrate specificity: organic hydroperoxide reductase vs. Ahp.

Identity of the peroxidatic electron donor: e.g., Ahp vs. rubrerythrin.
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