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Abstract For three decades, oxidative stress and the role
of reactive oxygen species in biology have been exten-
sively studied. Recently, a new interest in these areas has
emerged with the discovery of superoxide reductases, a
family of familiar bacterial metalloenzymes whose
heretofore unknown function has now been apparently
revealed. In a series of experiments utilizing genetic,
molecular biological, and biochemical methods, these
enzymes have been shown to be physiologically com-
petent at removing superoxide. The role of these
enzymes and their biological relationship to the well-
known superoxide dismutases is discussed.
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The biology of superoxide
Superoxide production

Superoxide anion, O, , the single-electron reduction
product of dioxygen, is one of the most abundant radi-
cals produced in biological systems. It can be acciden-
tally produced in vivo by several enzymatic systems. In
bacteria, the primary source of superoxide comes from
one-electron reduction of dioxygen via components of
electron transport chains [1, 2]. Superoxide is also pro-
duced upon dioxygen reduction by enzymes containing
reduced cofactors (e.g. flavin-containing oxidoreducta-
ses), by other redox components capable of univalent
redox reactions (e.g. ascorbate, thiols, catecholamines,
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etc.), and by photochemical reactions [3]. In addition, a
number of redox dyes can be used to artificially increase
intracellular superoxide concentrations [4].

In eukaryotic organisms, superoxide production is
compartmentalized. The mitochondrion is a major
source of superoxide and it has been estimated that
1-3% of the oxygen reduced by the electron transport
chain can form superoxide [5, 6, 7]. Another major
source of superoxide in eukaryotic cells is NADPH ox-
idase, a vesicular enzyme abundant in phagocytic cells
(neutrophils, eosinophils), whose purpose is to generate
superoxide using NADPH as reductant for release into
granules to aid in phagocytic killing of microbes [8, 9].
Whether any significant superoxide is produced in the
cytoplasm remains an unanswered question. With a pK,
of 4.8 [10, 11], only a fraction of the superoxide pro-
duced within mitochondria or in phagosomes will
traverse the membrane and make its way into the cyto-
plasm.

Adverse effects of superoxide

Small molecules, including polyphenols, catecholamines,
a-tochopherol, ascorbate, and thiols, can rapidly react
with superoxide and thus contribute to the propagation
of radical chain reactions [6, 12]. Superoxide can inac-
tivate some enzymes like catalase or glutathione per-
oxidase and can oxidize adrenaline, its small size making
it difficult to be excluded from active sites [13, 14, 15].
Iron-sulfur clusters of dehydratase enzymes such as
aconitase also constitute notable targets for superoxide.
Indeed, the ratio of active and inactive aconitase pro-
vides a sensitive measure of the changes in steady state
superoxide levels occurring in living cells under stress
conditions [16, 17]. Superoxide, however, cannot tra-
verse biological membranes except in its protonated
state (vide supra); nor does it react very rapidly with
polyunsaturated lipids or DNA [10, 18], although these
two macromolecules represent some of the biological
lesions associated with increased superoxide production.



Actually, the deleterious effects of superoxide are mainly
related to it being a precursor for more potent oxidants
like H,O, or hydroxyl radical. Because an increase of
superoxide, directly or indirectly, results in an inhibition
of cell growth, mutagenesis, and cell death, antioxidant
systems are necessary to regulate the concentration of
this reactive oxygen species (ROS).

Biological defenses toward superoxide
Superoxide dismutase

Superoxide itself undergoes spontaneous dismutation
with a rate constant of 4x10° M ' s'! at pH 7.4. How-
ever, with an intracellular concentration of ~10 ' M,
the half-life for dismutation is 3.5 h; the need for a de-
fense mechanism is evident [7]! Since the discovery of the
function of superoxide dismutase (SOD, EC 1.15.1.1) by
Fridovich in 1969, enzymatic dismutation was believed
to be the only way to metabolize the superoxide anion
[19]. SODs, ubiquitous among aerobic organisms, pro-
vide a defense against oxidative stress by catalyzing the
dismutation of superoxide into oxygen and hydrogen
peroxide as shown in Egs. 1, 2, 3. SODs react with
superoxide with a rate constant close to the diffusion
limit (k=2x10° M 's™" at pH 7.4) [6]:

SODyx + O, 2 SODyq + O (1)

SOD;eds + O; + 2H" 2 SODy + Hy0
Net: superoxide dismutation:

20; + 2H" =2 0O, + H,O, (3)

In the presence of SOD the half-life of O, is indepen-
dent of [O,]. Given that the typical intracellular
[SOD]~10 uM, the cellular half-life of O, is ~107*s,
some 10%-fold lower than the half-life for spontaneous
dismutation.

Superoxide reductase

Surprisingly, anaerobic organisms, which very often lack
antioxidant enzymes like SOD and catalase, have vari-
ous degrees of tolerance to oxygen, ranging from
extremely sensitive (e.g. methanogens) to the more
aerotolerant (e.g. sulfate-reducing bacteria) organisms.
In addition, some microaerophilic bacteria, which sur-
vive best in the presence of low partial pressures of
oxygen (e.g. Borrelia burgdorferi, Treponema pallidum),
also lack these classical ROS defense enzymes [20].

The discovery of superoxide reductase (SOR, EC
1.15.1.2) was a new step in the understanding of an
anaerobe’s defense against oxidative stress. SORs cata-
lyze only one of the two reactions of SODs, i.e., the

665

reduction of superoxide to hydrogen peroxide (Eq. 4):

SORd + O; + 2H' 2 SORy + Hy0, (4)

SOROX + Rdred 2 SOl{red + Rdox

()
Net: rubredoxin:superoxide oxidoreductase or super-
oxide reductase:

Rdieg + O5 + 2H" 2 Rdox + H0; (6)

With a few notable exceptions [21, 22, 23], most SORs
are poor SODs [24, 25, 26] but rather function as ox-
idoreductases, deriving the reducing equivalents for su-
peroxide reduction ultimately from reduced pyridine
nucleotides via intermediate electron carriers. At least
three SORs have been shown to utilize the one-iron Fe:S
metalloprotein rubredoxin (Rd) as a competent electron
donor (Eq. 5) [24, 27, 28].

SOR, like SOD, is physically configured so that the
reaction with superoxide is virtually diffusion limited.
The second-order rate constant for the reaction between
SOR and superoxide is ~10° M ' s ! 29, 30, 31]. It is
also interesting to note that intracellular SOR concen-
trations are similar to those of SOD (the SOR from
T. pallidum is present at an estimated 9500 monomers
per cell [32]; given typical cellular dimensions of 0.2 pm
diameter and a length from 5 to 20 um, intracellular
concentrations are estimated to be 25-100 pM!). In the
case of SOR, however, questions remain about the
reaction mechanism and the characterization of reaction
intermediates. Since the reaction of SOR and superoxide
is diffusion limited, the physiological rate-determining
step for superoxide reduction will necessarily be
governed by the rate of electron transfer from NAD(P)H
to SOR. The fact that some SORs have been shown to
restore efficient growth to an SOD-deficient Escherichia
coli strain, an organism lacking the gene for Rd, suggests
that an electron transport chain exists in E. coli that is
kinetically competent (in a physiological sense) to
donate electrons for superoxide reduction via SOR
[24, 26].

Indeed, the possibility that redox species other than
superoxide could donate/receive electrons to/from the
oxidized/reduced forms of SOD, i.e., whether SOD
could function also as a SOR or superoxide oxidase
(SOO0), has been explored recently [25]. It was shown
that the eukaryotic copper,zinc SOD (Cu,Zn-SOD)
catalyzed oxidation of ferrocyanide or the reduction of
ferricyanide by superoxide, i.e., Cu,Zn-SOD, could act
as a both a SOO and SOR. This result begs the question:
“What is the ultimate fate of superoxide in vivo? Is it
dismutation, reduction, or oxidation?”” Whether a given
superoxide-metabolizing enzyme dismutates, reduces, or
oxidizes superoxide depends upon a variety of factors,
including the concentrations of superoxide, metabolizing
enzyme, and alternate redox species, as well as the cor-
responding second-order rates constants governing each
redox reaction (see [25] for a detailed discussion).
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Reactivity and adverse effects of superoxide

Propagation of radical chain reactions
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Fig. 1. The ultimate fate of superoxide in vivo: reactivity, adverse
effects, and detoxification pathways

Physiological implications

Aerobes and anaerobes thus seem to have adopted dif-
ferent strategies for coping with the oxidative stress of
superoxide, using two enzymes structurally and bio-
chemically different, but assuming the same function
(Fig. 1). Although some microaerophiles like 7' pallidum
are exposed to oxygenated environments during their in
vivo propagation, how does one explain that strict an-
aerobes need to scavenge the superoxide anion? The
exact amount of O, in anaerobes is still unknown, but
the presence of an antioxidant defense in such organisms
suggests that they periodically encounter oxygen and
must defend themselves against ROS. Moreover, it is
interesting to note that facultative anaerobes prefer us-
ing the classical SOD system and synthesize SOD in
anaerobic habitats in anticipation of transient exposure
to oxygen. This is a good example of the adaptability of
bacteria to various growth conditions.

It is also of interest to try to explain the existence of
two different detoxification pathways and the potential
advantages of each method, especially the advantages
that superoxide reduction can provide compared to its
dismutation. The reaction catalyzed by SOD generates
one molecule each of O, and H,O, per mole of super-
oxide consumed, whereas the reaction catalyzed by SOR
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only produces one molecule of hydrogen peroxide. In
view of that, aerobic organisms may prefer the SOD
pathway, while oxygen-sensitive organisms may choose
the latter to avoid regenerating oxygen. Nevertheless,
the relative toxicity of H,O, and O, for anaerobic or-
ganisms needs to be considered. Indeed, oxygen can
more rapidly inactivate some enzymes involved in an-
aerobic fermentations pathways but hydrogen peroxide
is a stronger oxidant. Considering that anaerobes very
often lack catalase, these bacteria would also have to
find an alternative way to eliminate hydrogen peroxide.
The SOR pathway, which necessitates the use of en-
dogenous reductants, may also be facilitated in anaer-
obes where cellular reducing agents are abundant.
Indeed, the choice of one system or the other has to take
account of the composition of the cellular medium, the
derived oxidized products, and the requirement to det-
oxify these products efficiently.

It is interesting to note that some organisms appear
to have genes for both defense systems. Thus, if SODs
have the potential to function as SORs, what growth
conditions define the use of SOR versus SOD [25]? For
example, the sulfate reducer Desulfovibrio gigas uses
both the classical antioxidant strategy, involving SOD
and catalase, in addition to a SOR system. The choice of
different SODs can be explained by the organism’s ad-
aptation regarding the bioavailability of specific metals,
but the selection of having two enzymatic systems as-
suming the same theoretical function is relatively



unclear. Nevertheless, cells may utilize SOR in reducing
compartments and SOD in other locations like the
periplasm in order to optimize the efficiency of the two
enzymatic systems. Indeed, when necessary, Mycobac-
terium tuberculosis is capable of exporting SOD to the
extracellular medium during the host-pathogen interac-
tion [33]. Moreover, when microbes are starved and have
a lower reducing capacity, it could be useful to use SOD
instead of SOR, because the latter consumes reducing
equivalents.

We can thus finally ask whether the reduction of
superoxide is the real function of SOR or is an adven-
titious secondary effect of an unknown function, as was
initially suggested for SOD [34]? The fact that the active
sites of both SOD and SOR are designed to allow re-
action with superoxide with a rate constant close to the
diffusion limit is strong evidence for a physiological role
in superoxide metabolism. Nevertheless, other possible
functions for SODs are becoming apparent, as recently
described [34]. SOR may also represent a more primitive
enzymatic system for metabolizing superoxide, with the
aquisition of SODs ultimately replacing SORs progres-
sively through an evolutionary selection processes [25].
Alternatively, SOR and SOD may represent examples of
convergent evolution in which Nature solved the chal-
lenge of detoxifying the superoxide anion via two inde-
pendent mechanisms.

The presence of these two different detoxification
pathways could also suggest unknown deleterious effects
of the superoxide anion, in agreement with the fact that
some phenotypes are not yet completely elucidated.
According to this hypothesis, superoxide could have
additional routes of toxicity. Interesting information
could therefore come from an identification of the
damage incurred by ROS in SOR mutants, i.e., anaer-
obes may represent good models for the study of pro-
tective mechanisms against oxygen toxicity.
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