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Abstract

Superoxide dismutases (SODs) are ancient enzymes of widespread importance present in all
domains of life. Many insights have been gained into these important enzymes over the 50

years since their initial description, but recent studies in the context of microbial pathogenesis
have resulted in findings that challenge long established dogmas. The repertoire of SODs that
bacterial pathogens encode is diverse both in number and in metal dependencies, including copper,
copper and zinc, manganese, iron, and cambialistic enzymes. Other bacteria also possess nickel
dependent SODs. Compartmentalization of SODs only partially explains their diversity. The need
for pathogens to maintain SOD activity across distinct hostile environments encountered during
infection, including those limited for essential metals, is also a driver of repertoire diversity.

SOD research using pathogenic microbes has also revealed the apparent biochemical ease with
which metal specificity can change within the most common family of SODs. Collectively, these
studies are revealing the dynamic nature of SOD evolution, both that of individual SOD enzymes
that can change their metal specificity to adapt to fluctuating cellular metal availability, and of

a cell’s repertoire of SOD isozymes that can be differentially expressed to adapt to fluctuating
environmental metal availability in a niche.
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1. Introduction

As primordial environmental oxygen levels increased and life began to utilize the newly
available oxygen, its potential to convert into toxic byproducts was unveiled. Simply the
act of performing aerobic metabolism exposes organisms to internally generated reactive
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oxygen species (ROS) including superoxide (O5°7) [1,2]. Superoxide is toxic to the cell,
targeting important molecules in the cell including iron-sulfur cluster containing proteins,
metalloenzymes, and short-chain sugars [3-5]. While ROS generation in the context of
respiration is accidental, the immune system actively harnesses the toxic properties of ROS
to defend against microbial invaders. Immune cells including neutrophils and macrophages
generate superoxide as part of the oxidative burst to kill microbes that breach the epithelial
barrier [6-9]. Conversely, microbial pathogens need to adapt and evolve mechanisms to
bypass the host’s oxidative immune response. The importance of the oxidative burst and
the threat that ROS pose to potential invaders is revealed by chronic granulomatous disease
(CGD). Individuals suffering from CGD have defects in the ability to generate an oxidative
burst, preventing immune cells from clearing invaders and thus have enhanced susceptibility
to infection [10-12].

Whether coping with endogenously or exogenously produced superoxide, both host and
pathogen must protect themselves against this threat. Superoxide dismutases (SODs) are

the primary means by which most organisms defend themselves against superoxide [6,13].
These redox active metalloenzymes are present in almost all forms of life, including humans,
plants, pathogenic microbes, and non-pathogenic microbes [14,15]. The threat posed by
superoxide and the importance of SODs is further revealed by their presence even in strict
anaerobes [14]. Given their wide distribution and impact on human health, since their
discovery in 1969 substantial insight has been gained into the function and distribution of
SODs [16]. In particular, recent work studying these ubiquitous enzymes in the context of
microbial pathogenesis has brought new insights but also revealed that there is still much

to learn about these critical enzymes [17-19]. This review will focus on recent advances in
our understanding of SODs, focusing primarily on the Fe/Mn family of SODs and how the
evolution and distinct biological roles of these enzymes, has been revealed by studying them
in the context of pathogenesis.

Biochemistry and metal specificity of SOD enzymes

As enzymes, SODs catalyze the conversion of superoxide (O,*") to oxygen (O,) and
hydrogen peroxide (H,05), which can be converted safely to water (H,0) by other enzymes
within the cell [5,20]. The detailed molecular mechanism of SOD catalytic activity, and the
key questions that remain to be resolved about how they function, have been previously
reviewed [20]. Given the reaction they catalyze, it is unsurprising that nature has exploited
redox active metal cofactors to perform this chemistry. What is surprising though is that
three distinct catalytic centers utilizing different metal cofactors have evolved independently
via functional convergence. Three structurally distinct SOD protein families exist, each that
has activity with a specific set of metals. As a result, SODs are frequently discussed based
on the metal that they have activity with, though enzymes active with different metals

can belong to the same protein family. The SOD protein families include, those that are
active with nickel (Ni), Ni-SODs, SODs that are active with copper (Cu) or Cu and zinc
(Zn), Cu/Zn-SODs, and SODs that are active with either iron (Fe) or manganese (Mn),
Fe/Mn-SODs (Figure 1) [20]. Ni-SODs were the most recently discovered and are the
SODs about which least is known [21]. Found exclusively in bacteria, Ni-SOD distribution
is more restricted than that of Cu/Zn- or Fe/Mn-SODs, being present primarily in marine
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cyanobacteria and actinomycetes [22,23]. While SODs differ in their metal utilization and
fall into distinct protein families that evolved independently of one another, they overlap in
their functional role within cells namely detoxifying superoxide. They also rely on the same
chemical process; the sequential oxidation and reduction of substrate molecules in a ‘ping
pong’ mechanism, whereby the redox-active metal cofactor undergoes sequential reduction
and oxidation steps [20]. Given the disparate inherent reduction potentials of these catalytic
metal ions (£° values ranging from 2.26 V for the Ni2*/Ni3* redox couple to 0.15 V for

the Cu2*/Cu* couple), their different protein architectures must precisely and differentially
regulate the reactivity of their respective metal ion to optimize SOD dismutation (optimal
£° ~0.35 V) [20]. Indeed, this control of the metal’s reactivity by the protein is particularly
important for Ni-SODs because the Ni redox couple lies well outside of the range that would
enable it to react with the superoxide substrate [24]. The mechanism by which the reduction
potential of the catalytic metal is optimized to facilitate dismutation remains enigmatic and
is an area of active study.

SOD:s are usually cofactor specific, catalyzing superoxide dismutation using only their target
metal cofactor(s) (Figure 1). Ni-SODs and Cu/Zn-SODs are absolutely dependent on their
catalytic metal ions, Ni and Cu respectively, and are inactive when loaded with other metal
ions /n vitro[21,25]. Differing from the other SODs, the Fe/Mn-SOD family uniquely
evolved the ability to use multiple different metals within a single protein framework
[16,26-28]. Nonetheless, SODs from the Fe/Mn family were long regarded as being active
exclusively with either Mn or Fe but not with both metals. This assumption was based

on analyses of the cofactor specificity of a small number of early model systems, most
notably the highly metal-specific Mn-SOD and Fe-SOD of Escherichia coli [29]. Similar
observations were also made with the mitochondrial Fe/Mn SOD [30]. The discovery of
Fe/Mn-SODs that are in fact cambialistic, i.e. active with either Mn or Fe, challenged

this dogma of binary metal dependency [31]. Numerous cambialistic SODs have since

been discovered in diverse organisms, and recent studies have shown that cambialism can
be important physiologically in bacterial pathogens [19,28,31-35]. It is now recognized
that the Fe/Mn-SOD family includes Fe-SODs, Mn-SODs, and cam-SODs [19,31,36-39].
Furthermore, the SOD enzymes characterized thus far show that these discrete definitions
are not justified, with metal specificity instead lying on a spectrum, a continuum from
Mn-specific to Fe-specific, with varying levels of cambialism in between these extremes
(Figure 1) [28]. The simplistic initial model of binary metal specificity among Fe/Mn-SODs
has likely restrained advances in our understanding of these enzymes, complicating both
mechanistic biochemical studies and bioinformatic efforts to predict SODs metal utilization
from sequence.

The discovery of cambialistic members of the Fe/Mn-SOD family also raises critical
questions about how distinct Mn-specific, Fe-specific, and cambialistic isozymes have
evolved within a single metalloenzyme family. This diversity of metal specificities is
achieved despite all members of the Fe/Mn-SOD family being closely related in sequence
and adopting highly similar structures with near-identical metal coordination environments
utilizing three histidines and one aspartate sidechain (the universally conserved His26,
His81, Asp167 and His171, using the numbering system from £. co/i Mn-SOD) [20,40,41].
A “redox tuning” hypothesis has been proposed to explain this phenomenon, in which key
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amino acid residues in the metal’s secondary coordination sphere (i.e. residues located near
to the metal cofactor, but which make no direct contacts with it) tune each metal’s reduction
potential to optimize catalysis [42,43]. /n vitro data from numerous groups support this
model. Biochemical and biophysical studies of numerous mutated forms of the £. coli SODs
demonstrate that these second sphere residues do regulate the metal cofactor’s reduction
potential and that this in turn correlated with catalytic activity [20,43]. Furthermore, it

was recently shown that reciprocal switching of just two secondary coordination sphere
residues between a pair of SODs from Staphylococcus aureus substantially inverts their
metal specificity [28]. These two mutations were sufficient to make its Mn-SOD variant
highly cambialistic, and to make its cambialistic-SOD highly Mn-specific. Manipulation

of redox tuning via altering these second sphere residues is thus a relatively simple and
possibly tractable mechanism by which evolution can shape SOD metal specificity. Yet,
there are few structural clues as to how the chemistry of these non-coordinating residues
regulates the metal’s reduction potential, due in part to the technical challenges involved in
experimentally quantifying SOD reduction potentials with sufficient resolution to correlate
redox changes with structure and activity of diverse mutant SODs.

Notably, the Fe/Mn-SOD family is not the only family of SODs whose metal usage has been
informed by investigations studying host-pathogen interactions. The Cu/Zn SOD family

had long been thought to absolutely require both Cu for catalysis and Zn for structural
integrity and catalytic efficiency. However, recent work in Mycobacterium tuberculosis

and Candida albicans demonstrated that some SODs within this family do not require Zn,
again challenging long established dogma within the field [44,45]. Such discoveries have
been recently reviewed and revitalize the field, urging work to be done to determine how
widespread these Cu-only and Fe/Mn cambialistic SODs are across the domains of life
[9,18,46].

3. Eukaryotic superoxide dismutase utilization

While all SODs carry out the same chemical reaction, many species across all domains of
life frequently possess more than one of these critical enzymes. Mammals possess three
SODs, SOD1, SOD2, and SOD3 [17]. SOD1 and SOD3 are both members of the Cu/Zn
SOD family while SOD2 is from the Fe/Mn-SOD family. Many other animals possess

a similar set of SODs, but their nomenclature can differ. Each of these SODs localize
predominantly to distinct cellular locations with SOD1 mainly in the cytoplasm and the
mitochondrial inter membrane space, SOD2 the mitochondrial matrix, and SOD3 associated
with the extracellular matrix/cell surface. Similar to animals, plants also possess more than
one SOD, each compartmentalized in a distinct cellular location [47-51]. As a result of
this compartmentalization, these SODs have largely non-overlapping roles in the defense
of the cell. Examples of these non-redundant roles are observed across multiple organisms
including flies, mice, and humans. In Drosophila melanogaster, homozygous loss of either
sod1 or sod2is lethal [52-57]. Similarly, mice lacking the mitochondrial SOD2 die shortly
after birth, further demonstrating this eukaryotic SOD’s importance [58,59]. In humans,
genetic disorders have also revealed the non-overlapping roles of SODs [60,61]. Mutations
in SOD1 are associated with familial amyotrophic lateral sclerosis (FALS), abnormalities
in SOD?2 are associated with mitochondrial stress and cancer while mutations in SOD3 are
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associated with vascular dysfunction including hypertension, diabetes, and atherosclerosis
[20,57,62-66].

SOD:s also play important roles during infection by numerous eukaryotic microbes. Four Fe/
Mn-SODs were identified in the causative agent of African sleeping sickness, Trypanosoma
brucel, and overexpression of one of these homologues, SodB, increased survival of

the closely related 7rypanosoma cruzi during macrophage infection [67,68]. Based on
phylogenetic evidence, the four SODs of 7. bruceiwere likely acquired via at least two
independent lateral gene transfer events followed by gene duplications [69]. Deletion

of one of the SodA alleles from another eukaryotic pathogen, Leishmania amazonensis,
resulted in its inability to replicate in macrophages and an attenuated ability to generate
cutaneous lesions in mice [70]. Similar to protozoan pathogens, pathogenic fungi possess
an expanded repertoire of SODs relative to their host organisms. For example, C. albicans
and other pathogenic fungi possess an additional Mn-dependent SOD in the cytoplasm and
an extracellular Cu-only SOD [45,71,72]. Loss of the Cu- only SOD reduces the ability

of C. albicansto cause infection and the Mn-dependent SOD is induced in response to
host-imposed copper limitation [72-74].

4. Superoxide dismutase utilization by pathogenic bacteria

Compared with animals and plants, there is greater diversity in the repertoire of SODs
possessed by bacteria. Most pathogenic bacteria possess one or more cytoplasmic SODs
belonging to the Fe/Mn-SOD family [9,15]. These SODs are frequently referred to as SodA
when Mn-dependent and SodB when Fe-dependent, with this nomenclature being derived
from their initial discovery in £. coli. However, there is not always a one-to-one correlation
between name and metal dependency and such annotations should be interpreted with care.
The existence of cambialistic SODs further complicates the issue. In addition to Fe/Mn-
SODs, some bacteria possess Cu/Zn SODs, which are generally referred to as SodC [46,75].
Differing from eukaryotes, studied bacterial Cu/Zn SODs are strictly extra-cytoplasmic [46].
In Gram-negative bacteria, Cu/Zn family members are found in the periplasm, while in
Gram-positive bacteria they are frequently predicted to be attached to the cell surface via
lipids [75,76]. For bacteria that encode multiple SODs, the diversity of number and overall
repertoire varies significantly from genera to genera and can even differ between species of
the same genera (Figure 2).

While many pathogens encode multiple SODs, there are numerous examples of bacteria
that possess only a single enzyme. As would be expected in these organisms, the single
SOD is frequently important for virulence-associated phenotypes or infection [32,35,77-
79]. Borrelia burgdorferi, the causative agent of Lyme Disease, encodes a single Mn-
dependent SOD, SodA [80,81]. Loss of SodA leads to reduction of viability in B.
burgdorferi after incubation with either neutrophils or macrophages as well as a complete
loss of detectable bacteria in intradermally infected mice [77]. Similarly, Campylobacter
spp., which are commonly associated with bacterial enteritis in humans and are found

in the gastrointestinal tract of 60-80% of poultry broiler flocks worldwide, encode a
single SOD also from the Fe/Mn-SOD family [82]. Deletion of the Fe-dependent SodB
in Campylobacter colileads to decreased bacterial survival on substrates essential to
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environmental transmission of this pathogen as well as decreased chick colonization [79].
In Campylobacter jejuni, Fe-dependent SodB mutants have decreased survival in human
embryonic intestinal cells, indicating a role in intracellular survival [78,79]. Porphyromonas
gingivalis and Streptococcus mutans, both oral pathogens, possess a single cambialistic
SOD that contributes to aerotolerance, and thus survival, within the oral cavity [31-34].
Additionally, Streptococcus pneumoniae, the most common causative agent of pneumonia,
as well as important gut microbes, the Bacteroidetes, each encode a single, cambialistic
SOD [37,38,83]. Loss of SodA makes S. pneumoniae less invasive and less pathogenic

as fewer bacteria are recovered from the blood and lungs of infected animals [35]. In
pathogenic Bacteroidetes, it has been suggested that SOD is a virulence factor as the ability
to withstand temporary tissue aeration would enhance the pathogenicity of these anaerobic
microbes [84].

When bacteria encode two SODs, they can either be from different SOD families or both
enzymes can belong to the same protein family. Legionella pneumophila, the causative
agent in Legionnaires’ disease, and Mycobacterium tuberculosis, which is responsible for
tuberculosis, both encode two SODs from different families, with one from the Fe/Mn
family and one from the Cu/zn family. While the Cu/Zn SOD in L. pneumophilais not
essential for viability, it is critical for stationary phase survival and therefore perhaps also in
extended dormancy between growth in hosts [85]. On the other hand, the Fe-dependent
SodB in L. pneumaophila is essential for viability, and presumptively virulence [86].
Similarly, early reports on SodA in M. tuberculosis concluded that it must be essential

as attempts to delete it proved unsuccessful [87]. Reduced expression of SodA attenuated

M. tuberculosis with ~100,000-fold fewer bacteria observed in the lungs and spleens of mice
after infection [88]. M. tuberculosis SodC is important for survival of the oxidative burst
during infection as sodC mutants are more susceptible to killing by activated macrophages
[89]. Similar to eukaryotes, it is easy to hypothesize that the unique contribution of multiple
SODs in L. pneumophila, M. tuberculosis, and other bacteria with similar arrangements

is derived from compartmentalization. However, compartmentalization cannot fully explain
why bacteria have multiple SODs, and varying metal specificities tend to be important

in these cases. For example, S. aureus encodes two SODs, SodA and SodM, both of

which belong to the Fe/Mn-SOD family and are present in the cytoplasm. SodA is strictly
Mn-dependent and SodM is cambialistic displaying equal activity with Mn or Fe. Loss of
SodA, SodM, or both SODs simultaneously results in reduced bacterial loads in a skin
abscess model of infection [90,91]. In a systemic model of infection, loss of SodM but not of
SodA results in reduced bacterial burdens in liver tissues [19]. Thus, despite localizing to the
same cellular compartment, both of the staphylococcal SODs have unique non-overlapping
roles during infection.

The diversity of SODs and unique contribution each SOD provides bacteria is further
exemplified by the Enterobacteriaceae and Bacilli. The Enterobacteriaceae, including
Escherichia coli and Shigella flexneri, have a common core set of SODs including one
periplasmic Cu/Zn SOD, one cytoplasmic Mn-SOD, and one cytoplasmic Fe-SOD. For
avian pathogenic £. coli O2 strain E058, SodA is important to virulence as mutants

lacking SodA exhibit significantly increased ingestion and decreased survival in chicken
macrophages [92]. In addition, mutants lacking SodA have a significant decrease in bacterial
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burdens in both single strain infections and competition experiments using chickens [92].

In S. flexneri, SodB mutants are more susceptible to killing by both mouse macrophages
and human polymorphonuclear leukocytes [93]. Among Bacilli, both Bacillus cereus and
Bacillus anthracis are predicted to encode four SODs, three that are from the Mn/Fe family
(SodA1, SodA2, and SodS/Sod15) and one that is from the Cu/Zn family (SodC), with
each of these enzymes differentially contributing to the organisms’ success [94-96]. In B.
cereus 0-9, SodS is Fe-dependent and SodA1 and SodA2 are predicted to be Mn-dependent
[94]. However, given sequence similarity to B. anthracis SODs, SodA2 could in fact be
Fe-dependent [97]. Each of the four SODs in B. cereus 0-9 affect biofilm formation.
However, the most significant reduction in the ability to form a biofilm is observed in

a SOD null strain and a single sodA2 mutant, demonstrating SodA2’s importance [94].
Interestingly, deletion of Mn-dependent SodAl leads to a delay in spore formation while
deletion of Fe-dependent SodS leads to a complete loss of swarming abilities [94]. In B.
anthracis, SodAl and Sod15 are present in the exosporium [95,98,99]. Assuming similarity,
these SODs might also be present in the exosporium of B. cereus, perhaps influencing these
phenotypes. Finally, individual SodS and SodC mutants have drastically reduced lethality,
even lower than that of a SOD-null strain, against the cotton bollworm host, Helicoverpa
armigera, indicating the importance of these two SODs for pathogenicity in this host [94].
The fact that all four of these SODs are present in both of these Bacillus spp. indicates

that having a diverse repertoire of SODs is particularly important for these organisms and
increases their adaption and ability to handle ROS in diverse environments.

5. Understanding the Diversity of SODs

While the need to protect the cytoplasm and periplasm from ROS damage partially explains
diversity associated with bacterial SODs, it does not explain all of it as there are many
examples of bacteria expressing expanded repertoires of cytosolic and periplasmic SODs
[9,93,100]. Again, we can glean insight into the roles of multiple SODs from the study

of bacterial pathogens. When examining pathogenic and non-pathogenic bacteria from the
same or related species, a common theme emerges, namely that more pathogenic strains/
lineages/serovars in these genres tend to encode an extra SOD. This can be seen in

the Bacilli, Staphylococci and Enterobacteriaceae. In Bacilli, the non-pathogenic Bacillus
subtilis only encodes one SodA, while both B. anthracisand B. cereus encode two SodA,
SodAl and SodA2 [94,95,101,102]. Amongst the Staphylococci, all members encode SodA
while only the more pathogenic S. aureus lineage encode the cambialistic sodM [103].

All Salmonellae encode sodC2while only highly virulent strains in serovars such as
Typhimurium, Enteritidis, Dublin, Choleraesuis, and Heidelberg possess the phage-encoded
s0dC1 [104-106]. This acquisition of a phage encoded SodC homolog is also seen in
pathogenic £. coliincluding the highly virulent O157:H7 serotype [107-109].

Differing from cells in higher organisms, bacteria and other microbes do not fully control
the nutrient content of the environment in which they reside. As all known SODs are
dependent on metals for function, it stands to reason that the diversity of SODs possessed
by bacteria is driven by the need to retain SOD activity in distinct environments. Beyond
SODs, approximately 50% of all enzymes require a metal for function and thus metals are
essential for life and for pathogens to cause infection [110-112]. Similar to leveraging the
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toxicity of ROS, the host restricts the availability of transition metals to prevent infection.
This defense, known as nutritional immunity, was classically confined to the restriction of
Fe, but has expanded to include Mn, Zn, and Cu [74,112,113]. Nutritional immunity can
inactivate a myriad of metal-dependent bacterial enzymes, including SODs [91,114]. Despite
this restriction within the host, pathogens must retain a defense against superoxide to survive
the oxidative burst of immune cells. Recent work in S. aureus and the fungus C. albicans
suggests that an enhanced repertoire of SODs enables pathogens to retain SOD activity
when the host imposes metal starvation. In S. aureus, the Mn-dependent SodA is considered
the primary staphylococcal SOD. However, host-imposed Mn starvation enacted in part by
the immune effector calprotectin decreases SodA activity. Concurrent with this, S. aureus
induces and derives most of its SOD activity from Fe-loaded cambialistic SodM [19]. As
noted earlier in the liver of wild type mice, which sequester Mn away from S. aureus,

SodM is necessary to achieve wild type bacterial burdens. However, in calprotectin-deficient
mice, which fail to sequester Mn, SodA becomes critical to infect the liver, while SodM

is dispensable [19]. C. albicans possesses two cytoplasmic SODs with differing metal
specificity, namely a Cu/Zn SOD and a Mn-SOD [9]. Similar to S. aureus, it uses the
differing metal specificity of these enzymes to retain a defense against superoxide in the
host. During periods of Cu limitation, such as that which occurs in brain and kidney tissues,
C. albicans switches from the Cu-requiring SOD to the Mn-dependent SOD [73]. Similar
observations have also been made in laboratory strains of £. co/i, with the importance of

the Fe-dependent SodB and Mn-dependent SodA being dependent on the availability of
their cognate metal, further suggesting that possessing multiple SODs with different metal
specificities is a common survival strategy used by microbes [115-117]. While it remains

to be tested, it seems reasonable to speculate that organisms with only a single, cambialistic
SOD such as R gingivalis, S. mutans, and S. pneumoniae may also be better poised than
organisms with a single, metal specific SOD, to maintain a defense against oxidative stress
in response to changing metal availability within the host [32-35].

While metal availability seems to be a driver of microbial SOD diversity, it does not

appear to be the only pressure driving SOD expansion as some organisms have multiple
SODs with the same metal dependency. In addition to the three core enterobacterial SODs,
some Salmonella enterica serovars express four SODs, having gained an additional Cu/Zn
SOD. Due to the order of discovery, the common Cu/Zn SOD is referred to as SodC2,

while the additional enzyme is SodC1. While many studies have demonstrated the broad
importance of SodC in this genus, it was less clear if encoding multiple SodC would provide
unique superoxide protection derived from each enzyme. The SodC1 and SodC2 enzymes
are both periplasmic SODs from the Cu/Zn family and were originally thought to provide
overlapping protection from exogenous superoxide stress, however, now it is appreciated
that they have non-overlapping, non-redundant roles. SodC2 mutants in Sa/monella enterica
serovar Choleraesuis have an intracellular survival defect relative to both wild type and
SodC1 mutants in macrophages and human colon carcinoma cells [104]. Additionally,
during /n vivo competition experiments, double (sodC1/s0dC2) mutants are not further
attenuated from single (s0dC1 or sodC2) mutants, supporting that these SODs provide
complementary roles [104,118]. While these roles in S. enterica serovar Choleraesuis
demonstrate that SodC2 is the primary SOD during macrophage and cell survival, many
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of the findings do not align with what has been seen in S. enterica serovar Typhimurium,
suggesting that the contributions from each of the SodC may vary from strain to strain
and/or serovar to serovar. In S. enterica serovar Typhimurium, deletion of SodC1, but not
SodC2, results in a 7- to 10-fold reduction in virulence during intraperitoneal competitions
[119-121]. The differences in effects on virulence between the two SodC in S. enterica
serovar Typhimurium are likely due to two key differences in the proteins themselves,
first, SodC1 forms a dimer like most other Cu/Zn SODs while SodC2 forms a monomer,
and second, SodC1 tethers to the periplasm via peptidoglycan binding while SodC2 does
not [119,122,123]. While there have been numerous advances in our understanding of the
diversity of SODs, these studies also demonstrate that there is still much to be learned
about the forces that drive expansion and diversification of the SOD repertoires possessed by
microorganisms.

6. Evolution of the superoxide dismutases

SODs are very ancient enzymes. It seems likely that SODs evolved and diversified
concomitant with the evolution of oxygenic photosynthesis. Prior to this, the highly
reducing and sulfidic conditions in the early Earth’s atmosphere and oceans would have
made widespread biological superoxide stress unlikely. The ancestors of cyanobacteria

that first evolved oxygen-evolving metabolic pathways may have been the first organisms

to experience such a persistent stress due to their creating elevated local dioxygen
concentrations, making them likely candidates to have evolved the first SOD solution to

this problem. This would date the origin of SODs to before the “Great Oxygenation Event”,
the period in which atmospheric concentrations of dioxygen rose sharply as detected in the
geological record around 2.4 billion years ago [124,125]. Atmospheric dioxygen would have
made profound changes to the ecological availabilities of key biologically essential metals.
While Fe would have undergone a dramatic decline in bioavailability during the transition
from an anaerobic to an aerobic world due to its low aqueous solubility in the presence of
oxygen, the opposite would be true for Cu and Zn [126]. Perhaps it is no coincidence that
these metals were subsequently adopted for the disproportion of superoxide by an alternative
SOD family [124].

Due to the three SOD families being discrete (i.e., having distinct structural folds),

their evolutionary history must be studied independently and thus varying amounts of
bioinformatic analyses have been performed on each SOD type. The evolution of the Fe/
Mn-SODs is by far the most extensively studied. This family is ubiquitous across biology,
present in the genomes of Archaea, Bacteria and Eukarya (including endosymbiont-derived
organellar homologs in the latter). They are even frequently observed in the genomes

of obligate anaerobes. The preponderance of this SOD type supports the hypothesis that
they are the most ancient lineage of SODs, which have spread through the tree of life
through vertical transmission, and is consistent with their cofactor — whether Fe or Mn —
being abundant on the early Earth prior to widespread oxygenation. Early bioinformatic
analyses identified conserved sequence matifs that could differentiate two distinct sub-types
of the Fe/Mn-SOD family, drew the conclusion that these sub-types correlated with the two
metal specificities of SODs known at the time, Fe-SOD and Mn-SOD, and sought to use
them to predict metal specificities of uncharacterized enzymes [47,124,127]. When linked
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with geological analyses, the common ancestor of these two groups was even proposed to
be cambialistic [124]. However, more recent analyses of much larger Fe/Mn-SOD family
sequence sets have demonstrated that their evolutionary history is more complex, especially
regarding conservation and distribution of their metal specificities (Figure 3) [28]. Crucially,
multiple different metal specificities — Mn-SOD, Fe-SOD and cam-SOD - are observed
within both of the major phylogenetic groups [28]. This suggests that members of this
enzyme family can switch metal specificities within relatively short evolutionary time scales.
Indeed, mutagenesis studies of the S. aureus SODs, as described above, demonstrated the
molecular mechanism by which such a switch in metal specificity has occurred during their
differentiation from other Staphylococci through mutation of a limited number of amino
acid residues that spatially localize to the metal’s secondary coordination sphere [28]. Given
this capacity for altering metal specificity, we hypothesize that evolutionary switching of the
preferred metal cofactor will have occurred regularly across the phylogenetic tree of Fe/Mn-
SODs, and therefore, that metal specificity will not strictly correlate with the detected
phylogenetic groups or group-specific amino acid motifs observed bioinformatically.

If such switches in metal specificity are common, a key question is how such changes

are selected through evolution. It has been hypothesized that changes in metal availability
are likely a key selection pressure that drives such evolutionary changes [28]. Many SODs
from eukaryotic pathogens are predicted to be Fe-specific enzymes rather than Mn-specific,
a striking parallel with bacterial pathogens such as S. aureus (SodM) and B. anthracis
(SodA2) that have gained SODs with Fe-dependent activity that are not present in their
non-pathogenic relatives [69]. This suggest that acquisition of Fe-specific or cambialistic
SODs may provide an important selective advantage during infection for both bacterial

and eukaryotic pathogens. The mechanisms by which the Fe/Mn-SODs acquire their

target cofactor inside cells has not been directly tested. No metallochaperones have been
implicated in their metal delivery, and their metal loading is influenced by exogenous metal
concentrations during both heterologous expression inside £. coli cells and, in some cases,
in their own native host 7/n vivo[28,31,117]. The latter observation is consistent with a
model in which these SODs acquire their cofactor by competing against innate intracellular
metal-buffers, rather than having their metal selectivity controlled by a third-party client
metal-delivery system [128,129]. In such a model, it is tempting to speculate that changes
in SOD metal specificity could be driven through changes in /n vivo metal bioavailability,
either during adaptation of a SOD to a new intracellular environment after duplication

or horizontal gene transfer (HGT), or through a shift in ecological niche of its existing
host. The dual SOD system of S. aureus may represent an example of the latter, in which
acquisition and neofunctionalization of the cam-SOD coincided with the transition of S.
aureus to an opportunistic pathogenic lifestyle and was concomitant with its acquisition

of additional components of Fe acquisition and homeostasis [28]. This model is supported
by the known immune effects on S. aureus metal acquisition during infection, in which it
experiences Mn starvation through the metal sequestration activity of calprotectin released
into its immediate environment by immune cells [91,113,130]. Nonetheless, the hypothesis
that switches in SOD metal specificity can be driven by a switch in bacteria from an
environmental lifestyle to becoming a pathogen awaits direct testing.
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Conclusions

While SODs have been extensively studied, examining them through the lens of
pathogenesis has revealed that, despite carrying out the same chemical reactions, individual
SODs localized within the same compartment can and frequently do contribute differently
to microbial success. This work has also revealed that there is still much to discover
regarding these ubiquitous enzymes. The three SOD types (Fe/Mn, Cu/Zn and Ni) are

clear examples of convergent evolution, demonstrating the crucial importance of superoxide
detoxification in enabling life to survive and thrive in the presence of oxygen. As a

result, the rigorous phylogenetic studies that are needed to dissect the evolutionary history
of SODs must be performed independently for each SOD family. Nonetheless, prior
analyses have demonstrated clear examples of family expansion via duplication and/or
HGT often followed by neofunctionalization within all three protein families that have
altered or expanded the repertoire of enzymes possessed by evolutionarily related organisms
[22,28,131]. The extant distribution of each family has been driven by different selection
pressures, including different accumulation and handling of essential metal ions by different
organisms and the need to protect individual subcellular compartments. However, our
limited understanding of the molecular features that dictate metal utilization and the

uneven characterization of SODs from across the evolutionary landscape prevent a full
understanding of SOD diversity, the underlying molecular rationale for their diversification,
and any biological constraints there may be on neofunctionalization of metal specificity.
The Fe/Mn-SOD family exhibits substantial flexibility in cofactor utilization, and evolution
appears to have exploited this flexibility by switching the specificity of the Fe/Mn isozymes
to ensure retention of SOD activity as metal availability changes within a given organism/
niche. While this hypothesis is highly appealing based on the geological record and
observations made in the context of pathogenesis, it is yet to be demonstrated that metal
availability can select for altered SOD metal-specificity. Further work is necessary to test
this hypothesis and determine the other evolutionary pressures that underly the extant
diversification of SOD function and distribution.

The study of SODs from pathogenic microbes has also revealed new insights into the
molecular function of these enzymes, as well as their evolution. This work has revealed

that the metal specificity of the Fe/Mn family of SODs is fluid and better thought of as

a continuum rather than enzymes that fall strictly into an Fe-dependent or Mn-dependent
bin. Studying SODs from pathogens has provided invaluable details regarding the secondary
sphere residues that tune the metal’s catalytic power, and how this has been exploited by
evolution to manipulate the SOD repertoire. Only with higher resolution and more dynamic
information about the structures of diverse SODs of this type that cover the full range of the
metal specificity spectrum, including of mutant forms with moderated specificity, will the
field be able to understand both the molecular mechanism of catalysis and the mechanisms
by which second sphere residues control metal specificity. A further goal for the field must
be the development of improved methods for quantifying the reduction potential of the
catalytic metal ions /n vitroto enable direct testing of the redox tuning hypothesis. Such
technical advances in the biochemical, biophysical, and structural characterization of SODs,
combined with the power of bacterial genetics for cellular and infection studies and /n silico
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evolutionary analysis of ever-expanding sequence databases, can glean new insights into the
function of these globally crucial metalloenzymes. Despite over 50 years of work on SODs
across all domains of life, these evolutionarily ancient enzymes still have new secrets to
reveal.
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Key Points

Fe/Mn superoxide dismutases can use iron, manganese, or both metals for function.

Metal specificity in the Fe/Mn superoxide dismutase family is a spectrum.
Metal availability can shape an organism’s superoxide dismutase repertoire.

Distinct clades exist within the Fe/Mn superoxide dismutase family.

The metal specificity of an Fe/Mn superoxide dismutase can evolutionarily change.

J Inorg Biochem. Author manuscript; available in PMC 2023 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Frye et al.

Ni-SODs

Page 22

Cu/Zn-SODs

@

Fe/Mn-SODs

Fe/Mn SOD Activity Spectrum

e

Fe

Fe/Mn Mn

Figure 1. Thethree superoxide dismutase (SOD) protein families and their metal-utilization.
SODs have arisen in three distinct protein families that each rely on a distinct set of metals

for activity. These families are nickel SODs, copper and zinc SODs, and iron/manganese
SODs. Recently, the Cu/Zn-SOD family was discovered to contain some enzymes that
require only Cu for function. Similarly, the Fe/Mn-SOD family was realized to contain
members that are specifically active with either Mn or Fe, but also enzymes that can

use either metal for catalysis (cambialistic). Moreover, it has become apparent that metal-
specificity in this family is best thought of as a spectrum rather than distinct bins. In the
diagram spheres represent individual members of each SOD family and the metals they are

active with.
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Figure 2. Superoxide dismutase (SOD) repertoires possessed by bacteria.
While the threat of superoxide and possession of SOD(s) is nearly universal among bacteria,

the repertoire of enzymes they possess is extremely varied. (A) Bacteria can encode

only a single SOD that can be either Mn-dependent (purple, e.g. Borrelia burgdorferi),
Fe-dependent (brown, e.g. Campylobacter jejuni), or cambialistic (green, e.g. Streptococcus
mutans). (B) When bacteria encode two SODs, they can either be from the same SOD
family (Fe/Mn family, e.q. Staphylococcus aureus), or from different SOD families (Fe/Mn
family, light grey, Cu/Zn family, blue e.g. Mycobacterium tuberculosis). (C) Finally, there
are also many bacteria that encode more than two SODs. This can result in the presence

of more than one SOD in a single cellular compartment and can result in enzymes from

the same family, with either similar or distinct metal specificity, occupying the same
compartment (Fe- and/or Mn-dependent in the cytoplasm, tan, Cu/Zn in the periplasm/extra-
cytoplasmic space, light blue e.g. Escherichia coli, Salmonella enterica serovars and Bacilli).
Despite carrying out the same chemical reactions, each SOD in these instances appears to
uniquely contribute to the lifestyle of the harboring organisms.
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Figure 3. Phylogenetic relationships and metal specificities of the Fe/Mn-SOD family.
Phylogenetic tree illustrating the evolutionary relationship between the protein sequences

of 2,691 members of the Fe/Mn-SOD family from across the tree of life [28], including
isozymes from bacteria (green circles), archaea (red circles) and eukaryotes (blue circles).
Groups of sequences that include the eukaryotic mitochondrial (red region) and chloroplast
(green region) SODs, likely inherited from the ancestral organellar endosymbionts, are
illustrated. Determined metal-specificities of characterized enzymes (MnSOD=yellow,
FeSOD=brown; camSOD=orange) are annotated with triangles. Cofactor specificity does
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not correlate with SOD divergence suggesting that evolution can switch metal specificities
over time within this SOD family.
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