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The redox-active metal manganese plays a key role in cellular
adaptation to oxidative stress. As a cofactor for manganese
superoxide dismutase or through formation of non-proteina-
ceous manganese antioxidants, this metal can combat oxidative
damage without deleterious side effects of Fenton chemistry. In
either case, the antioxidant properties of manganese are vulner-
able to iron. Cellular pools of iron can outcompete manganese
for binding to manganese superoxide dismutase, and through
Fenton chemistry, iron may counteract the benefits of non-pro-
teinaceous manganese antioxidants. In this minireview, we
highlight ways in which cells maximize the efficacy of manga-
nese as an antioxidant in the midst of pro-oxidant iron.

In biology, iron and manganese play important roles in oxy-
gen chemistry. Both metals are used in oxygen evolution
through photosynthesis and can also serve as cofactors for
enzymes that remove harmful byproducts of O, metabolism
such as superoxide (O3) and hydrogen peroxide, yet a major
difference lies in the propensity of these metals to cause oxida-
tive damage. Iron is well known for its reactivity with peroxide,
generating the highly reactive hydroxyl radical through
so-called Fenton chemistry. Manganese is less prone to such
chemistry due to a higher reduction potential. Iron is often
considered a pro-oxidant in biology under situations in which
manganese is an antioxidant. Without the deleterious side
effects of Fenton chemistry, manganese can safely operate as a
cofactor for superoxide dismutase (SOD)? enzymes and also
provide oxidative stress resistance through formation of non-
proteinaceous manganese-based antioxidants. Herein, we
focus on these two biological roles of manganese in oxidative
stress protection and the potential challenges faced by compet-
ing pools of iron.

Manganese Versus Iron as Cofactors for SOD

SOD enzymes fall into three distinct families that are unre-
lated in sequence but have converged in evolution to utilize a
redox-active metal to disproportionate O, into hydrogen per-
oxide and oxygen. These families are classified according to
metal cofactor and include Cu,Zn-SODs, which use copper for
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catalysis and also bind a structural zinc atom; a rarer family of
nickel-containing SODs (1); and an extensive Mn/Fe-SOD fam-
ily that uses either manganese or iron.

Members of the Mn/Fe-SOD family are widespread in biol-
ogy and are thought to have evolved from a common ancestor
prior to the divergence of eubacteria, archaebacteria, and
eukaryotes over 3 billion years ago (2, 3). The active sites of Mn-
and Fe-SODs are virtually indistinguishable. The manganese or
iron cofactor is coordinated to three histidines, one aspartate,
and one solvent molecule in a distorted trigonal bipyramidal
geometry. Outside the active site, the overall primary sequence
and tertiary folds of Mn- and Fe-SODs are remarkably similar.
Despite this striking conservation, these SODs are exquisitely
metal-specific; for example, a Mn-SOD is active only with man-
ganese and not iron. Rare exceptions include so-called cambi-
alistic SODs, which are functional with either metal (4).

Mishaps in Metal Insertion into Mn-SOD

A key question in the field of metalloproteins regards cofac-
tor specificity. How does a metalloenzyme find its correct
cofactor among a sea of diverse metals in the cell? With Cu,Zn-
SOD enzymes, metal insertion is facilitated by a helper protein
known as the CCS copper chaperone (5, 6). However, to date,
there have been no reports of analogous metal chaperones for
the Mn/Fe-SOD family. The problem seems paramount with
Mn-SODs because bacteria and eukaryotic cells tend to accu-
mulate iron levels that are in vast excess over manganese (7-9).

Mn-SODs will readily bind iron with similar affinities and
geometries as manganese (10-14), yet iron inactivates the
enzyme. Iron binding can interfere with the substrate channel
(4) and disturb the all-important redox potential of the catalytic
site. When iron binds Mn-SODs, the mid-redox potential of the
active site is lowered to a point that is incompatible with O,
disproportionation (15, 16). To make matters worse, studies
with human Mn-SOD (Sod2) have shown that the iron-substi-
tuted enzyme gains peroxidase activity and has the potential to
generate toxic oxygen radicals (13, 14). With such potent inhi-
bition of Mn-SODs by iron, one would expect cells to prohibit
iron interactions with the enzyme. Indeed, in eukaryotes, in
which Sod2 is the only SOD of the mitochondrial matrix, mis-
incorporation of iron is virtually nonexistent except in rare
cases of mitochondrial defects (described below), yet the same
sort of iron exclusion may not be as prevalent with bacteria.

Beyer and Fridovich (17) were the first to note misincorpo-
ration of iron into the Mn-SOD (SodA) of Escherichia coli. Aer-
obic cultures of E. coli naturally express a mixture of SodA
enzymes that bind manganese or iron, but only the manganese-
bound form is active. Iron inactivation of SodA is even more
prevailing under anaerobic conditions (17, 18). Only in extreme
cases of oxidative stress is there bulk metallation of E. coli SodA
with the correct metal manganese (18).

Mn-SODs from various heterologous organisms have been
expressed in E. coli for the purpose of producing recombinant
protein, and not surprisingly, metal ion misincorporation is
commonplace. For example, a tetrameric Mn-SOD from Ther-
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mophilus will indiscriminately acquire manganese or iron when
expressed in E. coli (4, 19), and a cytosolic Mn-SOD from Can-
dida albicans was seen to preferentially acquire iron in E. coli
expression systems (20). Attempts to express human mito-
chondrial Sod2 in E. coli produced inactive enzyme unless cul-
tures were supplemented with high levels of manganese (21).
There is much competition between iron and manganese for
binding to Mn-SOD molecules in E. coli.

Why would E. coli allow misincorporation of iron into its
Mn-SOD? The rationale is still unclear, but inactivation of
SodA by iron may be of little consequence due to expression of
a second SOD (SodB) in E. coli that uses iron. Nevertheless,
there still exists some preferential binding of manganese to
SodA when one considers total metal levels. On a per mole
basis, E. coli accumulates 10 —100 times more iron than manga-
nese (7), yet a substantial fraction of SodA still acquires man-
ganese (Fig. 1A). As proposed by Whittaker and co-workers
(10), differential metal ion bioavailability may be key. The spe-
ciation of cellular manganese based on ligands and oxidation
state of the metal may be more compatible for reactivity with
Mn-SOD than the speciation of bulk iron, and when cells
encounter oxidative stress, this differential bioavailability
becomes even more pronounced, as iron is prevented from
reacting with E. coli SodA (18).

Certain bacteria may have overcome iron inactivation of Mn-
SODs by subcellular compartmentalization. Although bacterial
Mn/Fe-SODs are generally cytosolic, there are rare exceptions
in which the enzyme is secreted into the periplasmic or extra-
cellular space (22-26). Bacteria can export unfolded proteins
through the Sec system or will use the twin-arginine transloca-
tion (TAT) system for exporting prefolded mature polypep-
tides (27). In the cases reported thus far, only Fe-SODs are
exported in the fully metallated form through TAT. Mn-SODs
tend to be exported via Sec as unfolded proteins and hence
acquire their metal outside the cell, where competition with
iron may not be an issue (Fig. 1, Band C) (22-26). Such a model
for metal ion selectivity by cell compartmentalization has pre-
viously been described by Robinson and colleagues (28) for
other periplasmic metalloproteins.

Role of Mitochondria in Dictating Metal Specificity to
Manganese-Sod2

As with E. coli, eukaryotic mitochondria accumulate 10 -100
times more total iron than manganese (29); however, mito-
chondrial Sod2 exclusively binds manganese. The polypeptide
is intrinsically capable of iron binding, as shown through in
vitro studies with recombinant Sod2 proteins (12—14). What
then accounts for the high manganese selectivity inside
mitochondria?

Using the bakers’ yeast Saccharomyces cerevisiae as a model
system, we observed that mitochondrial import of the polypep-
tide drives manganese insertion into the enzyme (30). Protein
unfolding is an important prerequisite to metal insertion in
Mn-SOD polypeptides (31-33), and what better way to unfold a
protein than to translocate it across a biological membrane? An
intriguing possibility is that a certain manganese transporter
lies in close proximity to the site of Sod2 translocation to help
drive manganese insertion over iron (Fig. 24).
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FIGURE 1. Models for metal selectivity of bacterial Mn-SOD and Fe-SOD
enzymes. A, model of a Gram-negative E. coli cell showing Mn-SOD dimers in
blue and Fe-SOD dimers in red. Under normal aerobic conditions, Mn-SOD
molecules accumulate as mixed pools of all iron-, all manganese-, or iron- and
manganese-containing dimers. Fe-SOD molecules are shown to accumulate
only in the iron-bound state. Manganese (green) is far less abundant in E. coli
than iron (pink). Depending on speciation, iron may exist in two states, only
one of which is bioavailable (pink circles) to the SOD. B, shown is the Sec-
driven export of the unfolded Mn-SOD polypeptide into the periplasmic
space, where the enzyme may acquire its manganese without interference
from iron. C, shown is the TAT-driven export of iron-bound and mature Fe-
SOD into the periplasmic space. In this model, the Fe-SOD acquires its metal in
the cytosol.

A second way mitochondria may facilitate manganese inser-
tion is to funnel iron away from Sod2 into defined iron home-
ostasis pathways. Mitochondrial iron is used in the building of
Fe-S cofactors, and evidence suggests that iron sequestered in
the Fe-S pathway is blocked from reacting with Sod2 (as in Fig.
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FIGURE 2. Impact of the mitochondrial Fe-S pathway on manganese activation of Sod2. A, for eukaryotic Sod2, manganese is inserted into newly
synthesized Sod2 polypeptides that are freshly imported into mitochondria. The Sod2 polypeptide is cotranslationally imported into mitochondria, and
insertion of the manganese is coupled to Sod2 translocation across the mitochondrial inner membrane. Shown in red is a putative manganese transporter that
may lie in close proximity to the site of Sod2 entry into mitochondria. Under normal conditions, much of the bioavailable iron is shielded from reacting with
Sod2 by sequestration in the Fe-S pathway. Here, iron is used to assemble Fe-S scaffolds onto Isu, which are then transferred to Fe-S proteins. B, when the Fe-S
pathway is blocked (indicated by red X on Isu), the iron for Fe-S clusters is diverted to Sod2. Iron binding to Sod2 precludes manganese binding, and the enzyme

is inactive.

2A). This idea emerged from studies of S. cerevisiae mutants
that exhibited a switch in Sod2 metal cofactor from manganese
to iron (29, 34). All of these yeast mutants were affected in Fe-S
biogenesis.

The biogenesis of Fe-S cofactors begins with the assembly of
Fe-S scaffolds onto yeast mitochondrial Isul and Isu2 proteins
(referred collectively herein as Isu). These scaffolds are then
transferred to Fe-S proteins through the aid of a molecular
chaperone (yeast Ssql) and a glutaredoxin (yeast Grx5) (35, 36).
We observed that blockage of Fe-S assembly by ssqI or grx5
mutations drives iron into Sod2, and the same is true when

ACEVEN
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yeast cells lack Mtm1, a mitochondrial transporter that plays an
unknown role in Fe-S maturation (29, 34, 37). Such derailing of
iron from the Fe-S pathway to Sod2 can be prevented by
expressing a dominant-negative Isu protein that binds Fe-S
clusters but cannot release them (34). Hence, iron derived from
either Isu or sources upstream of Isu becomes available to Sod2
when the Fe-S pathway is blocked (Fig. 2B). As long as the Fe-S
pathway remains intact, Sod2 is safeguarded from iron
inactivation.

Although the mitochondrial environment is clearly impor-
tant for cofactor selection in Sod2, features inherent to the Sod2
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polypeptide may also contribute. Our preliminary studies indi-
cate that Mn-SOD molecules that have evolved in an iron-rich
environment (e.g. eukaryotic mitochondria) are less likely to
bind cellular iron than Mn-SODs that have evolved in an iron-
poor environment (e.g. Borrelia burgdorferi, an organism that is
reportedly devoid of iron) (38). The Sod2 polypeptide of mito-
chondria has devised ways to coexist with abundant iron.

Non-SOD Manganese-based Antioxidants

The role of manganese as a cofactor for SOD is not the only
means by which this metal can guard against damage from O}
and other reactive oxygen species. In a large variety of organ-
isms, non-proteinaceous complexes of manganese have been
shown to protect against oxidative stress and provide a backup
for SOD enzymes. In this minireview, we collectively refer to
such complexes as “manganese-antioxidants.”

The existence of manganese-antioxidants was first reported
by Archibald and Fridovich (39) in 1981 when it was discovered
that strains of Lactobaccilus plantarum that lacked SOD
enzymes were nevertheless resistant to O; due to accumulation
of vast quantities of manganese. L. plantarum accumulates up
to 20 mMm manganese compared with the low um levels of man-
ganese typical of other organisms (7-9, 39). This high level of
manganese was essential for the aerobic survival of L. planta-
rum and correlated with the presence of a superoxide-scaveng-
ing activity in cell lysates that was non-proteinaceous but man-
ganese-dependent in nature (39). The existence of such
manganese-antioxidants seemed logical for an organism like
L. plantarum that naturally evolved without SOD, yet manga-
nese-antioxidants are characteristic of various SOD-expressing
organisms as well.

In strains of E. coli, Neisseria, Bacillus, and the yeast S. cerevi-
siae genetically engineered to lack SOD enzymes, oxidative
damage can be reversed by supplementing the growth medium
with high manganese (40-44). Furthermore, in our early
genetic screens for yeast suppressors of SOD deficiency, virtu-
ally all of the genes and mutants isolated were seen to affect
manganese uptake and accumulation (45-49). Either by sup-
plementing the growth medium with manganese or by genetic
augmentation of manganese uptake, high non-physiological
levels of manganese can substitute for SOD enzymes. However,
physiological (=um) levels of manganese are also important
because yeast or Bacillus strains that lack SOD cannot grow in
air when starved of manganese (42, 50).

In addition to serving as a substitute for SOD, manganese-
antioxidants can boost oxidative stress resistance in organisms
with active SOD enzymes. Moreover, the efficacy of manganese
in this regard is reliant on a high manganese/iron ratio in the
cell. In the elegant work of Daly et al. (51), the extreme radiation
resistance of Deinococcus radiodurans was found to result from
non-SOD manganese-based antioxidants and a high intracellu-
lar manganese/iron ratio. Similar results correlating radiation
resistance with manganese-antioxidants have been reported for
extreme halophilic and desiccation-resistant microbes (52, 53).
With ionizing radiation, the radiolysis of water can result in the
production of OH’, O, and H,O,. Iron can augment this oxi-
dative damage through Fenton chemistry conversion produc-
tion of OH’, whereas manganese can promote O, scavenging
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without OH' production (54, 55). Hence, manganese-antioxi-
dant activity is best served in a cellular environment that has
low iron. Interestingly, Daly et al. (54, 56) have shown that man-
ganese protects proteins rather than DNA from the deleterious
effects of radiation.

Although manganese-antioxidants have been widely charac-
terized in bacteria and yeast, their contribution to oxidative
stress resistance in multicellular organisms is less well under-
stood. Nevertheless, a high accumulation of manganese in the
nematode Caenorhabditis elegans either through genetic dis-
ruption of manganese-trafficking pathways (57) or through
supplementation with manganese salts (58) can rescue oxida-
tive stress and enhance life span. It is therefore likely that non-
SOD complexes of manganese can promote oxidative stress
resistance in higher organisms as well.

Complex Mixtures of Manganese Can Serve as Non-SOD
Antioxidants

What is the chemical makeup of the manganese-antioxidant?
Seminal studies by Archibald and Fridovich (39, 59) identified
the manganese-antioxidant as a superoxide-scavenging activity
in extracts of L. plantarum that was dialyzable and heat- and
protease-resistant but susceptible to metal chelation by EDTA.
Similar findings have since been reported for cell-free lysates of
E. coli (41), D. radiodurans (60), Bacillus subtilis (42), and the
bakers’ yeast S. cerevisiae (43, 61). The hexaquo Mn>" cation is
a weak scavenger of superoxide, but when liganded to small
molecules such as orthophosphate or carboxylates (e.g. lactate,
succinate, and malate), manganese can efficiently scavenge O,
(62, 63). With L. plantarum, lactate complexes with manganese
were proposed to represent the major antioxidant based on the
abundance of lactate in this microbe (62). In other organisms,
manganese-phosphate may remove superoxide (63), and
indeed, oxidative stress resistance in S. cerevisiae strongly cor-
relates with cellular [Mn-P,] as determined by electron nuclear
double resonance spectroscopy (64). The rate of superoxide
disproportion by manganese-phosphate is 2 orders of magni-
tude slower compared with Mn-SOD (63), but with the abun-
dance of manganese and phosphate in the cell, this appears
sufficient to guard against oxidative damage.

However, the story appears more complex than simple
superoxide scavenging by Mn-P; or manganese-lactate. Mix-
tures of manganese, phosphate, peptides, and nucleoside bases
isolated from radioresistant organisms such as D. radiodurans
have been shown to protect proteins against radiation/oxida-
tive damage (52, 60). In spores of B. subtilis that accumulate
high levels of dipicolinic acid, Mn>" -dipicolinic acid complexes
were shown to protect against protein oxidative damage (65),
and in desiccation-resistant strains of cyanobacteria that accu-
mulate high trehalose, manganese complexes with trehalose are
proposed to guard against DNA oxidative damage (52, 66).
Most likely, numerous biological complexes with manganese
can act chemically in cells to promote the superoxide-scaveng-
ing activity of this metal, including certain as of yet unidentified
complexes of manganese. In this regard, various manganese-
based porphyrin compounds have been chemically synthesized
and used as antioxidants (67), and it is possible that similar
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compounds are produced in certain organisms as part of an
oxidative stress defense.

Direct removal of superoxide is not the only means by which
non-SOD-based manganese-antioxidants can provide protec-
tion against oxidative damage. At physiological pH and in
bicarbonate, manganese can also disproportionate H,O, (68),
and this reactivity has been proposed to contribute to the high
radiation resistance of D. radiodurans (56). Most recently,
Imlay and colleagues (69, 70) have put forth a novel mechanism
for manganese-based oxidative stress resistance. Specifically,
manganese is proposed to replace iron in the active site of
mononuclear iron-containing enzymes. Because of the avid
reactivity of iron with peroxide, the active sites of key Fe-S and
mononuclear iron-containing enzymes are prime targets for
damage by reactive oxygen. During oxidative stress, E. coli cells
shift from an iron- to a manganese-centered metabolism, and
mononuclear iron enzymes such as ribulose-5-phosphate
3-epimerase switch to using manganese as a cofactor (69, 70).

Cellular Control of Manganese-Antioxidants in a
Eukaryotic Model

How physiological is the formation of manganese-antioxi-
dants? Are the reactive manganese complexes with phosphate,
lactate, etc., simply formed as part of a passive process, or are
manganese-antioxidants tightly regulated according to cellular
need? It was previously proposed that formation of manganese-
antioxidants may be constitutive, requiring little energy input
from the cell, and that only the enzymes that remove reactive
oxygen (e.g. SOD, peroxidases, and catalases) are regulated dur-
ing oxidative stress (71). In our recent studies with S. cerevisiae,
we provided evidence to the contrary: like their enzymatic
counterparts, the formation of non-proteinaceous manganese-
antioxidants is tightly regulated according to cellular need (61).
In particular, we found that conserved nutrient-sensing and
nutrient-signaling pathways control the efficacy of intracellular
manganese as a non-SOD antioxidant (61).

The response to stress and nutrients in yeast involves the
transcription factors Msn2, Msn4, and Gisl, which regulate
stress proteins and factors for metabolism and cell cycle control
(72-75). These transcription factors themselves are regulated
by a series of upstream kinases that sense and respond to envi-
ronmental signals such as changes in phosphate (the Pho80/
Pho85 kinase) and nitrogen (the Sch9 kinase). The signals from
these environment-sensing kinases are relayed to the Rim15
kinase, which in turn regulates Msn2, Msn4, and Gis1 (Fig. 3)
(72-75). We observed that this intricate signaling system for
responding to stress and nutrients also regulates manganese-
antioxidant activity in S. cerevisiae. Specifically, the manga-
nese-antioxidant was promoted under conditions in which
Msn2 and Msn4 were activated and was repressed through acti-
vation of Gis1 (61). Msn2, Msn4, and Gis1 modulate the activity
of manganese-antioxidants without changing the levels of
intracellular manganese and are proposed to control the assem-
bly of manganese complexes that remove superoxide (61).
Hence, formation of manganese-antioxidants is not necessarily
a passive constitutive process but is part of the cell’s tightly
regulated battery for responding and adapting to stress.
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FIGURE 3. Nutrient- and stress-signaling pathways regulate the manga-
nese-antioxidant in yeast cells. The activity of the S. cerevisiae Rim15 kinase
is controlled by a host of environmental signals, including stress, glucose,
phosphate, and nitrogen. These environmental signals are sensed and
relayed to the Rim15 kinase through upstream response kinases, including
Pho80 for phosphate and Sch9 for nitrogen. Rim15 in turn activates the Gis1
and Msn2/Msn4 transcription factors, which work in opposite fashion to con-
trol the activity of non-proteinaceous manganese-antioxidants, including
manganese-phosphate and manganese complexes with carboxylates, as
illustrated. These compounds can promote oxidative stress resistance by
removing O3 in a SOD-like reaction.

Manganese-Antioxidants in Pathogenesis?

Manganese uptake is essential for the virulence of many bac-
terial pathogens (76 —80). The activation of Mn-SOD enzymes
and the formation of non-proteinaceous manganese-antioxi-
dants may become critical as pathogens face the oxidative burst
of the host immune response. An emerging theme in host
immunity is the concept of “nutritional immunity,” where
pathogens are starved of essential iron, zinc, and manganese
ions (81). Manganese starvation can be accomplished through
macrophage Nramp transporters (82— 84) or by chelating man-
ganese through calprotectin. As recently uncovered by Skaar
and colleagues, neutrophils secrete calprotectin at sites of
infection to starve pathogens of manganese and zinc; calprotec-
tin was effective in killing Staphylococcus aureus mutants lack-
ing SOD enzymes and was proposed to deplete the pathogen of
manganese-antioxidants (81, 85, 86). Manganese-antioxidants
may therefore provide an important measure of oxidative stress
resistance for pathogens.

Concluding Statements

The redox-active metals copper, iron, and manganese all
serve as catalytic cofactors for SOD. Cu,Zn-SOD does have a
rather well defined “peroxidase-like” activity (87), and the same
could be true for Fe-SOD. Unlike these two enzymes, the same
peroxidase-like activity has not been reported for Mn-SOD.
Manganese appears to be the ideal metal for oxidative stress
protection. Whether manganese is acting as a cofactor for SOD
or as a non-proteinaceous manganese-antioxidant, the metal is
at battle with iron. On a per mole basis, cellular iron is often in
vast excess over cellular manganese and can readily compete
with manganese for binding to Mn-SOD enzymes. Neverthe-
less, evolutionary adaptations have favored manganese inser-
tion into Mn-SOD, e.g. through enhancements in manganese
ion bioavailability via chemical speciation of the metal or by
subcellular compartmentalization of manganese in the case of
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secreted Mn-SODs. In eukaryotic mitochondria, in which iron
binding to Sod2 is virtually nonexistent, the sequestration of
iron in the Fe-S pathway may additionally promote manganese
selectivity for Mn-SOD. Small non-proteinaceous complexes of
manganese can also act as antioxidants, and manganese-anti-
oxidant activity is best served in a cellular environment with
low iron. Without having to counteract the pro-oxidant effects
of iron, manganese-antioxidants can effectively shield proteins
from radiation and oxidative damage. Manganese can also
enhance oxidative stress resistance by substituting as a cofactor
for iron in certain enzymes susceptible to oxidative attack. The
broad role of manganese as an antioxidant may be particularly
relevant in the microbial response to environmental stress and
in pathogenesis. It is likely that multicellular organisms have
evolved with analogous and even more complex ways to exploit
this metal to promote life in oxygen.
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