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Why is manganese so valuable to
bacterial pathogens?

Jan Capek* and Branislav Vecerek*

Laboratory of post-transcriptional control of gene expression, Institute of Microbiology of the Czech
Academy of Sciences, Prague, Czechia

Apart from oxygenic photosynthesis, the extent of manganese utilization in
bacteria varies from species to species and also appears to depend on external
conditions. This observation is in striking contrast to iron, which is similar to
manganese but essential for the vast majority of bacteria. To adequately explain the
role of manganese in pathogens, we first present in this review that the
accumulation of molecular oxygen in the Earth’'s atmosphere was a key event
that linked manganese utilization to iron utilization and put pressure on the use of
manganese in general. We devote a large part of our contribution to explanation of
how molecular oxygen interferes with iron so that it enhances oxidative stress in
cells, and how bacteria have learned to control the concentration of free iron in the
cytosol. The functioning of iron in the presence of molecular oxygen serves as a
springboard for a fundamental understanding of why manganese is so valued by
bacterial pathogens. The bulk of this review addresses how manganese can
replace iron in enzymes. Redox-active enzymes must cope with the higher
redox potential of manganese compared to iron. Therefore, specific
manganese-dependent isoenzymes have evolved that either lower the redox
potential of the bound metal or use a stronger oxidant. In contrast, redox-
inactive enzymes can exchange the metal directly within the individual active
site, so no isoenzymes are required. It appears that in the physiological context,
only redox-inactive mononuclear or dinuclear enzymes are capable of replacing
iron with manganese within the same active site. In both cases, cytosolic
conditions play an important role in the selection of the metal used. In
conclusion, we summarize both well-characterized and less-studied
mechanisms of the tug-of-war for manganese between host and pathogen.
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1 Introduction

In recent decades, ample evidence has accumulated that manganese (Mn) is justifiably
the subject of a tug-of-war between the human host and pathogens. If the pathogen’s access
to manganese is not restricted during infection by the human host, the pathogen gains the
upper hand in the struggle for survival. Surprisingly, only a few enzymes are known to
be strictly manganese-dependent; others, possibly more numerous, use manganese
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only conditionally. Why are manganese-dependent enzymes
relatively rare, and what causes some enzymes to use manganese
only conditionally?

The answers to these questions can be better understood by
considering the major change in ocean composition caused by
Earth’s oxygenation. The presence of molecular oxygen (O,) is a
consequence of the invention of oxygenic photosynthesis by
cyanobacteria more than 2.5 billion years ago (Sanchez-Baracaldo
and Cardona, 2020). Before that, the Earth was essentially devoid of
0,. Under anoxic conditions, the concentration of the soluble
(bioavailable) form of iron (Fe?") is estimated to have been 10 M,
in contrast to bioavailable manganese (Mn*"), with an estimated
concentration of less than 10® M. In modern oxygen-rich oceans, the
concentration of Fe** is 10 M and that of Mn®" is slightly more than
107'% M (Anbar, 2008). In summary, when prokaryotic life emerged
the concentration difference between Fe** and Mn®>* was more than
1,000 times, whereas today it is less than 10 times. This observation
reflects the crucial difference between Fe?* and Mn>*, namely their
readiness to be oxidized. Qualitatively, the symmetric 3d> electronic
configuration of Mn®*, in contrast to the asymmetric 3d°
configuration of Fe®*, reveals why Mn" is not as easily oxidized as
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Fe* (Figure 1). In quantitative terms, the redox potential (E) is used
in a redox reaction to indicate whether a particular chemical
substance tends to lose an electron, i.e., to be oxidized (lower E) or
gain an electron, i.e., to be reduced (higher E). Pourbaix diagrams are
used to show the dependence of redox potential on concentration and
pH (Figure 2). Figure 2 shows that Mn*" is much more resistant to
oxidation compared to Fe®", implying that Mn** was probably not
redox active in anoxic oceans, while redox cycling between Fe** and
Fe’* was available for the first life forms. Surprisingly, apart from
processes involving electron transfers and slight differences in
polarizability (Jensen, 1978), Fe** and Mn*" are apparently
perceived by biological systems to be very similar and difficult to
distinguish, as competitive interactions for the same binding sites are
frequently reported (Hantke, 1987; Beyer and Fridovich, 1991; Boyer
et al., 2002; Fitsanakis et al., 2010; Cotruvo and Stubbe, 2012; Dudev
and Lim, 2014). Nevertheless, according to the Irving-Williams series
(Irving and Williams, 1948), Mn>" is less competitive than Fe?", and if
such competition occurred in primordial anoxic oceans, one could
speculate that Mn** had a low chance of being taken up by microbes
instead of Fe?". Therefore, Mn>" could not be utilized in redox

reactions prior to O, accumulation, and since it is otherwise similar
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FIGURE 1

(A) Electron configurations of iron and manganese atoms and their +2, +3, and +4 oxidation states. The configurations of the +2 and +3 oxidation states for
iron and manganese correspond to the starting ions in the ionization scheme shown in panel (B). (B) Second (M** to M?*; in blue), third (M?* to M**: in red)
and fourth (M** to M**; in green) ionization energies of the first-row transition metals. The ionization energy is the work required to remove an electron
from an atom or ion, and it increases toward higher atomic numbers within a single valence shell. This rule is violated by half-filled (3d°4s®) and fully filled
d-orbitals (3d*°4s°), which have a higher ionization energy than the following atom or ion with a higher atomic number. This is because symmetric half-filled
or fully filled orbitals are stabilized by released exchange and pairing energies, which ultimately impedes their further oxidation. Mn?* is stabilized and
therefore difficult to oxidize because it has symmetric 3d°4s° configuration, while Fe?* has asymmetric 3d%4s° configuration and is therefore easier to
oxidize. On the other hand, the half-filled 3d°4s° configuration of Fe** renders this ion more resistant to further oxidation compared to the asymmetric

3d%4s° configuration of Mn®**. Adapted from Lang and Smith (2003).
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FIGURE 2

Pourbaix diagrams for iron (A) and manganese (B). In both diagrams, precipitates (s) are probably suppressed by complexation in living cells. The green
dashed lines indicate the stability of the water. The solid lines (black, orange, and pink) represent redox and acid-base reactions, and on these lines the
two species are in equilibrium. The areas delineated from the equilibria indicate which oxidation state is predominant. Two concentrations are shown for
each metal: 10uM (black lines) and 1nM (orange lines for iron and pink lines for manganese). 10uM concentration roughly corresponds to intracellular
free pools in aerobically grown cells and 1nM roughly corresponds to oxygen-rich environmental conditions (Anbar, 2008; Beauchene et al., 2017).
Actual redox potentials (E) for iron and manganese at corresponding concentrations and at pH 7 were subtracted from the graphs and are shown next to
the y-axis. Note that the standard redox potentials (E*') are measured at standard conditions (1M concentrations of reactants and pH 7) and are related to
the actual redox potentials (E) via the Nernst equation (Eq. 1). For simplicity, we use the term redox potential to refer to the actual redox potential (E)
unless explicitly stated otherwise.

RT  [reduced substrate]

zF * [oxidised substrate]

R = 8314 J- K mol™, F = 96 485.332 C-mol?, T is the temperature in kelvins, z is the number of electrons transferred, and in parentheses are the
concentrations (more precisely, the activities) of the oxidized and reduced forms of the substrate. Pourbaix diagrams were constructed using the
software MEDUSA and the associated database HYDRA (https://www.kth.se/che/medusa/downloads accessed on 1. June 2022).

Eq. L: E=£E"-
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to Fe** but occurs in much lower concentrations, the likelihood of
manganese being used in the biosphere was probably rather low.
One of the first biological reactions based entirely on manganese
was likely water splitting in the photosystem II, in which manganese
cluster is oxidized by trapped photons (Barber, 2017). The oxidized
manganese cluster in turn oxidizes water to release O,, which in turn
dramatically expanded the range of redox chemistry and made the
redox cycling between Mn>* and Mn>* accessible to non-
photosynthetic organisms as well (Lingappa et al., 2019). The low
redox potential of iron, appreciated by microbes in anoxic oceans,
became a burden in aerated areas as Fe’" oxidizes to Fe’*, which
precipitates, leading to a decrease in bioavailable iron. In addition,
random oxidation of Fe** contributes significantly to oxidative stress
(see Section 2). In contrast, Mn>" is more stable under oxygen-rich
conditions compared to Fe?", so its concentrations did not decrease as
dramatically. This opened the possibility for Mn>" to effectively
compete with Fe** in some redox-inactive enzymes (discussed in
detail in Section 4.2). Such substitution is beneficial as it confers
resistance to oxidative stress to the enzymes. In addition, the newly
accessible redox cycling of manganese has been exploited by some
enzymes, which have thus formed alternates to their iron-dependent
counterparts (see Section 4.1). Prokaryotes had to learn to cope with
0, and its reactivity toward Fe*', and during this process the
increased use of manganese instead of iron could lead to better
robustness in aerated habitats. However, it appears that the
oxygenation of Earth occurred too late in the evolutionary history
of metabolism that was already tailored to iron, and one might
speculate that this could be the reason why purely manganese-
dependent enzymes lacking an iron-dependent alternate are very
rare. In aerobes or facultative anaerobes that use iron as a cofactor,
nature has succeeded in maintaining their metabolism largely

10.3389/fcimb.2023.943390

undisturbed as long as they are not exposed to oxidative stress.
This is the case with bacterial pathogens, which have to cope with
an oxidative burst triggered by the host’s innate immune system.

2 Iron, a Trojan horse of
oxidative stress

The electronic configuration of O, shows that in its ground state
(triplet state denoted 30,), it is a di-radical, which means that two
individual electrons are in separate orbitals with the same spins
(Figure 3). Most stable molecules have paired electrons with
oppositely oriented spins in their orbitals. This precludes O, from
directly accepting two electrons, since one of the electrons would have
to change its spin orientation to fit the electronic configuration of >0,
(Fridovich, 2013). This barrier is called a spin restriction and its great
importance is best illustrated by a comparison with singlet O,
(designated 102), in which, in its more stable form, both electrons
are paired in one degenerated m* orbital (Figure 3). Since 'O, is not
limited by spin restriction it is very reactive and, for example, rapidly
forms addition products (hydroperoxides) with double bonds in
unsaturated lipids (Girotti, 1990; Edge and Truscott, 2018). From
now on, O, refers to its triplet state. Unless catalyzed by special
enzymes such as terminal oxidase (Babcock and Wikstrom, 1992), O,
can undergo only a single-electron reduction. However, the first
single-electron reduction of O, is an unfavorable step, as shown by
the negative standard redox potential of O, (Figure 3). Overall, O, is
generally a benign molecule when in contact with organic material
due to spin limitation and resistance to accept the first electron.
However, the greater the amount of free Fe?" in the cytosol, the easier
the oxidation of Fe** by O, (Figure 2). Consistent with this, it has

Gyt _— e —_— J— —_
. tr Nt o
2p°
pdt 1 N1 N
oy NN N Hn
2p°
Bl s, N N N N NN
o
i i tn
2s: ﬁ H ﬁ
. t 1 N
2s”
3 e o~ € +2H" e +H" ., &+H
0_ 02 02 +0.91V H202 +0.39V HO +2.31V H20
atomic
O—OH
1 + spont. 1 Eg R R
—_—
£,0,7A.0, ~
R R
JRR N 2 N Lipid hydroperoxide
2p°
FIGURE 3
Various oxygen-containing species formed either by energy transfer or by reduction of a single electron from O, 1Zg‘Oz is short-lived and rapidly
converts to 1AgOz, the biologically relevant form. Standard redox potentials at pH 7 (E*) are shown below the arrows, as summarized by Koppenol et al.
(2010). Fe?* is a plausible candidate as a single-electron donor at all indicated reductions. The electron configurations of the valence shells are shown
above the corresponding species; in the case of singlet oxygen, only anti-bonding rn* orbitals are shown. Unpaired electrons are shown in red.
Hybridization of orbitals was not considered for this plot. For example, in the case of a water molecule, non-bonding electron pairs in 2s and 2p orbitals
would form energetically equal lone electron pairs.
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been observed in the facultative anaerobe Escherichia coli that upon
shift from an anaerobic to an aerobic environment, the concentration
of free cytosolic Fe*" decreases, presumably to control its unwanted
oxidation by O, (Beauchene et al., 2017), or that increased oxidative
damage is induced when iron is hyper-accumulated due to a genetic
disorder of iron homeostasis (Touati et al., 1995).

The superoxide anion radical (O5") is the product of the single-
electron reduction of O,. The standard redox potential of O3 is much
higher compared to O, (Figure 3), but its reactivity is quite limited.
O3 can also accept only one electron, but it is negatively charged and
therefore repelled by electron-dense targets; moreover, it requires
protonation because the formation of a peroxide anion (03) is
unlikely, but protonation is hindered by the acidity of O3 (pKa =
4.8). Although O3 should be a strong oxidant from a simplified
thermodynamic point of view, it is not an effective oxidant due to
aforementioned limitations and therefore can only participate in a
limited number of reactions in vivo (Koppenol and Butler, 1977;
Koppenol et al., 2010; Winterbourn, 2020). Nevertheless, positively
charged Fe** can bind O3, thereby stabilizing it by acting as a Lewis
acid, whereupon the low redox potential of iron causes reduction of
03 ". Thus, intracellular Fe**, both free and bound in enzymes, is a
susceptible target for oxidation by O3 (Benov, 2001; Gu and Imlay,
2013). Remarkably, the damaging effect of O3 during the oxidative
burst is enhanced by the presence of nitric oxide (NO’), which reacts
rapidly with O3 to form highly reactive peroxynitrite (ONOO")
(Beckman and Koppenol, 1996).

When O3 is reduced and protonated, hydrogen peroxide (H,0O,)
is formed. H,O, can be safely disposed of by reduction with two
electrons, and when protonated at the same time, yields two water
molecules, but when it reacts with Fe*, only one electron is
transferred to H,O,. By accepting one electron, H,O, decomposes
into two different molecules, the hydroxide anion (HO™) and the
hydroxyl radical (HO"). HO" is highly reactive without any limitation,
the resulting cell damage is pleiotropic and ranges from lipid
peroxidation to DNA aberrations (Halliwell and Gutteridge, 1992).

Although they behave differently in cells, O, H,O, and HO"
have been grouped under the term reactive oxygen species (ROS). On
the other hand, all three species can be generated from O, by reaction
with Fe?*. Fe** fulfils the criteria for the reduction of O, and O3~ and
the strong oxidative effect of H,O, in combination with Fe** was
already described in the 1890s by Henry Fenton (Koppenol, 1993).
The exact mechanism yielding HO" as the product was formulated
later by Haber and Weiss, but today this reaction is known as the
Fenton reaction (Haber et al., 1934). At this point, it should be noted
that the free Fe>* pool is carefully controlled depending on the degree
of oxidative stress (see Section 3) and under aerobic conditions
represents only about 1% of the total iron content, as measured in
E. coli (Keyer and Imlay, 1996). However, the majority of cellular iron
is bound either oxidized in storage proteins or reduced in enzymes,
and it has been reported that this latter (reduced) bound iron pool
contributes significantly to the severity of oxidative stress
(Imlay, 2013).

The underlying principle of oxidative stress lies in the unfortunate
circumstance that Fe** is a cornerstone of enzymatic activity, while at
the same time it is one of the few substances that can react with O,
and O3 and serve as a single-electron reductant of H,0, Other
examples of single electron donors that can enhance oxidative stress
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include flavin prosthetic groups or quinones, which are used in low
potential electron transfers but are not covered in this review
(Imlay, 2013).

3 Exposure to oxidative stress impairs
iron homeostasis

Pathogens evolved specific mechanisms to cope with both
intrinsically and extrinsically induced oxidative burst in the host (Rada
and Leto, 2008). Thus, the control of iron homeostasis is critical for
pathogens. Iron is required to keep vital metabolic pathways going, but
also serves as an accelerator of the formation of ROS. Therefore,
mechanisms that reduce free cytosolic Fe*" are as important as iron
acquisition pathways. From the perspective of iron sequestration,
prokaryotic ferritin (Ftn), bacterioferritin (Bfr), and DNA-binding
protein from starved cells (Dps) are proteins that belong to the same
ferritin superfamily and play an important role in storing excess iron
(Honarmand Ebrahimi et al., 2015). Bfr and Ftn are induced when excess
iron needs to be stored. However, Dps is usually subject to tighter
regulation and is expressed, for example, during stationary phase or
oxidative stress. This suggests that Dps represents one of the crucial
adaptations to cope with the paradoxical behavior of iron under oxidative
stress conditions (Altuvia et al., 1994; Bradley et al., 2020). Bfr and Ftn
physiologically use O, to oxidize Fe** in order to sequester it
(Honarmand Ebrahimi et al,, 2015). However, Dps is characterized by
exceptional ferroxidase activity, which favors H,O, as an oxidant of Fe*"
to form insoluble Fe3+—containing mineral, which in turn is safely
deposited in the cavity of Dps dodecamer (Zhao et al., 2002).
Moreover, in many species Dps also binds DNA and therefore,
through its catalytic activity, removes Fe** and H,O, from the site of
the cell where the Fenton reaction could cause the most severe damage
(Orban et al,, 2022). The ferroxidase center in Dps consists of di-iron
cluster and it is the close proximity of two ferrous ions that allows the
reduction of H,O, with two electrons yielding two water molecules and
thereby suppresses the production of HO" that would otherwise occur in
the presence of a single Fe?* jon (Zhao et al,, 2002). Moreover, if HO" is
accidentally produced, the damage is directly taken by Dps. Indeed, it has
been shown that the conserved tryptophan and tyrosine residues
positioned near the ferroxidase center in Dps are converted to the
radical forms after Fe*" oxidation, thus trapping the dangerous radical
before it can diffuse into the cytosol (Bellapadrona et al., 2010). A Dps
ortholog, MrgA, has been identified in Gram-positive bacteria (Chen and
Helmann, 1995). Overall, the activity of Dps suggests that bacteria need
to reduce free cytosolic iron even further below the level achieved by
standard means of iron storage performed by Bfr and/or Ftn (Mancini
and Imlay, 2015; Sen et al., 2020).

Although the ability to sequester iron is important for bacterial
pathogens, this activity should not interfere with the metallation of
iron-dependent enzymes necessary for survival and proliferation.
When concentrations of ROS are elevated during infection,
pathogens most likely must compromise to maintain the pool of
free cytosolic iron at a level that allows metallation of important iron-
dependent enzymes and, on the other hand, potentiates oxidative
stress to a tolerable extent. Under such conditions, however, it is
difficult to maintain a stable pool of free cytosolic iron because it is
constantly disturbed by oxidizing Fe>" that is present as a cofactor in
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mononuclear iron enzymes and [4Fe-4S] clusters (Imlay, 2013). Upon
oxidation, [4Fe-4S] clusters release either Fe** or Fe>* (depending on
the oxidant), and mononuclear iron enzymes release Fe**, which,
however, is converted back to Fe" by cellular reductants. This
released iron further promotes oxidative damage (Keyer and Imlay,
1996; Imlay, 2013). Whether the corresponding enzymes suffer
permanently from loss of activity depends on whether H,O, or O3
attacks the enzyme and in what quantity, and in addition, the
composition of the active site plays an important role. A sulphur-
containing ligand in the active site can quench one cycle of the Fenton
reaction, but if continuously exposed to ROS, the active site will be
irreparably oxidized (Anjem and Imlay, 2012). Simultaneously with
the release of Fe>', a small fraction of mononuclear iron enzymes
without sulphur-containing ligands in the active site is irreversibly
inactivated by treatment with H,O, due to the Fenton reaction
(Sobota and Imlay, 2011), whereas inactivation by O3~ was found to
be reversible (Gu and Imlay, 2013). In addition, de-metallated
mononuclear iron enzymes run the risk of being re-metallated by a
non-cognate metal that confers much lower activity (e.g., zinc, see
Section 4.2) (Gu and Imlay, 2013). Thus, excessive sequestration of
free iron would impact on metabolic pathways, just as in the case
when enzymes are oxidatively deprived of Fe** (and later further
damaged). There is no simple solution to this paradox. Pathogens and
other bacteria have evolved some strategies to suppress the deleterious
behavior of iron under excessive oxidative stress conditions. One of
these is that they rely, at least in part, on the replacement of iron by
manganese in two different groups of enzymes discussed in Section 4.

The need for manganese as an iron substitute during oxidative
stress is most evident in bacteria that do not normally rely on
manganese and are sometimes referred to as iron-centric. E. coli,
Salmonella enterica, and Shigella flexneri, like most Gram-negative
bacteria, belong to the group of iron-centric bacteria. The discovery of
how their key proton-dependent manganese importer (MntH) is
regulated has underpinned the role of manganese as an agent
against iron starvation and/or oxidative stress (Kehres et al.,, 2000;
Anjem et al., 2009). MntH is under the control of at least three
transcriptional regulators: Ferric uptake regulator (Fur), OxyR, and
MntR. Fur is a canonical repressor that senses free cytosolic iron
content and, when sufficient, represses subordinate genes, including
mntH. OxyR, typical of Gram-negative bacteria, is a global regulator
that controls appropriate response to oxidative stress and induces
expression of dps in addition to mntH and other subordinate genes.
Dps lowers the level of free cytosolic iron, ultimately leading to the
inactivity of Fur, and thus acts together with OxyR to induce mntH.
As a result, the likelihood of iron being replaced by manganese
increases. Once a sufficient amount of manganese has been
imported, MntR binds manganese, blocking further transcription of
mntH. Alternatively, expression of mntH is attenuated when oxidative
stress conditions are past (loss of OxyR induction), allowing an
increase in free cytosolic iron, leading to mntH repression by Fur:
Fe* (Kehres et al., 2000; Kehres et al., 2002; Runyen-Janecky et al.,
2006; Anjem et al., 2009; Seo et al,, 2015). Other bacteria may have a
higher requirement for manganese to meet their specific needs, e.g.,
sporulation, iron-free lifestyle, or non-enzymatic protection against
05, some of these specific examples are briefly mentioned in Section
4.1.1 (Bosma et al., 2021). In species with a higher requirement for
manganese, usually Gram-positive bacteria, the import of this metal is

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.943390

usually not intertwined with iron homeostasis, but occurs in a simpler
manner and is regulated solely by the concentration of manganese in
the cytosol (Huang et al., 2017; Bosma et al., 2021). Nevertheless, the
strategy of iron sequestration by Dps seems to be ubiquitous (Orban
et al., 2022), supporting the idea that during oxidative stress the free
cytosolic iron concentration decreases, allowing other metals, e.g.
manganese, to take its place in active sites. Of note, the exception are
lactobacilli that accumulate manganese to extreme amounts (up to
35mM) and although encoding Dps, the Dps does not sequester iron
while its DNA binding is preserved (Archibald and Duong, 1984;
Orban et al., 2022).

4 How can manganese replace iron
in enzymes?

Divalent metal ions generally have two biological functions: They
mediate electron transfers due to changes in their oxidation state
(redox-active) and/or serve as Lewis acids (redox-inactive). When a
metal acts only as a Lewis acid, its oxidation state does not change, but
its vacant orbitals are used to accept one or more lone pairs of
electrons, which can temporarily help stabilize a negatively charged
intermediate in a reaction or activate a reactant (e.g., a carbonyl group
or a water molecule). As cofactors in enzymes, iron and manganese
can play both roles. The respective mode of action, redox-active or
redox-inactive (Lewis acid), defines two different ways in which
manganese can replace iron and vice versa (Figure 4).

Mn?>" is more difficult to oxidize compared to Fe** (Figures 1, 2).
Consequently, Mn>" is more reliable when it comes to increased
oxidative stress, but it also means that for most redox-active enzymes,
a simple substitution of iron by manganese will not work. However, it
is known that, for example, ligands that chelate the metal have an
important effect on its intrinsic redox potential (Hosseinzadeh and
Lu, 2016), (Sections 4.1.1.1 and 5.2). Thus, by modulating the
microenvironment of the enzyme’s active site, the redox potential
of manganese can be lowered to allow its oxidation under the same
steady-state conditions. Alternatively, enzyme can acclimate to a
higher redox potential of manganese by using a stronger oxidant.
In either case, a manganese-dependent isoenzyme must evolve to use
manganese as a substitute for iron in a reaction that involves a change
in the oxidation state of the metal. In this review, we focus on the
isoenzymes of superoxide dismutase (SOD) and ribonucleotide
reductase (RNR) in pathogens as examples of enzymes that have
evolved two different strategies of how to use manganese in place of
iron in a redox-active reaction (Figure 4). Because the incorrect metal
in a particular isoenzyme leads to a severe reduction or complete loss
of activity (referred to here by the term “mismetallation”), we have
focused on mechanisms that might help in the insertion of the
cognate metal. It appears that there are other redox-active
manganese-dependent isoenzymes that may be involved in
pathogenesis. Manganese-dependent catalase has recently been
implicated in the pathogenesis of some bacteria (Permpoonpattana
et al.,, 2013; Diaz-Ochoa et al., 2016; Wan et al., 2017), and some
pathogens encode oxygen-dependent coproporphyrinogen IIT oxidase
(HemF), which is sometimes present as an isoenzyme of oxygen-
independent coproporphyrinogen III oxidase (HemN) (Grage, 2005).
Some reports suggest that HemF may be manganese-dependent in
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Active sites of mono- and dinuclear enzymes are susceptible to metallation by iron and manganese. The more competitive metals of the Irving-Williams
series (Irving and Williams, 1948) are maintained at lower free concentrations in the cytosol by the action of metallochaperones and transport processes
to allow iron and manganese to participate in the metallation of active sites (Robinson and Glasfeld, 2020). The differential polarizability of Mn?* and Fe?*
serves to distinguish these metals by sulphur-containing ligands (Pearson, 1963). Ferrochelatase can accidentally accommodate manganese instead of
iron, yet no Mn®*-loaded porphyrin is released (Medlock et al, 2009). In redox-inactive enzymes, both metals, iron and manganese, can support
catalysis, and manganese additionally provides resistance to oxidative stress. In redox-active enzymes, manganese is not a suitable substitute for iron due
to its high redox potential, so specific manganese-dependent isoenzymes need to evolve. In this review, examples of different strategies are examined
for how a manganese-dependent isoenzyme overcomes the high redox potential of manganese

bacteria (Breckau et al., 2003; Mancini and Imlay, 2015). Recently,
redox-active enzymes containing unusual hetero-di-metal cofactors
with iron and manganese ions have been identified and found to be
important for Chlamydia trachomatis and Mycobacterium
tuberculosis. In C. trachomatis, this hetero-di-metal cofactor is
present in its RNR (Section 4.1.2.3) and in an oxygenase that plays
a key role in the biosynthesis of the folate cofactor (Manley et al.,
2022). In M. tuberculosis, the hetero-di-metal cofactor is harbored by
an enzyme belonging to the R2-like ligand-binding oxidase (R2lox)
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family, which is closely related to the RNR family, but the
physiological role of R2lox enzymes remains unknown (Andersson
and Hogbom, 2009). Nevertheless, R2lox was identified as one of
the 10 most upregulated proteins in virulence strains compared
to vaccine strains of M. tuberculosis (Schmidt et al.,, 2004). What
intrinsic mechanisms are required for the correct metallation of
these enzymes and/or how the bacterial cell facilitates correct
metallation is still under investigation (Kisgeropoulos et al., 2020).
In addition to the water-oxidizing complex, several other redox-
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activemanganese-dependent isoenzymes are known, such as
homoprotocatechuate-2,3-dioxygenase, lipoxygenase, oxalate
decarboxylase, and oxalate oxidase, but their involvement in
pathogenesis is very unlikely (Zhu and Richards, 2017). Thus, the
evolution of such enzymes seems to be a rather rare event. The
explanation could be that the origin of life in an anoxic environment
tailored metabolism to lower redox potentials, which are suitable for
iron but extremely difficult to achieve for manganese.

But if iron or manganese serve only as Lewis acids, is non-cognate
metallation still undesirable? On the contrary, we are just beginning
to understand that for redox-inactive enzymes, the incorporation of
manganese instead of iron is actually physiological and even beneficial
in the presence of oxidative stress or iron scarcity (discussed in
Section 4.2). In redox-inactive reactions, the redox potential
differences between iron and manganese do not affect the reaction,
so that direct exchange of these metals is possible with retention of full
or substantial part of the catalytic activity, provided, however, that
sulphur-containing ligands are not dominant in the coordination of
the metal (see below). “Mismetallation” is a suitable term for redox-
active enzymes because its negative undertone implies a loss of
activity, but for redox-inactive enzymes we suggest that “alternate”
metallation would be a more appropriate term. In order to use
manganese in place of iron in redox reactions, manganese-
dependent isoenzymes had to evolve, but can we specify what type
of redox-inactive enzymes that rely on iron should physiologically
benefit from the alternate metallation with manganese?

As far as we know, all heme-containing enzymes are redox-active,
which precludes this group of enzymes from being alternately
metallated without losing their function. Any metal other than iron,
if it can be incorporated into the porphyrin ring by ferrochelatase, will
result in mismetallated enzymes (Dailey, 1987; Labbe et al., 1999;
Majtan et al., 2011). This narrows down the possible candidates for
alternate metallation into two groups of enzymes that can use iron as
a Lewis acid: Enzymes with iron-sulphur clusters or with iron ions
coordinated only by amino acid residues (mono- and dinuclear iron
enzymes). Iron in iron-sulphur clusters is coordinated predominantly
by sulphur ligands in the form of sulfide or thiolate; in addition, iron
is supplied to the nascent iron-sulphur clusters already complexed by
thiolates (e.g., IscA) (Yang et al, 2006). Pearson developed the
concept called Hard and soft acids and bases (HSAB), which
classifies sulfides and thiolates as soft (polarizable) Lewis bases, Fe**
as a borderline acid, and Mn>* as a hard (non-polarizable) acid
(Pearson, 1963; Jensen, 1978). According to the HSAB concept, soft
bases tend to bind to soft acids and hard acids tend to bind to hard
bases, so sulfide or thiolate choose the softer acid Fe**. It should be
noted, however, that the effects of sulphur-containing ligands are
additive and therefore single cysteine in the active site does not
generally favor either metal, as we are aware of examples where
manganese was able to replace iron in the active site with single
cysteine residue (Anjem and Imlay, 2012). Using the iron-specific
repressor (DtxR) from Corynebacterium diphtheriae, it was shown
that mutation of two conserved sulphur-containing ligands to acidic
residues suppresses selectivity toward Fe*" in favor of Mn>" (Guedon
and Helmann, 2003). Consistent with the HSAB concept, a data
mining study suggests that cysteine is very rare in active sites
coordinating Mn>* (Zheng et al., 2008). Other functional groups in
coordinating residues containing nitrogen or oxygen are classified as
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borderline to hard bases and do not seem to show obvious preferences
(Zheng et al, 2008). In summary, iron-sulphur enzymes are
inherently resistant to manganese binding mainly due to the
combined selectivity of sulphur-containing ligands.

Overall, when considering manganese as an iron substitute, only
redox-inactive mono- and dinuclear iron enzymes are plausible
candidates to benefit from alternate metallation (Figure 4). One
might think that the extent of such substitution is marginal, since
iron is not frequently reported to play the role of a Lewis acid. Zinc or
magnesium are more common Lewis acids, and the latter is often
shown to be substitutable by manganese (Andreini et al., 2008).
However, iron can easily oxidize during aerobic purification
processes, resulting in its dissociation from the active site and its
replacement by other aerobically stable metals (e.g., zinc). For the
same reason, iron may appear to have low activity under aerobic
conditions in kinetic assays (Rajagopalan and Pei, 1998; Imlay, 2014).
Therefore, it is reasonable to consider the use of iron as a Lewis acid in
mono- and dinuclear enzymes to be underestimated and,
consequently, also the replacement of iron with manganese in these
enzymes. Moreover, alternate metallation does not require
isoenzymes whose existence would be conspicuous in genomes, and
thus the full extent of this process is probably not fully known.

4.1 Substitution of iron by manganese in
redox-active enzymes

4.1.1 Superoxide dismutase

Convergent evolution of three unrelated enzymes has resulted in
three distinct families of SODs: the nickel (Ni-) SODs; the copper-
only (Cu-) and copper-zinc (CuZn-) SODs; and the iron (Fe-) and
manganese (Mn-) SODs (Frye et al,, 2022). SODs carry out the
disproportionation of 205" to O, and H,0,, a clever approach in
aerobic environments since no cellular reductants are consumed,
unlike superoxide reductases (SORs) that perform the reduction of
O5 at the expense of NADH. In the case of SORs, no O, is generated
and the second O3 is not needed to complete the conversion; also, it
should be noted that at low O, tension cellular reductants are not in
short supply. This comparison should indicate that SORs are more
suited to microaerophilic environments, whereas SODs are most
effective under aerobic conditions, and thus these two enzymes are
generally not found simultaneously in the bacterial cytosol (Martins
etal., 2019). CuZn-SODs are used in the cytosol of eukaryotes but not
in the cytosol of prokaryotes, which translocate them to the periplasm
(Gram-negative bacteria) or secrete them (Gram-positive bacteria),
Cu-SODs appear to be extracellular only, and Ni-SODs are found
mainly in the cytosol of marine prokaryotes (Wu et al., 1998; Robinett
etal, 2018; Sutherland et al., 2021; Frye et al., 2022). From a pathogen
perspective, Fe-SOD and Mn-SOD are the only cytosolic enzymes
that eliminate O3 under aerobic conditions and will therefore be the
focus here.

Fe-SOD is probably the oldest; SODs using other metals emerged
later (Case, 2017), probably in response to declining iron
concentrations (see Introduction). Mn-SOD evolved directly from
Fe-SOD, and thus the example of Mn-SOD can be used to
demonstrate what it means to replace an iron-dependent redox-
active enzyme with a manganese-dependent counterpart.
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4.1.1.1 Mn-SOD exerts stronger depression of redox
potential on bound metal

The redox potential of manganese is higher than that of iron
(Figure 2). Therefore, the active site of Mn-SOD must lower the redox
potential of manganese to the similar value that iron has in Fe-SOD
for both isozymes to perform the same reaction. At first glance, it is
difficult to figure out how Mn-SOD achieves the effect of lowering the
redox potential of manganese because the active sites of Fe-SOD and
Mn-SOD are virtually superimposable. It is important that one of the
ligands coordinating the metal is a hydroxide or a water molecule.
During the catalytic cycle, this solvent molecule donates a proton and
accepts a proton. Whether a hydroxide or a water molecule is present
at any given time is directly related to the oxidation state of the metal
(Figure 5). The hydroxide lowers the redox potential of the metal and
therefore promotes the +3 oxidation state, while the metal tends to
have the +2 oxidation state when a water molecule is present as a
ligand. This important solvent molecule is anchored by the coordinate
bond with the metal and by the hydrogen bond extending from the
amide group of the side chain of the glutamine residue. The shorter
the hydrogen bond between glutamine and the solvent molecule, the
more easily the hydroxide is formed and the more the redox potential
of the metal is lowered. In accordance with the need for a stronger
reduction of the redox potential of manganese, the solvent-
coordinating glutamine is located closer to the solvent molecule in
Mn-SOD than in Fe-SOD. As a result, the redox potentials of both
enzymes are closer together, 0.3 V for Mn-SOD and 0.1 V for Fe-SOD
in E. coli, than would be the case for free ions in aqueous solution
(Figure 2). The position of the solvent-coordinating glutamine is
fixed, so that when iron is bound instead of manganese, the same
redox tuning applies. However, since iron already has a naturally low
redox potential, further depression causes the redox potential of iron
in Mn-SOD to be so low that the Fe** oxidation state can no longer be
reached. Similarly, when manganese is bound instead of iron in Fe-

GIn C|;Jn
/“I‘ AN
Y Y
N ! (AN |
T 3.4A : coordinated T 34A : coordinated
! solvent - ! solvent
He H H\:) o 0O, H,0, H L cl> B
(l” i His 5 f C|’7 i His
H 2 H ‘ b,
bulk His +e2 " ‘{e Y bulk Hig +eee® {e
water 0 Asp ; : water : Asp
H:\s o o '+2H* His
2 2
<|;|n Tln
N N
N . e
Tyr\o‘ 20A i coordinated yr\o, 30A i coordinated
Hol H solvent 02' H202 H | solvent
H 'L o f t "|' \?7
\T ':HIS T_ :.H|s
2- 3+
H Hig +veeet w * H Hig -eeeet W
bulk D asp ; < bulk P A
water : water H
His o, O +2H' His
FIGURE 5
Reduced and oxidized states of Fe-SOD and Mn-SOD. Dashed lines represent hydrogen bonds. The amide group of the side chain of the conserved
glutamine is a hydrogen bond donor for the coordinated solvent (in red). The shorter the hydrogen bond, the more the redox potential of the bound
metal decreases. The distances were obtained from the crystal structures of E. coli Fe?*-SOD (PDB: 1ISA), Fe**-SOD (PDB: 1ISB), Mn?*-SOD (PDB: 1IX9)
and Mn**-SOD (PDB: 1IXB).
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SOD, the solvent-coordinating glutamine is too far away to
sufficiently support stabilization of the hydroxide, so that the Mn>*
oxidation state is inaccessible (Vance and Miller, 2001; Miller, 2008;
Miller, 2012).

SODs from the Fe/Mn family are not always restricted to the use
of iron or manganese. Strict specificity can be seen as an extreme case
of evolution where catalytic activity has been maximized and
flexibility has been completely sacrificed for specific metal use.
However, between the strictly iron- and manganese-dependent
SODs, there is a whole range of less catalytically active SODs that
show some preference for one of the two metals or whose activity is
the same for both metals. These SODs are termed cambialistic
(Figure 6) (Sheng et al., 2014; Krauss et al., 2015; Barwinska-Sendra
et al., 2020). Using two isozymes of Staphylococcus aureus, one
cambialistic and one manganese-dependent, it was shown that their
metal specificities (and thus their redox tuning) can be interchanged
by the mutual exchange of two nonpolar residues in close spatial
proximity to the active site. In the same study, no changes were
observed in the hydrogen bonds coordinating the solvent molecule
(Barwinska-Sendra et al., 2020).

4.1.1.2 Mn-SOD requires that bacteria facilitate its
correct metallation

The case of specialized SODs shows that proper metallation is
crucial for the function of a redox-active enzyme, as was generally
noted in Section 4. However, this also implies that without specific
means to provide the cognate metal and without selective intrinsic
affinity for the cognate metal, two redox-active isoenzymes that rely
on different metals cannot be expressed simultaneously in one cell
compartment. In bacteria, this appears to be a problem, especially for
the iron/manganese pair in Fe/Mn-SOD metallation (Mizuno et al.,
2004; Aguirre and Culotta, 2012). Correct metallation of SODs is
critical because the binding of the metal to SOD is essentially
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Distribution of Fe/Mn family superoxide dismutases (SODs) in Gram-negative and Gram-positive bacteria. SODs present in bacterial pathogens (closed
circles) and selected non-pathogenic bacteria (open circles) are ranked according to their metal specificity (iron-specific, manganese-specific and
cambialistic). If bacteria or groups of bacteria possess more than one SOD isoenzyme, these are indicated after the name of the species. Aerobic bacteria
are depicted in orange, while strict anaerobes are depicted in green. Gram-
depicted with dashed lines. In addition to the species mentioned in the text, the following bacterial species that code for SOD enzymes are shown in the
figure: Neisseria gonorrhoeae and N. meningitidis (Archibald and Duong, 1986; Seib et al., 2004), Haemophilus influenzae (Kroll et al., 1998),
Porphyromonas gingivalis (Hiraoka et al.,, 2000), Coxiella burnetii (Heinzen et al., 1992), Rickettsia typhi (McLeod et al., 2004), Burkholderia pseudomallei
(Loprasert et al.,, 2000), Campylobacter jejuni (Atack and Kelly, 2009), Legionella pneumophila (Sadosky et al., 1994), Francisella tularensis (Bakshi et al.,
2006), Helicobacter pylori (Ernst et al., 2005), Chlamydia pneumoniae (Yu et al., 2004), Borrelia burgdorferi (Aguirre et al., 2013), Brucella abortus
(Sriranganathan et al., 1991), Streptococcus pneumoniae, S. mutans, and S. pyogenes (Gerlach et al,, 1998; De Vendittis et al., 2010; Eijkelkamp et al.,
2014), Mycobacterium tuberculosis and M. smegmatis (Yamakura et al., 1995; Bunting et al., 1998; Padilla-Benavides et al., 2013), Corynebacterium

diphtheriae (Britton et al., 1978), and C. glutamicum (El Shafey et al., 2008),

et al, 2006; Wasselin et al., 2021), Nocardia asteroides (Beaman et al., 1983), and Deinococcus radiophilus (Yun and Lee, 2004).
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irreversible and thus incorrect metal cannot be replaced, leading to
permanent inactivation of the enzyme (Whittaker et al., 2006).
Typically, Gram-negative bacteria have low manganese
requirements (sometimes referred to as iron-centric) (Bosma et al.,
2021) but some of these bacteria have both SOD isoenzymes
(Figure 6). It is likely that both the Fe-SOD and Mn-SOD isoforms
confer greater robustness to pathogens in the face of metal
fluctuations, especially when exposed to excessive oxidative stress.
However, the advantage of having two SOD isoforms only comes into
play if they can be expressed alternately depending on the free
cytosolic Fe:Mn ratio. Indeed, a riboregulatory switch-like
mechanism has been elucidated in E. coli by which the bacterium
turns off the expression of Fe-SOD while inducing the expression of
Mn-SOD (Figure 7A). The switch consists of the Fur repressor and a
trans-encoded small RNA RyhB (Masse and Gottesman, 2002).
Under iron-rich conditions, sodB encoding Fe-SOD is expressed,
and Fe**-loaded Fur prevents transcription of RyhB and sodA gene
encoding Mn-SOD. Under iron-limiting conditions, apo-Fur does not
repress the expression of either RyhB or sodA. Expressed RyhB binds
to sodB mRNA, and the resulting RNA duplex is degraded, leading to
inhibition of sodB translation (Vecerek et al., 2003; Afonyushkin et al.,
2005). Simultaneously, the suppression of sodA is abolished, leading
to the resumption of SOD activity in the cell (Masse et al., 2005;
Jacques et al., 2006). Analogous switch-like mechanisms enable the
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transition from iron- to manganese-dependent SOD activity in
several pathogenic species (Figure 6), including S. Typhimurium
(Tsolis et al,, 1995), S. flexneri (Oglesby et al., 2005), S. dysenteriae
(Murphy and Payne, 2007), Klebsiella pneumoniae (Huang et al.,
2012; Najmuldeen et al., 2019), Vibrio cholerae (Kimoto et al., 2001;
Mey et al., 2005), Yersinia pestis (Pieper et al., 2010), and
Pseudomonas aeruginosa (Hassett et al., 1997; Reinhart et al,, 2015).
In Bordetella pertussis, the isoenzymes Fe-SOD and Mn-SOD have
been experimentally identified, and sodA expression has been found
to be regulated by Fur (DeShazer et al., 1994; Graeff-Wohlleben et al.,
1997), suggesting that this mechanism also functions in this re-
emerging pathogen. On the other hand, there are numerous
pathogens that do not rely on the switch and encode single
cytosolic SOD, with most pathogens encoding Fe-SOD rather than
Mn-SOD (Figure 6), consistent with the low requirement for
manganese in Gram-negative bacteria. It would be interesting to see
whether Fe/Mn-SODs from Gram-negative pathogens containing
only one isoform have not evolved at least minor cambialism,
similar to Gram-positive bacteria (see below).

A riboregulatory mechanism, frequently present in Gram-
negative bacteria, can be found also in Gram-positive bacteria, for
example, in S. aureus (see below). In most Gram-positive pathogens,
Fe-SOD is not present while Mn-SOD is preserved. But, unlike Gram-
negative pathogens, it has not achieved strict selectivity for
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FIGURE 7

Two distinct mechanisms based on transcriptional and post-transcriptional regulatory mechanisms controlling expression of SODs. (A) In E coli and
several other Gram-negative bacteria, small RNA RyhB and availability of iron play a central role in control of alternate expression of Fe-SOD and Mn-
SOD. When iron is sufficient, Fur repressor loaded with iron inhibits expression of ryhB gene and sodA encoding Mn-SOD, while sodB gene encoding
Fe-SOD is transcribed by RNA polymerase (RNAP) and Fe-SOD is produced. When iron is at scarce, apo-Fur does not repress ryhB and sodA, hence Mn-
SOD is produced. Simultaneously, transcribed RyhB binds to sodB transcript and blocks its translation, thus, Fe-SOD is not produced (Masse and
Gottesman, 2002; Vecerek et al., 2003). (B) In Gram-positive S. aureus small RNA RsaC and manganese availability control expression of sodA and sodM
genes. When manganese is sufficient, MntR repressor loaded with manganese inhibits expression of mntABC operon including rsaC gene, while both
sodA and sodM genes, encoding Mn-SOD and cambialistic SOD, respectively, are expressed and respective SODs are produced. When manganese is at
scarce, apo-MntR does not repress mntABC operon including rsaC, note that RsaC is cleaved out from 3’-end of the operonic transcript by RNase Il|
(RNC). RsaC binds to sodA transcript and inhibits its translation so that only cambialistic SOD is produced (Lalaouna et al., 2019).

manganese and rather retains some activity with iron to varying
degrees (cambialism), presumably to avoid losing SOD activity in the
face of manganese scarcity (Figure 6). Consistent with this strategy,
Gram-positive bacteria appear to be naturally more dependent on
manganese (Bosma et al., 2021) and thus the Fur binding site is not
located upstream of sodA genes, so the Mn-SOD is the housekeeping
isoenzyme and its expression may instead be controlled by MntR
(Harvie et al., 2005; Wang et al., 2011; Lalaouna et al., 2019; Peng
et al, 2021). In S. aureus, the sodA gene was duplicated and evolved
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into the second gene (sodM) encoding SOD, which is cambialistic
(Barwinska-Sendra et al., 2020). How the expression of sodA and
sodM is controlled in S. aureus was explained by the identification of a
trans-encoded small RNA called RsaC located at the 3-UTR of the
polycistronic operon encoding the manganese importer (Figure 7B).
The entire operon (RsaC + manganese importer) is under the control
of MntR. In manganese-deficient S. aureus, MntR abolishes
repression of the locus, and RsaC is expressed, processed, and in
turn pairs with sodA mRNA, thereby blocking Mn-SOD translation
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(Lalaouna et al., 2019). The RsaC-mediated mechanism is more
straightforward compared to the RyhB-mediated mechanism
because Mn-SOD is formed in the presence of manganese and not
only in the absence of iron; moreover, unlike Fe-SOD, cambialistic
SodM expression does not need to be turned off.

The complicated composition of SODs and their physiological
functions are found in the genus Bacillus. Members of the pathogenic
B. cereus group (B. cereus, B. anthracis, and B. thuringiensis) have an
additional SOD isoform compared with nonpathogenic species, e.g.,
B. subtilis. This additional isoenzyme is encoded by the sodA2 gene.
Otherwise, all members of the genus Bacillus possess a sodAl gene,
gene encoding SOD from the Fe/Mn family (e.g., sodF, sodS, sod15),
which is thought to use iron, and finally sodC encoding CuZn-SOD,
which, in B. subtilis, has lost its original function (Inaoka et al., 1999;
Banci et al., 2005; Passalacqua et al., 2006; Wang et al., 2011; Zhang
et al,, 2020). Based on the sequence similarity and resistance to H,O,
treatment, some studies suggested that sodAI and sodA2 are coding
for Mn-SOD (Wang et al., 2007; Zhang et al., 2020); however, Tu et al.
(2012) showed in B. anthracis that SodA1 can utilize iron to a lesser
extent, but the highest activity is achieved with manganese, and that
in their experiments (performed in iron-rich LB media), SodA2 only
binds iron. Surprisingly, the authors failed to metallate apo-SodA2
with manganese, so they could not assess the activity of SodA2 with
manganese. Whether SodA2 is actually Fe-SOD or whether it is a
cambialistic SOD is still an open question. The rich arsenal of SODs in
the genus Bacillus is used during sporulation. Spores are highly
resistant to external perturbations and although they are considered
biochemically dormant, the outermost layer, the spore coat, contains
several enzymes. It has long been known that the addition of
manganese triggers and accelerates sporulation (Charney et al,
1951; Vasantha and Freese, 1979). Recent analyzes of B. anthracis
and B. cereus spores revealed that mainly Fe/Mn family SODs are
localized on their surface, and knock-out experiments also showed
compensatory effects for missing SOD/s by the remaining isoforms
including CuZn-SOD (Cybulski et al., 2009; Zhang et al., 2020). Of
note, Mn-SOD in B. subtilis also associates with the spore coat
(Henriques et al., 1998). Clostridium difficile encodes only one Mn-
SOD with mild cambialistic feature (Li et al., 2014; Li et al., 2015).
Similar to members of the genus Bacillus, Mn-SOD has been detected
in C. difficile on the surface of its spores (Permpoonpattana
et al., 2013).

4.1.1.3 SOD activity can be substituted by low molecular
weight manganese complexes

Despite the crucial importance of cytosolic SOD enzymes, some
representatives of the lactic acid bacteria do not possess these
enzymes but can grow aerobically (Archibald and Fridovich, 1981).
Furthermore, the important pathogen N. gonorrhoeae contains only
Fe-SOD, but this has been shown to be poorly expressed in vitro,
presumably due to the abundant manganese in the medium (Tseng
et al.,, 2001). These species employ an unusual strategy to compensate
for the lack of SOD activity in the cytosol by accumulation of
manganese to high intracellular levels. Moreover, it has been shown
that bacteria that normally possess Mn-SOD, when deprived of this
enzyme, also accumulate manganese in the corresponding mutants
(Inaoka et al,, 1999; Al-Maghrebi et al., 2002). Loss of cytoplasmic
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SOD in Saccharomyces cerevisiae, the CuZn-SOD isoform, results in
aerobic growth defects that can be corrected by increased intracellular
manganese (Lapinskas et al., 1995; McNaughton et al., 2010). Indeed,
Mn2+
disproportionate O3 in a manner similar to SOD (Barnese et al,

in complexes with phosphate has been shown in vitro to

2012). Although Deinococcus radiodurans has Mn-SOD, it appears to
use the strategy of accumulation of manganese complexes to further
passively enhance its protection against oxidative stress, which
contributes to D. radiodurans’ resistance to irradiation (Daly et al,
2004). The nonenzymatic removal of O3 by low molecular
weight manganese complexes is an intriguing biological adaptation
that allows circumvention of the need for cytoplasmic SOD activity
and may indicate how microbes survived oxygenation on Earth
before evolving their own enzymatic defenses. Nevertheless, in
bacteria that naturally possess Mn-SOD, caution should be
exercised in determining whether in vitro or genetically induced
hyperaccumulation of manganese is relevant to the situation in vivo
in wild-type strains. The accumulation of Mn>" must be compensated
by accumulation of a negatively charged counterion in order to
preserve osmotic pressure and electro-neutrality of the cells
(McNaughton et al., 2010). While phosphates were generally
reported to compensate accumulated manganese, D. radiodurans
accumulates small peptides (Daly et al, 2010). This and other
aspects such as flexibility of expression, higher catalytic turnover
(Anjem et al,, 2009), much lower requirement for manganese, and
lower risk of mismetallation of other redox-active enzymes and
metalloregulatory proteins by manganese suggest that enzymatic
elimination of Oj is superior to the somewhat cumbersome
nonenzymatic defense strategy, as reflected by the near-ubiquitous
presence of cytosolic SODs in contrast to the rare strategy of
abnormally high intracellular manganese.

4.1.2 Ribonucleotide reductase

Ribonucleotide reductases (RNRs) are an important group of
enzymes because they convert ribonucleoside tri(di)phosphates into
corresponding 2’-deoxyribonucleosides, the building blocks of DNA.
All RNRs share the same structural fold of their o-subunits, where the
active site containing the catalytically important cysteine residue is
located. This residue is converted into a cysteinyl radical, which in
turn homolytically cleaves the 3’-C-H bond of the ribose ring. The
intermediate thus activated is dehydrated and subsequently reduced
by two electrons, yielding the desired product. The crucial cysteinyl
radical is generated by another radical. The mechanism of how a
cysteine-oxidizing radical is formed (activation) is what distinguishes
each class of RNRs (I, II, and III). Importantly, all members of class I
RNRs are O,-dependent and can be divided into five subclasses, Ia, Ib,
Ic, Id, and Ie. In subclasses Ia-Id (Figure 8), a di-metal cluster is used
to generate a cysteine-oxidizing radical, whereas subclass Ie has been
proposed to be metal-independent. Enzymes of subclass Ia contain a
di-iron cluster (NrdA - o-subunit, NrdB - B-subunit) and enzymes of
subclass Ib contain a di-manganese cluster (NrdE - o.-subunit, NrdF -
B-subunit) (Ruskoski and Boal, 2021). Subclasses Ia and Ib are the
most common and provide a good example of how manganese can be
used in place of iron in an isoenzyme. The other subclasses (Ic, Id, Ie)
are less studied and are therefore mentioned here only in passing
(Section 4.1.2.3).
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knowledge the crystal structure of the oxidized state has not been reported.

Class | RNRs operate aerobically only and have two integral subunits: the a.-subunit, which contains the active site with catalytically crucial cysteine
residue, and the B-subunit, which contains the di-metal cluster that generates the cysteine-oxidizing radical. Depending on the subclass, the di-metal
cluster is occupied by either two iron ions (la), two manganese ions (Ib, Id) or by one iron and one manganese ions in a hetero-di-metal cluster (Ic). The
di-iron (la) and hetero-di-metal (Ic) clusters are oxidized by external O,, whereas the di-manganese clusters (Ib, Id) are oxidized by O3
class Ib, O is generated by the flavoprotein Nrdl and is subsequently directed to the cluster through a closed pathway. Class Id was proposed to
scavenge O3 from the cytosol. In classes la and Ib, the oxidized di-metal cluster abstracts one electron from tyrosine residue and, concomitantly, a
proton is transferred away from this tyrosine residue. Consequently, a tyrosyl radical is formed. This tyrosyl radical is buried deep inside the B-subunit and
inaccessible to O,. Once the substrate is bound in the a.-subunit, the radical is transferred from the tyrosine over a long distance via several other
residues (represented by the arrows) and finally lands on the catalytic cysteine, which can finally initiate the reaction (Cotruvo and Stubbe, 2011; Cotruvo
et al, 2013). In class Ic, phenylalanine replaces the tyrosine residue, and thereby the radical formally resides directly on the hetero-di-metal cluster

, 2004; Jiang et al,, 2007). Also in class Id, the radical formally resides on the di-metal cluster, however the tyrosine residue is present but
oriented away from this cluster (Rose et al., 2018). The di-metal clusters of la and Ib were drawn based on E. coli crystal structures (PDB: 1PIY, IMXR,
3N37), except for the oxidized di-manganese cluster, which was drawn based on the structure of Corynebacterium ammoniagenes (PDB: 3MJO)

, 2003; Voegtli et al., 2003; Boal et al,, 2010; Cox et al,, 2010). Reduced class Ic hetero-di-metal cluster was drawn based on the C.
trachomatis crystal structure (PDB: 4M1l), whereas oxidized class Ic hetero-di-metal cluster is adapted from measurements and calculations performed
in Kwak et al. (2013). Reduced class Id di-manganese cluster was drawn based on the Leeuwenhoekiella blandensis crystal structure (PDB: 6SF5), to our
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4.1.2.1 Class Ib RNRs use a stronger oxidant to overcome
the high redox potential of manganese

Similar to SODs, class Ia and class Ib RNRs represent two groups
of isoenzymes that catalyze the same reaction, using either iron (class
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Ia) or manganese (class Ib). Unlike specialized Mn-SODs, class Ib
RNRs can function with iron in vitro, and this ability long obscured
the fact that manganese is actually the cognate metal (Cotruvo and
Stubbe, 2012). How then is it possible that manganese can be used for

frontiersin.org


https://doi.org/10.3389/fcimb.2023.943390
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Capek and Vecéerek

the same reaction? The di-metal cluster is critical for activation
(formation of the cysteine-oxidizing radical, Figure 8), which is
decoupled from the reaction with the ribonucleoside diphosphate
itself. The separate activation step in the case of class I RNRs allows
the use of different strategies involving different metals to generate the
cysteine-oxidizing tyrosyl radical. In the activation step, the di-metal
cluster serves to oxidize the hydroxyl group of the tyrosine residue,
but prior to this task, the di-metal cluster must be oxidized. Because of
the intrinsic redox potential difference between iron and manganese
(Figure 2) and since the lowering of the redox potential of manganese
is not possible in class Ib RNRs, a stronger oxidant must be used.
While class Ta RNRs use O, (E” = -0.18 V) to oxidize their di-iron
cluster, class Ib members rely on O3 (E” = +0.91 V) to oxidize their
di-manganese cluster. Indeed, the manner in which the oxidant O3 is
generated was an important breakthrough in establishing that
manganese is a cognate metal for class Ib RNRs. A flavoprotein
NrdI binds to the B-subunit (Figure 8), reduces O, to O3, and O3 is
subsequently channeled through a tunnel directly to the di-
manganese cluster (Cotruvo and Stubbe, 2011; Zhang and Stubbe,
2011; Cotruvo et al., 2013).

4.1.2.2 Cytosolic environment and likely intrinsic properties
of RNRs contribute to proper metallation

It is known that iron-loaded class Ib RNRs have lower activity than
a native configuration with manganese and NrdI (Cotruvo and Stubbe,
2012). Although the class Ib RNR of S. sanguinis is only 3.5-fold less
active with iron compared with manganese in vitro, aerobic growth and
virulence are completely abolished after deletion of the nrdl gene
(Makhlynets et al., 2014; Rhodes et al., 2014), and Martin and Imlay
(2011) showed that the class Ib RNR of E. coli cannot support growth
when manganese is not available. Nevertheless, other activities such as
DNA repair require the supply of 2’-deoxyribonucleosides, and thus we
speculate that even a mismetallated class Ib RNR with lower activity is
better than no activity at all. Gram-positive pathogens starving for

N. gonorrhoeae
C. jejuni

S. enterica serovar Typhimurium NrdAB

FIGURE 9

Distribution of class | RNRs based on their metal-dependency in pathogens. N. gonorrhoeae (Narasimhan et al., 2022), C. jejuni (Alqurashi et al., 2021), S.
Typhimurium (Eriksson et al., 1998; Cotruvo and Stubbe, 2010; Panosa et al,, 2010; Cotruvo and Stubbe, 2011; Martin and Imlay, 2011), C. trachomatis
(Jiang et al., 2007), A. ureae (Rose et al,, 2019), S. sanguinis (Makhlynets et al., 2014), S. pneumoniae (Jayachandran et al., 2021), S. pyogenes (Roca et al.,
2008), B. cereus (John et al., 2022), B. subtilis (Zhang and Stubbe, 2011), B. anthracis (Grave et al., 2020), M. tuberculosis (Hammerstad et al., 2014)
Although the RNR of C. diphtheriae has not been directly characterized, it is very likely that it is manganese-dependent, as two close non-pathogenic
relatives, C. glutamicum and C. ammoniagenes, have been demonstrated to be manganese-dependent RNRs (Abbouni et al.,, 2009; Cox et al., 2010).
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manganese, for example, might survive for a time without dividing until
they regain access to manganese. Conversely, it has been observed in
vitro that similar to class Ib RNRs, class Ia RNRs can also be
mismetallated, but in this case with complete loss of activity (Atta
et al, 1992; Cotruvo and Stubbe, 2011). No metallochaperones are
known to control accommodation of the correct metals. Altogether,
these observations raise the urgent question of how mismetallation is
suppressed in vivo.

To date, only a handful of RNRs have been well-characterized with
respect to their cognate metal, but their distribution may indicate that
Gram-positive pathogens prefer the manganese-dependent isoform,
whereas Gram-negative pathogens prefer the iron-dependent isoform
(Figure 9). The classification into Gram-negative and Gram-positive
pathogens follows the same pattern as in the case of SODs, i.e., typical
Gram-negative bacteria have a lower requirement for manganese (iron-
centric) compared with Gram-positive bacteria (Bosma et al., 2021).
Among pathogens, only members of the Enterobacteriaceae appear to
have both iron- and manganese-dependent isoforms. In the case of
Enterobacteriaceae, the Fur-binding site is located upstream of the
operon encoding class Ib RNR, so similar to Mn-SOD, expression of
class Ib RNR occurs only in the presence of iron scarcity, minimizing
mismetallation (Martin and Imlay, 2011). Surprisingly, a riboregulatory
mechanism functionally comparable to the action of RyhB has not been
described, so that class Ia RNR expression in E. coli continues in the
presence of iron starvation, although this results in a largely inactive
population of these enzymes (Cotruvo and Stubbe, 2011).

Grave et al. (2020) demonstrated that the enzyme intrinsically
selects for manganese in both binding sites when metal-free class Ib
RNR from B. anthracis is presented with equimolar concentrations
of Mn?" and Fe?*, whereas no intrinsic selectivity was observed in
the case of class Ib RNRs from S. sanguinis (Jayachandran et al.,
2021). Since the active site consists of two metal binding sites, the
question arises to what extent the individual binding sites cooperate
to accommodate the cognate metals. The idea that cooperativity

repressed by Fur, housekeeping is NrdAB
1
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Fe————————
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helps in the proper metallation of di-metal clusters has been
proposed for MntR and R2lox, but so far it does not appear that
Ia and Ib RNRs would take advantage of cooperativity, as both
metal-binding sites seem to be preorganized without metals
(Bollinger et al., 1997; Griese et al., 2013; McGuire et al., 2013;
Grave et al.,, 2020). Another difference from SODs is that the
binding of metals to RNRs appears to be reversible (Cotruvo and
Stubbe, 2012). The exchange of metals in binding sites is abolished
once the cluster is oxidized. Therefore, it can be speculated that even
if a large fraction of class Ta RNRs is mismetallated by manganese,
only the correctly metallated cluster with iron ions is oxidized by O,
and used for repetitive catalysis. Therefore, even under unfavorable
cytosolic conditions, the equilibrium would shift toward the
correctly metallated cluster.

4.1.2.3 Novel classes Ic, Id, and le of RNRs in
bacterial pathogens

In C. trachomatis, the critical tyrosine is replaced by phenylalanine
(class Ic RNRs) and therefore no radical can be formed at this residue.
Instead, Mn*" and Fe’* constitute an oxidized form of a hetero-di-
metal cluster in class Ic RNRs, which has one electron less compared to
oxidized di-metal clusters in class Ia and Ib RNRs. Overall, the radical is
formally located directly on the hetero-di-metal cluster.
Thermodynamic calculations indicate that Mn**/Fe** represents the
best configuration in terms of redox potential and relative stability of
the intermediates compared to Mn**/Mn®>" and Fe**/Fe** clusters;
accordingly, the highest catalytic activity is achieved when manganese
and iron are stoichiometrically bound. The hetero-di-metal cluster can
be directly activated by O, in vitro (Hogbom et al., 2004; Jiang et al.,
2007; Roos and Siegbahn, 2009; Roos and Siegbahn, 2011).

Although considerable effort has been made to demonstrate the
advantage of placing the radical on the hetero-di-metal cluster when
the critical tyrosine is absent (Roos and Siegbahn, 2009; Roos and
Siegbahn, 2011), another subclass (Id) has recently emerged, which
has been found to generate a radical directly at its di-manganese
cluster, yielding Mn**/Mn>* oxidation states. The conserved tyrosine
residue is present in the class Id RNR, but its hydroxyl group is
oriented away from the di-manganese cluster. Similar to class Ib
RNRs, the di-manganese cluster in class Id RNRs is oxidized by O3,
but not by O,. Surprisingly, no accompanying ortholog to NrdI is
encoded on genomes along with genes encoding class Id RNRs (Rose
etal, 2018). It has been suggested that class Id RNRs are activated by
scavenging O3 from the cytosol (Rose et al., 2018). However, this
raises a number of uncertainties about how these enzymes compete
with highly potent SODs or whether such a strategy is reliable enough
in vivo given the importance of RNR function. Class Id RNR is also
present in an opportunistic pathogen, Actinobacillus ureae (Rose
et al,, 2019).

RNRs in Mycoplasma pathogens and one of the two RNRs in S.
pyogenes belong to class Ie RNRs that lack three otherwise conserved
metal-coordinating residues, and it has been proposed that these
enzymes have adopted metal-free catalysis. The critical tyrosine
residue is conserved within the class Ie RNR, however an unusual
derivative of this residue, dihydroxyphenylalanine, was found to carry
the radical. Class Ie RNRs are closely related to class Ib RNRs and
accordingly require NrdI for activation (Blaesi et al., 2018; Srinivas
et al,, 2018).
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4.2 Substitution of iron by manganese
in redox-inactive enzymes:
alternate metallation

As discussed in Section 4, only redox-inactive mono- and
dinuclear iron enzymes can benefit from alternate metallation. It
should be noted that the effect of alternate metallation has only been
studied in E. coli by Imlay’s group. E. coli is an iron-centric bacterium,
and therefore manganese homeostasis is subordinate to regulation by
iron (as briefly discussed in Section 3). Consequently, the effects of
alternate metallation with manganese may be more pronounced in
iron-centric E. coli than in typical Gram-positive bacteria, which may
already have manganese as a primary metal in some of the redox-
inactive mononuclear enzymes discussed below.

In aerobically cultured wild-type bacteria, quite high O5" and/or
H,0, concentrations must be achieved to overwhelm the well-
equipped stress defenses, and this can unfortunately lead to
collateral damage caused by formed HO" radicals that ultimately
mask the primary O3 and/or H,O, targets. In E. coli, all genes
responsible for detoxification of O3 and H,0, have been identified
and well characterized (Seaver and Imlay, 2001), which, after their
deletion, allowed careful analysis of the primary targets of mild
endogenously generated oxidative stress. This approach revealed the
physiological consequence of alternate metallation, as the addition of
manganese to stressed cells provided protection for some sensitive
mononuclear redox-inactive enzymes.

The first experiments performed with an E. coli mutant lacking
both sod genes showed that this strain, when grown aerobically in
defined media, has difficulty processing substrates of the tricarboxylic
acid (TCA) cycle, exhibits auxotrophy for branched-chain (BCAA)
and aromatic amino acids, and some milder defects in the synthesis of
other amino acids. Aconitase and fumarase (both involved in the TCA
cycle) and dihydroxyacid dehydratase (BCAA synthesis) utilize an
undercoordinated iron atom within the [4Fe-4S] cluster as a Lewis
acid. This iron atom can be easily oxidized by ROS, resulting in a
decrease in enzyme activity (Carlioz and Touati, 1986; Kuo et al,
1987; Gardner and Fridovich, 1991; Flint et al., 1993). In response,
bacteria can switch to a different isoenzyme that is [4Fe-4S]-free,
while inducing a more robust Suf (compared to Isc) iron-sulphur
assembly and repair machinery (Imlay, 2006; Jang and Imlay, 2010).
Some early evidence from in vitro experiments suggests that
mononuclear enzymes with an undercoordinated iron atom suffer
from the same vulnerability (Porter and Austin, 1993). However, the
biological consequences of this phenomenon have only recently been
studied in detail both in vitro and in vivo. The conclusions are that the
undercoordinated iron atom in mononuclear enzymes is indeed
susceptible to oxidative damage. However, unlike [4Fe-4S] proteins,
it is much easier to deal with this susceptibility because the iron can be
easily replaced by manganese, provided that these enzymes are
redox-inactive.

Important mononuclear iron enzymes prone to oxidative stress
were discovered in an attempt to identify the primary target proteins
of H,0, toxicity. To this end, an E. coli strain was constructed that
lacked the H,O, scavengers alkyl hydroperoxidase and both catalases
(i.e., a scavengerless strain) (Seaver and Imlay, 2001). It was
confirmed that the [4Fe-4S] enzymes that are sensitive to O3 in the
sod-deficient mutant are also sensitive in the scavengerless mutant
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(Jang and Imlay, 2007). However, Sobota and Imlay (2011) later
found that scavengerless E. coli can only grow anaerobically but not
aerobically on gluconate if it is also deprived of 6-phosphogluconate
dehydratase (encoded by the edd gene). Deletion of edd gene disables
the Entner-Doudoroff pathway, leaving only the pentose-phosphate
pathway (PPP) available for gluconate degradation. The PPP can be
divided into an oxidative (upper) and a non-oxidative (lower) part.
The enzyme that is sensitive to oxidative inactivation is p-ribulose-5-
phosphate 3-epimerase (RPE), which operates in the non-oxidative
PPP. RPE is a redox-inactive mononuclear enzyme that converts p-
ribulose-5-phosphate and p-xylulose-5-phosphate by reversing the
chirality of the C-3 carbon on a pentose backbone (Figure 10).
Human RPE has been shown to utilize iron (Liang et al, 2011),
otherwise zinc has been reported as a cognate metal (Jelakovic et al.,
2003; Akana et al., 2006; Caruthers et al., 2006). Sobota and Imlay
(2011) demonstrated that in E. coli iron confers significantly higher
catalytic efficiency to the RPE than zinc and that it is the cognate
metal in vivo. On the other hand, iron in the active site is the cause of
RPE susceptibility to oxidative stress. When RPE was loaded with
manganese, both in vitro and in vivo experiments showed that RPE
becomes resistant to oxidative damage and supports the growth of the
mutant (scavengerless cells lacking edd gene) on gluconate even
aerobically. Later, it was shown that iron-loaded RPE is also
susceptible to O3 (Gu and Imlay, 2013). The main function of
oxidative PPP is to generate NADPH. During oxidative stress, the
demand for NADPH increases rapidly and cells divert carbon flux to
the PPP (Christodoulou et al., 2018). The role of the non-oxidative
PPP is then to process the sudden rush of p-ribulose-5-phosphate,
with the potential option of recycling some of the already consumed
carbon for glucose-6-phosphate synthesis, which in turn can enter the
oxidative PPP to generate more NADPH (Kuehne et al., 2015). The
non-oxidative PPP is also important for redistributing carbon for
many cellular purposes by providing p-ribose-5-phosphate and p-
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FIGURE 10
Mechanism of the reaction catalyzed by p-ribulose-5-phosphate 3-epimerase containing an octahedrally coordinated metal (Fe2*, Mn?*, Co?"). The
negatively charged cis-enediolate intermediate is stabilized by the metal ion in a bidentate manner. Depending on the organism and assay, various
metals can activate the enzyme, including Zn®*. However, when Zn?* is used to metallate the enzyme, the active site tends to adopt a tetrahedral
geometry. In such a case, it has been proposed that the substrate binds as a fifth ligand in a monodentate manner, transiently forming a five-coordinate
geometry (Jelakovic et al.,, 2003; Akana et al., 2006; Caruthers et al.,, 2006; Liang et al., 2011; Sobota and Imlay, 2011).
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erythrose-4-phosphate (Stincone et al., 2015). While oxidative PPP is
not ubiquitous and is also absent in several pathogens, non-oxidative
PPP is essential (Aono et al., 2015; Richardson et al., 2015; Stincone
et al., 2015; Hauslein et al,, 2016; Rytter et al., 2021). Therefore, it is
reasonable to speculate that the RPE binds manganese rather than
iron in vivo to keep the non-oxidative PPP functional under
oxidative stress.

Soon after RPE, other redox-inactive mononuclear iron enzymes
were described to benefit from alternate metallation. The cause of the
previously observed auxotrophy of aromatic amino acids was
attributed to the first enzyme of the shikimate pathway, 3-deoxy-p-
arabinoheptulosonate-7-phosphate synthase (DAHP synthase,
Figure 11). In both sod-deficient and scavengerless mutants growing
aerobically in a defined glucose medium, the shikimate pathway is
defective, but its functionality can be restored by addition of
manganese (Sobota et al, 2014). E. coli encodes three redox-
inactive mononuclear isoenzymes of DAHP synthase that differ in
their sensitivity to feedback inhibition by various aromatic amino
acids. In the absence of aromatic amino acids, the 1-phenylalanine-
inhibitable (AroG) isoenzyme is responsible for approximately 80% of
DAHP synthase activity (Tribe et al., 1976). Purified AroG showed
the highest activity with iron but considerable sensitivity to O3 and
H,O,. However, 70% of the activity was retained when AroG was
metallated with manganese, while it showed complete resistance to
oxidative stress (Sobota et al, 2014). Interestingly, N. meningitidis
expresses only one DHAP synthase, which reaches the highest activity
in vitro with manganese (Cross et al., 2013). Significant attenuation of
virulence has been reported when P. aeruginosa or B. bronchiseptica
were deprived of DAHP synthase activity (Pricbe et al., 2002;
McArthur et al., 2003). With respect to pathogens, DAHP synthase
is particularly important because it initiates the shikimate pathway
that leads to chorismate, which can be used for siderophore synthesis
(Dosselaere and Vanderleyden, 2001).
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FIGURE 11

3-deoxy-p-arabinoheptulosonate-7-phosphate synthase (DAHP) catalyzes the aldol-like condensation reaction of 2-phosphoenolpyruvate (PEP) and
p-erythrose-4-phosphate (E4P). It has been proposed that the metal ion acts as an electrophile that, by coordinating the oxygen of the aldehyde group
of E4P, activates the aldehyde carbon for nucleophilic attack by the enol group of PEP. In the next step, the water molecule attacks the partially
positively charged C2 of the former PEP. This is likely facilitated by proton abstraction from the active water molecule by nearby aspartate or glutamate
and by concomitant protonation of the metal-coordinated oxygen. Finally, the released product reorganizes to cleave off the phosphate group and to
form the ketone group instead. A variety of metals can activate DAHP synthases, including Fe
can sometimes bind the metal in bidentate mode, changing the overall geometry to an octahedral shape (Shumilin et al., 1999; Furdui et al., 2004; Konig

et al, 2004; Shumilin et al., 2004).

Peptide deformylase (PDF) is a redox-inactive mononuclear
enzyme that was originally thought to be zinc-dependent
(Figure 12). Confusingly, although it is stable with zinc, its catalytic
efficiency is low (Meinnel and Blanquet, 1993; Chan et al., 1997). This
was explained by the finding that iron, not zinc, is the native metal.
Importantly, the catalytic efficiency of PDF increased at least 100-fold
when iron or manganese was added compared to zinc (Rajagopalan
et al,, 1997; Ragusa et al., 1998; Anjem and Imlay, 2012). Iron in PDF
has been shown to be responsible for its sensitivity to H,O, and O3,
while replacement with manganese protected PDF (Anjem and Imlay,
2012; Gu and Imlay, 2013).

Cytosine deaminase (CD) is found in fungi and bacteria, where it
catalyzes the deamination of cytosine to uracil as part of the
pyrimidine salvage pathway (Figure 13). Fungal and bacterial CDs
evolved separately through convergent evolution. While yeast CD is a
zinc-dependent enzyme, E. coli CD reaches full activity with iron and
its activity with zinc is only 15% (Porter and Austin, 1993; Ireton
et al.,, 2002a; Ireton et al., 2003). CD isolated from E. coli contains
mainly iron and is therefore readily inactivated under aerated
conditions and by H,O, treatment. However, a substantial portion
of the activity is retained when iron is replaced with manganese, and
complete protection against oxidative stress is achieved (Porter and
Austin, 1993; Anjem and Imlay, 2012).
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2* and Mn?*. Note that the metal-coordinating glutamate

L-threonine dehydrogenases (TDHs) initiate a two-step catabolic
degradation of L-threonine to acetyl-coenzyme A and glycine
(Figure 14). TDHs are members of the alcohol dehydrogenase
superfamily and within this superfamily belong to either the short-
chain or medium-chain family (Persson et al., 2008; Adjogatse et al.,
2018). TDHs of the medium-chain type have two metal-binding sites,
a zinc-dependent structural site and a catalytic site (Auld and
Bergman, 2008). Which is the cognate metal for the catalytic site in
these TDHs is controversial. Usually, there is another zinc atom in the
active site that gives the enzyme the highest activity. However, some
publications have reported that other metals can substitute for zinc,
with varying degrees of retention of enzymatic activity (Epperly and
Dekker, 1991; Johnson et al., 1998; Machielsen and van der Oost,
2006; Higashi et al., 2008; Bashir et al., 2009). Surprisingly, iron has
not been thoroughly considered until recently. Anjem and Imlay,
(2012) showed that TDH in E. coli binds iron in vitro and in vivo,
which in turn led to rapid inactivation of TDH by H,O, treatment.
Alternate metallation by various metals, including manganese, made
TDH significantly more resistant to oxidative damage (Anjem and
Imlay, 2012).

As can be seen from the previous information, it is sometimes
difficult to determine the native metal in mononuclear enzymes. Iron
is unstable during protein purification under aerobic conditions and
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FIGURE 12

The mechanism of the reaction catalyzed by peptide deformylase (PDF). Coordination of the water molecule by the metal ion allows its deprotonation to
form hydroxide. The carbon atom of the N-formyl group is subsequently nucleophilically attacked by hydroxide coordinated with the metal. The
resulting intermediate is stabilized by a bidentate interaction with the metal ion, which changes its coordination geometry from tetrahedral to five-
coordinate. This transition is strongly inhibited when Zn®* is bound in the active site. Fe?*, Mn?*, and Ni®* are amenable to a flexible change in their
coordination geometry, which is the normal function of the PDF (Becker et al,, 1998; Groche et al., 1998; Wu et al,, 2007; Anjem and Imlay, 2012; Fell

et al, 2015).
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FIGURE 13

The conversion of cytosine to uracil catalyzed by bacterial cytosine deaminase. The metal ion accommodates a trigonal-bipyramidal geometry with an
exchangeable ligand that is a water molecule. A proton is removed from this coordinated water molecule and in the next step the metal-coordinated
hydroxide nucleophilically attacks the substrate, simultaneously transferring a proton to the substrate. In the next step, the second proton is transferred
from the original water molecule (now hydroxyl group) to the amine group, producing ammonia that leaves the substrate. This step is probably facilitated
by the metal-coordinating aspartate. The new water molecule displaces the uracil. Various metals can facilitate this reaction, but iron is most effective
(Porter and Austin, 1993; Ireton et al., 2002b; Hall et al., 2011; Anjem and Imlay, 2012; Manta et al., 2014).
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FIGURE 14

Catalytic mechanism of medium-chain L-threonine dehydrogenase. Only after the binding of NAD+ can L-threonine be accommodated in the active site.
During this process, a water molecule is displaced from the coordination shell of the catalytic metal ion. The 3-hydroxyl group of L-threonine is activated
by coordination with the metal ion, resulting in the loss of a proton that is released to the external solution. The resulting oxyanion, stabilized by the
metal ion, forms a double bond with the third carbon of the substrate and simultaneously transfers a hydride to NAD+. To date, zinc appears to be the
most suitable and frequent metal in medium-chain L-threonine dehydrogenases, but there is growing evidence that other metals can also serve this
function. When iron is bound, the enzyme becomes sensitive to oxidative stress (Epperly and Dekker, 1991; Machielsen and van der Oost, 2006; Higashi

et al., 2008; Bashir et al,, 2009; Plapp, 2010; Anjem and Imlay, 2012).

can be replaced by the more competitive zinc (Irving and Williams,
1948), giving the impression that zinc is the cognate metal. In E. coli,
the surrogate host of choice for recombinant expression, manganese,
unlike iron and zinc, is not imported under standard growth
conditions because mntH is under the control of Fur and OxyR
(Section 3). Altogether, it could be suggested that the extent of
alternate metallation by manganese instead of iron has been
underestimated so far. Regardless, based solely on the examples
published by Imlay’s group, it is clear that manganese is of
paramount importance when bacteria are exposed to oxidative
stress because it mitigates the pathological effects of iron, a burden
passed on by their microbial predecessors.

5 Struggle for manganese between
human host and pathogens

5.1 Host mechanisms leading to manganese
deficiency in pathogens

In 1975, Weinberg introduced the term “nutritional immunity”.
At that time, nutritional immunity referred to the host’s ability to
withhold iron from microbial invaders (Weinberg, 1975). However, it
was recognized that other transition metals were also subject to the
host-pathogen tug-of-war, particularly copper, zinc, and manganese.
In addition, it became clear that elevated concentrations of some
transition metals can be used as part of innate immunity for the
opposite strategy to intoxicate pathogens.
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Ceruloplasmin is the major copper-carrying protein in the blood
and also plays a role in iron metabolism. Copper bound to
ceruloplasmin catalyzes the oxidation of Fe** to Fe’, thereby
supporting iron loading on transferrin (Roeser et al., 1970). Serum
ceruloplasmin levels increase during infection, possibly due to its
antioxidant activity and higher consumption of copper by host
phagocytic cells, where copper is used for intracellular intoxication of
pathogens (Natesha et al., 1992; White et al.,, 2009; Besold et al., 2016;
Ladomersky et al., 2017). Overall, serum copper levels increase during
infection, while iron and zinc levels decrease. Chronic infection can
even lead to hypoferremia and hypozincemia (Letendre and Holbein,
1984; Alker and Haase, 2018). Zinc is stable and competitive enough to
establish serum albumin as its primary carrier (Handing et al,, 2016).
There is evidence that zinc can also be used for intracellular
intoxication of pathogens (Botella et al., 2011). Manganese presents a
conundrum: Mn?* is soluble and stable under aerobic conditions,
unlike the unstable Fe*'. The problem is that Mn*" is not
competitive enough (Irving and Williams, 1948) and binds only
loosely to some transport proteins such as transferrin, albumin, and
0-macroglobulin or to low molecular weight chelates (Rabin et al.,
1993; Harris and Chen, 1994; Fanali et al., 2012). It has been proposed
that several human transporters of divalent metals import Mn** in
addition to their primary substrate, suggesting the presence of free or
loosely bound Mn*" in serum (Gunter et al., 2013). Mn®" is much more
competitive than Mn**, but Mn>* is unstable with respect to redox
reactions and therefore usually occurs tightly bound to transferrin in
serum (Jursa and Smith, 2009). Moreover, Mn®* can be stabilized in
solution by various ligands such as citrate (Trouwborst et al., 2006;
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Topolski, 2011; Gunter et al., 2013). On the other hand, due to the high
redox potential of manganese, it is much more difficult to oxidize Mn**
compared to Fe*". It has been suggested that ceruloplasmin may aid in
the oxidation of Mn**, which would facilitate the loading of Mn>" onto
transferrin similar to Fe?" (Davidsson et al., 1989). However, this idea
was refuted in the study by Jursa and Smith (2009), in which
ceruloplasmin deficient mice exhibited the same amount of
manganese bound to transferrin as wild type mice.

S$100 proteins are low-molecular-weight, calcium-binding proteins
unique to vertebrates and, although structurally similar, differ
significantly in function. Calprotectin (CP) is a heteroligomer of two
S100 proteins (SI00A8 and S100A9) associated with inflammation in
human tissues. CP is produced in some types of myeloid cells, but most
notably it accounts for approximately 5% of the total protein in
neutrophils. In addition, expression of CP can be induced in
epithelial cells and keratinocytes (Fagerhol et al., 1980; Dale et al,
1983; Singh and Ali, 2022). In the cytosol, CP forms a heterodimer
(S100A8/S100A9), while release into the extracellular space allows CP
to bind calcium, promoting the formation of a heterotetramer (S100A8/
S100A9),. The heterodimer binds the first-row transition metals
relatively weakly compared to the calcium-bound heterotetramer,
which has been reported to have markedly increased affinity for
Mn**, Fe**, Ni**, and Zn** (Zygiel and Nolan, 2018). Originally, it
was thought that only the retention of Zn*" by CP in the presence of
calcium was responsible for its protective function (Clohessy and
Golden, 1995). However, it was later clearly demonstrated in the
seminal work of Corbin et al. (2008) that both Zn*" and Mn** are
removed by CP from tissue abscesses caused by S. aureus infection.
Finally, these studies have recently been refined by Nolan’s group,
which found that Fe*" and Ni** are also tightly sequestered by CP in the
presence of calcium (Nakashige et al., 2015; Nakashige et al., 2017). CP
binds first-row divalent transition metals at two sites located at the
interface between S100A8 and S100A9. Site 1 can coordinate the bound
metal in a tetrahedral or trigonal bipyramidal geometry through three
histidine and one aspartate residues (aspartate coordinates in a
monodentate or bidentate fashion), while site 2 coordinates the
bound metal in a perfect octahedral geometry through six histidine
residues. In a calcium-dependent manner, only octahedral site 2, which
consists of six histidine residues, exhibits high affinity for Mn>*, Fe**,
and Ni**, while Zn*" can be tightly bound to both sites (Zygiel and
Nolan, 2018). The affinities of site 2 for Mn**, Fe**, Ni**, and Zn**
correlate with the Irving-Williams series (Nakashige et al., 2017; Zygiel
and Nolan, 2018). In the presence of calcium, site 2 exhibits very high
affinity even for less competitive metals such as Mn®" and Fe*" in the
nanomolar and picomolar range, respectively. As an explanation, it has
been proposed that the flexible C-terminal tail of the SI00A9 subunit,
which contains two of the six histidine residues required for the
assembly of site 2, encapsulates the transition metal during the
binding process and thus effectively prevents that the metal escapes
(Brophy et al., 2013; Nakashige et al., 2015). Of note, when studying the
response of Candida albicans to CP, Besold and colleagues observed
that CP can also sequester Cu®*, which is particularly useful against
eukaryotic pathogens that have higher copper requirements compared
to prokaryotes (Besold et al., 2018).

Emil Skamene and his colleagues recognized that the phenotype
responsible for resistance or susceptibility to some intracellular
pathogens, including mycobacterial infections, is controlled by a
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single dominant autosomal gene. This gene has been shown to be
expressed in phagocytic cells, where the protein is recruited to the
membrane of the microbe-containing phagosome during the
maturation process. The gene was named Natural resistance-
associated macrophage protein 1 (Nrampl), and the Nrampl
protein was later demonstrated to be a transporter for divalent
metals. Biologically relevant substrates of Nrampl are Fe** and
Mn?*, which are pumped into the cytosol of the phagocytic cell,
thereby depriving the phagolysosomal interior of these metals (Vidal
et al., 1993; Skamene, 1994; Supek et al., 1996; Skamene et al., 1998;
Forbes and Gros, 2001; Forbes and Gros, 2003; Cellier et al., 2007).
Homology searches revealed that the Nrampl protein is not only
ubiquitous in eukaryotes but, surprisingly, also highly abundant in
bacteria, albeit under a different name: MntH (Cellier et al.,, 2001).
Overall, Nramp1-mediated depletion of Fe** and Mn*" is a crucial
process without which phagosomes can never fully mature and exert
their bactericidal effects (Hackam et al., 1998).

Overall, CP sequesters the first-row transition metals in their
reduced, divalent state in the extracellular environment at the site of
infection. Excessive amounts of released CP (> 1uM) may provide the
capacity to sequester more competitive Zn** and perhaps Fe** and
Ni** in addition to less competitive Mn>* (Johne et al., 1997). Because
Mn*" is difficult to oxidize, the action of CP could be sufficient even
during the oxidative burst in an inflamed tissue, and perhaps when
some of the manganese is oxidized, transferrin could eventually
remove Mn’", When pathogens are trapped in phagolysosomes,
Nrampl removes Mn>' and Fe*' from this compartment.
Nevertheless, whereas these scenarios involve a localized immune
response, it is unclear how manganese is managed at the systemic
level to refrain from pathogen colonization and avoid inflammation-
related damage.

5.2 Adaptations of pathogens that have
evolved to counteract manganese
deficiency in their hosts

Manganese is essential for some processes (e.g., sporulation) or
enzymatic activities, but another conditional role of manganese is to
replace iron where possible during oxidative stress or iron starvation.
Therefore, host oxidative burst and sequestration of iron would be
ineffective if pathogens had access to manganese, as shown by the
activities of Nramp1 and CP in the context of nutritional immunity. It
is already known that manganese importers are critical for virulence.
In bacterial pathogens, the aforementioned MntH, a high capacity,
low affinity proton symporter, can be complemented by a low
capacity, high affinity ATP-binding cassette transporter (MntABC).
Both MntH and MntABC can also be sole manganese importers in
individual species. The topic of manganese importers has been
discussed in detail elsewhere (Juttukonda and Skaar, 2015; Kelliher
and Kehl-Fie, 2016; Neville et al., 2021) and will not be discussed
further here. In this review, we would like to highlight two less
explored, but all the more intriguing, adaptations that may help
pathogens overcome manganese scarcity in the host.

Siderophores have traditionally been associated exclusively with
chelation and uptake of iron from the environment and from host
iron-sequestering proteins (Golonka et al., 2019). Other metals, long
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overshadowed by iron, have not been thoroughly considered. The
possibility that siderophores could bind manganese seemed unlikely
because Mn*" does not readily oxidize (Figure 2) and Mn>" was
considered an irrelevant chemical species in the environment
because of its tendency to disproportionate or act as a strong
oxidant. However, Faulkner et al. (1994) analyzed a green
complex formed when desferrioxamine B (DFO-B, normally
considered an iron siderophore) and Mn®* are mixed in the
presence of O, and found that it contains Mn>*. This result was
confirmed by Duckworth and Sposito (2005) and extended by
determining the stability constant, which was remarkably high at
logK 29.9, approaching the stability constant of the DFO-B complex
with iron at logK 32.02 (Kraemer, 2004). Harrington et al. (2012)
compared the stability constants of various siderophores to iron or
manganese and found that two pyoverdins (one produced by P.
aeruginosa and one by P. putida) and rhizoferrin (produced by the
fungus Rhizopus arrhizus and by the bacterium Ralstonia picketti)
had significantly higher affinities for Mn’" than for Fe’*. Only
slightly lower (one to two orders of magnitude) stability constants
with manganese compared to iron were found for desferricrocin and
triacetylfusarinin C produced by the fungus Aspergillus fumigatus
(Farkas et al., 2014). The oxidation of Mn** after complexation by
siderophores (DFO-B, DFO-E, and putrebactin) in the presence of
O, was studied using the Evans NMR method (Springer and Butler,
2015). Finally, Mn>* was shown to be an abundant ion in suboxic
zones, where it is presumably stabilized by as yet unidentified
siderophores (Trouwborst et al., 2006; Madison et al., 2013).
These observations clearly show that the redox potential of

TABLE 1 Overview and classification of bacterial manganase exporters.

10.3389/fcimb.2023.943390

manganese can be drastically lowered after complexation, so that
it is even oxidized by O, and Mn>" is subsequently firmly held by the
siderophore. Siderophores are normally expressed when bacteria are
iron-starved (Hider and Kong, 2010). Oxidative stress induces
sequestration of iron in bacteria (Section 3), and therefore in this
respect the defense against oxidative stress is similar to iron
deficiency. However, import of additional iron during oxidative
stress could further undermine the defense against oxidative stress.
As far as we know, acquisition of manganese by imported
siderophores has never been associated with virulence. However,
two recent reports have shown that yersiniabactin, traditionally
considered a siderophore, also binds zinc in vivo, helping Y. pestis
and E. coli Nissle 1917 to overcome zinc sequestration by CP. In the
case of Y. pestis, yersiniabactin contributes to establish the disease,
but the same activity of yersiniabactin in probiotic E. coli Nissle
1917 serves the bacterium to outcompete pathogens such as S.
Typhimurium (Behnsen et al., 2021; Price et al., 2021).

The first bacterial exporter of manganese was not discovered until
2009, when Rosch and colleagues identified it in S. pneumoniae
(Rosch et al., 2009). Since then, additional reports have followed
showing that manganese exporters are much more diverse compared
to manganese importers (summarized in Table 1). Recently, we
reported that B. pertussis encodes a manganese exporter that
atypically belongs to the Ca®':cation exchanger superfamily.
Unexpectedly, most sequenced B. pertussis strains turned out to
have a nonfunctional variant of the gene. Accordingly, reference
strain Tohama I accumulated significant amounts of manganese,
which contributed to its improved growth in vitro in the presence

Superfamily Family Protein Bacteria References
CDF CDF MntE' Streptococcus pneumoniae (Rosch et al., 2009)
MntE Streptococcus suis (Xu et al., 2017)
MntE Streptococcus pyogenes (Turner et al., 2015)
MntE Staphylococcus aureus (Grunenwald et al., 2019)
MntE Deinococcus radiodurans (Sun et al., 2010)
MntE Enterococcus faecalis (Lam et al., 2020)
MneP? Bacillus subtilis (Huang et al., 2017)
MneS?* Bacillus subtilis (Huang et al., 2017)
EmfA® Rhizobium etli (Cubillas et al., 2014)
EmfA® Brucella abortus (Johnsrude et al., 2019)
YiiP* Salmonella Typhimurium (Ouyang et al., 2022)
SmYiiP Sinorhizobium meliloti (Raimunda and Elso-Berberian, 2014)
LysE LysE (DUF204) MntP Escherichia coli (Waters et al., 2011)
YebN Xanthomonas oryzae (Li et al,, 2011)
MntX Neisseria meningitidis (Veyrier et al., 2011)
MntX® Neisseria gonorrhoeae (Veyrier et al., 2011)
MntP* Salmonella Typhimurium (Ouyang et al., 2022)
UPF0016 Mnx Synechocystis sp. (Brandenburg et al., 2017)
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TABLE 1 Continued

Superfamily Family Protein
MneA
MneA
MneA
TerC YceF?
YkoY”
P-type ATPase P-type ATPase CtpC
Py-type ATPase MgtA'
Ca®*:cation exchanger YRBG BP3410°
BPP3560”

10.3389/fcimb.2023.943390

Bacteria References

Vibrio cholerae (Fisher et al., 2016)
Vibrio fischeri (Zeinert et al., 2018)
Streptomyces sp. (Zeinert et al., 2018)
Bacillus subtilis (Paruthiyil et al., 2020)
Bacillus subtilis (Paruthiyil et al., 2020)
Mycobacterium tuberculosis (Padilla-Benavides et al., 2013)
Streptococcus pneumoniae (Martin et al., 2019)
Bordetella pertussis (Capek et al., 2021)

Bordetella parapertussis (Capek et al., 2021)

"The export of Mn*" is primarily controlled by MntE. MgtA exports both Ca®* and Mn®" under conditions of extreme Mn*" toxicity induced by a specific genetic background.

“MneP and Mnes are primary exporters. The effect on suppression of manganese toxicity of YceF and YkoY is detectable only in the AmneP and AmneS double deletion mutant. Intriguingly, Alx, a
TerC family protein from E. coli, does not appear to act as an exporter, although it is under the control of the Mn-sensing riboswitch. Indeed, expression of Alx in the presence of manganese leads to

increased levels of intracellular manganese (Zeinert et al,, 2018).

*EmfA represent a transporter responsible for efflux of Mn** and Fe?*. While R. etli EmfA exports both Mn** and Fe**, B. abortus EmfA exports only Mn?*.
“MntP was induced by iron and manganese, whereas YiiP levels remained unchanged. Deletion of both genes had additive effects when S. Typhimurium was challenged by excessive manganese,

suggesting a scalable response.
°In the case of N. gonorrhoeae, most strains carry a frameshift mutation in the mntX gene.

©98% of fully sequenced isolates of B. pertussis carry an inhibitory duplication that prevents the export activity of the Mn exporter BP3410.

7All but one isolate Bpp5 carry a frameshift mutation in the Mn exporter BPP3560.

of paraquat, an oxidative stress inducer. Surprisingly, after exposure
to moderate concentrations of manganese, which are nevertheless
toxic if manganese exporter is not functional, B. pertussis was able to
reactivate manganese export function and restore growth.
Reactivation was achieved by excising an inhibitory duplication in
the coding sequence of the exporter. Unfortunately, we could not find
conditions under which the duplication was reinserted, thereby
deactivating manganese export, an event that occurred during the
evolution of this pathogen. Furthermore, we found that in the close
relative B. parapertussis, the orthologous exporter is inactivated by a
frameshift mutation, suggesting convergent evolution of B. pertussis
and B. parapertussis toward higher intracellular manganese supplies
(Capek et al., 2021). Prior to us, Veyrier et al. (2011) pointed out that
in the majority of N. gonorrhoeae strains, the gene encoding the
manganese exporter, called mntX, contains a frameshift mutation
associated with higher sensitivity to manganese. In this context, it has
long been known that N. gonorrhoeae accumulates manganese, which
significantly strengthens its defenses against oxidative stress (Tseng
et al, 2001). After deletion of the manganese exporter, increased
resistance to oxidative stress was observed in vitro in S. pneumoniae
and V. cholerae (Rosch et al., 2009; Fisher et al., 2016) whereas in vivo,
deletion of the manganese exporter led to a decrease in virulence in S.
aureus, S. pneumoniae, E. faecalis, B. abortus, N. meningitidis, and M.
tuberculosis (Rosch et al., 2009; Veyrier et al., 2011; Grunenwald et al.,
2019; Johnsrude et al., 2019; Lam et al., 2020). Thus, it appears that
the majority of pathogens require a functional manganese exporter,
but the fundamental reason for this observation is elusive, as we
believe manganese overload, as suggested by some, is highly unlikely
in the host. Clearly, we are missing an important piece of the puzzle
that would provide an explanation for why a few pathogens inactivate
their manganese exporters while the majority of others do not. We
speculate that this may depend on the infectious environment and the
extent of manganese requirement during infection of the
particular pathogen.
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6 Conclusions

Regarding its use in the biosphere, we believe that manganese was
strongly displaced by iron due to its favorable low redox potential and
much higher concentration in primordial anoxic oceans (more than
2.5 billion years ago). However, with the use of manganese in
oxygenic photosynthesis, the opportunities for general use of
manganese in the biosphere changed dramatically. Accumulated
oxygen leveled the differences in bioavailable concentrations of iron
and manganese and made the redox cycling of manganese largely
accessible to the biosphere. On the other hand, iron has become a
major contributor to oxidative stress, which has put pressure on the
development of mechanisms to control its free cytosolic
concentration, accompanied by efforts to replace it. By this time,
however, the fundamentals of cellular metabolism with irreversibly
incorporated iron had been firmly established. Nevertheless, at least
some enzymes with relatively simple active sites, mononuclear and
dinuclear, were able to adapt to using manganese in place of iron. An
iron-dependent enzyme catalyzing a redox reaction can be replaced
by a manganese-dependent isoenzyme, provided it has evolved an
adaptation that allows it to overcome the higher redox potential of
manganese. In the case of redox-inactive enzymes, iron can be
replaced directly within the individual enzyme, and the metal used
depends largely on the free cytosolic Fe:Mn ratio. Particularly in the
case of pathogens, the second mechanism of direct exchange has not
yet been considered and may be a promising avenue to explore. It is
now clear that bacterial pathogens use manganese as an important
element of defense against host innate immunity and that host
immune cells have evolved intricate mechanisms to deprive
pathogens of manganese. Despite recent advances, manganese
homeostasis in both pathogens and their hosts is far from fully
understood. In humans, for example, it is largely unknown how
manganese is handled at the systemic level in the healthy state or
during infection.
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