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In this review, we focus on understanding the structure–function relationships of numer-
ous manganese superoxide dismutase (MnSOD) mutants to investigate the role that various
amino acids play to maintain enzyme quaternary structure or the active site structure, cat-
alytic potential and metal homeostasis in MnSOD, which is essential to maintain enzyme
activity. We also observe how polymorphisms of MnSOD are linked to pathologies and how
post-translational modifications affect the antioxidant properties of MnSOD. Understanding
how modified forms of MnSOD may act as tumor promoters or suppressors by altering the
redox status in the body, ultimately aid in generating novel therapies that exploit the thera-
peutic potential of mutant MnSODs or pave the way for the development of synthetic SOD
mimics.

Introduction
MnSODs act as the first line of defence against reactive oxygen species (ROS) by catalyzing the dismutation
of two molecules of superoxide to oxygen and hydrogen peroxide (H2O2), using a cyclic reduction and
oxidation reaction of the active site metal (Scheme 1).

Superoxide is a strong oxidizing agent whereby high levels lead to a cascade of reactions (Figure 1) that
cause damage to biological molecules including nucleic acids, proteins and other biomolecules including
lipids.

MnSOD in humans is constituted by a homotetramer, with each of the four subunits containing an
active site with a manganese as a cofactor (Figure 2). The metal is coordinated by the His26, His74, His163,
Asp159 residues and an oxygen-containing molecule (depicted by a red sphere in Figure 2B), which could
be either a water or a hydroxide [2]. The amino acids that coordinate directly with manganese are referred
to as ‘inner sphere’ residues [3]. The next layer of amino acids in the active site of the enzyme are referred
as ‘outer sphere’ residues and are essential to perform the dismutation reaction. The amino acids which
are crucial in the enzyme catalysis mechanism and make up the outer sphere include His30, Tyr34, Phe77,
Trp78, Trp123, Gln143, Trp161 and Glu162 from the adjacent subunit.

The substrate diffuses and enters the active site via His30 and Tyr34, where it coordinates with the
manganese cofactor [4]. The amino acids Tyr34, His30 and Gln143 form a hydrogen-bonded network to
relay protons to the manganese cofactor in order to carry out successful electron transfer (dashed lines,
Figure 2B) [5,6].

Scheme 1. MnSOD dismutation
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Figure 1. The fate of ROS

The electron transport chain (ETC) and NADPH oxidases (NOX) take up oxygen to generate superoxide. Superoxide is dismutated

by MnSOD and Cu-ZnSOD to generate H2O2. Oxidation of cysteine residues of peroxiredoxin (PRDX) and thioredoxin (TXN) proteins

converts H2O2 to water. H2O2 is also converted to water by the glutathione peroxidase-glutathione reductase (GPX-GSR). In the

presence of Fe2+ ions, H2O2 is converted to hydroxyl radicals (•OH) via the Fenton reaction. H2O2 and •OH radicals oxidize

macromolecules, altering cellular signaling and oxidatively damaging DNA. This leads to gene mutations. The •OH radicals start

lipid oxidation of alkyl (R•) groups, which are oxidized to alkoxyl (RO•) and peroxyl (ROO•) radicals. The dotted blue arrows show

the source of ROS while purple numbers show the half-life of these radicals (in seconds). Adapted from Purohit et al., 2019 [1].

Excessive amounts of superoxide are involved in the pathogenesis of many diseases that include cancers, neurode-
generative diseases and cardiovascular disorders [8,9]. Therefore, understanding structural and functional polymor-
phisms of the MnSOD gene is important to determine what constitutes an adequate level of ROS within the cell for
minimal biomolecular and nucleic acid damage and effective signaling. This review also describes how a recombi-
nant form of MnSOD that is characterized by the presence of a leader peptide allows MnSOD to enter cells selectively.
The latter enables this recombinant form of MnSOD to be used therapeutically in chemotherapy or radiodiagnosis
of cancer by coupling radioactive substances or chemotherapic drugs to the MnSOD leader peptide [10]. Low Mn-
SOD expression has been associated with different types of cancer. Conversely, overexpression of MnSOD has been
linked with preventing cancers in humans, suggesting MnSOD as a tumor suppressor [11]. The activity of MnSOD
also appears to affect the tumor-promoter or tumor-suppressor effects of the protein [12].

The mutagenesis work done on MnSODs in prokaryotes and eukaryotes in the past two decades was carried out to
understand the elements in the protein which determine its quaternary structure as a dimer or tetramer, to recognize
the importance of the generally conserved trigonal bipyramidal geometry of the active site, as well as the features of
catalysis affecting the MnSOD mechanism (Table 1). Mutations of specific residues in MnSOD served to shed light
on how certain amino acids are essential for hydrogen bonding to maintain the dimeric structure and hence, enzyme
activity and thermal stability. Different physicochemical properties of the twenty amino acids, which include features
such as hydrophobicity, polarizability and the average mass of the amino acids have been included in Table 2 to better
appreciate how altering amino acids in MnSODs, may lead to different structure–function relationships in MnSOD
mutants. Other mutations found closer to the manganese cofactor were found to either alter the trigonal bipyramidal
active site structure or disrupt the hydrogen bonding network required for electron transport to successfully elim-
inate superoxide radicals. Particular amino acid substitutions were also found to impact the metal selectivity and
thermostability of these enzymes.

Significance of the MnSOD quaternary structure
Wild-type and mutant forms of MnSODs in various organisms including Escherichia coli [19], Saccaromyces cere-
visiae, Candida albicans [29] and more recently Staphylococcus equorum [30] were studied to understand the
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Figure 2. The quaternary and active site structure of human MnSOD

(A) Human MnSOD (PDB code: 1LUV). Each monomer is illustrated by a different color and together the four subunits of MnSOD

form the tetramer. (B) The active site structure of human MnSOD depicts the hydrogen-bonding network from the direction of

access to the substrate. The manganese cofactor and the water molecules are depicted as purple and red spheres, respectively.

Residues from different subunits, are colored pink and cyan, respectively. Adapted from Bonetta (2018) [7].

functional importance of the quaternary structure of MnSOD. Numerous studies highlight the role that the dimer
interface plays in MnSOD stability and catalysis.

In E. coli MnSOD, Whittaker and Whittaker observed that the Glu170 of one monomer which forms a hydrogen
bond with His171 in the other monomer, forms a double bridge at the dimer interface. The amino acid His171 is also
one of the residues that coordinates directly with the manganese atom [30]. The Glu170A mutant protein resulted in a
mixture of dimers and monomers, a change in metal specificity and the complete loss of catalytic activity [19] (Figure
3). Substitutions of Glu162 in human MnSOD, which is the counterpart of Glu170 in E. coli MnSOD, reduced the
catalytic activity to 5–25% of that exhibited by the wild-type enzyme [18]. The human Y166F MnSOD mutant also
demonstrated a great decrease in catalytic activity and a large unfolding transition at a lower Tm [14]. The substitution
of Phe66 at the dimer interfaces of human MnSOD reduced product inhibition in the human enzyme, making it
resemble E. coli MnSOD [13].

Further studies on point mutations at the dimer interface were performed on S. equorum MnSOD by Retnon-
ingrum et al. In this case, substitutions were introduced to improve the dimer interface interaction. One substitution,
L169W, was made at a region which was distant from both the active site as well as the dimer interface. Although
the L169W mutant was dimeric like the wild-type, it had an altered monomeric form. However, enzyme activity was
similar to that of the wild type [26]. Another mutant, N73F was generated, and the substitution was at the dimer inter-
face. Conservation of the N73-F124 bonding in the structure of human MnSOD further supports the importance of
these residues in maintaining the dimer structure. Residue S126 is also involved in interactions at the dimer interface
[26]. Another substitution in S. equorum MnSOD, S126C (Table 1), was done by Retnoningrum et al., to reveal that
50–70% of monomers only actually formed the S-S bond. This flawed S-S bonding was probably caused by photolytic
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Figure 3. Quaternary structure of E. coli MnSOD

(A) Dimeric structure of E. coli MnSOD (PDB code: 1D5N), with each subunit depicted by a different color (subunit A is colored

cyan while subunit B is colored green). (B) Active sites of E. coli MnSOD depicting the inner sphere residues coordinating with

the manganese cofactor and highlighting the hydrogen bonding formed between Glu170 and His171 between the two monomeric

subunits. Manganese is depicted as a purple sphere. (C) The active sites of the E170A mutant using PyMol to reflect the disrupted

hydrogen bonding and subsequent destabilization of the dimer structure. Metal specificity is altered in the E170A mutant; hence,

iron is depicted as an orange sphere. The red spheres represent the water molecules coordinating with the metal cofactor. Hydrogen

bonding is depicted by black dashes. All figures were generated using PyMol [31].

S-S bond breakage due to the neighboring tryptophan residue. The wild-type has S126 facing W163 and forming
a hydrogen bond mediated by water with E164. Therefore, the presence of W163 and E164 are essential for enzyme
activity. In fact, altering S126 to a cysteine lowered enzyme activity by ∼70%, highlighting the role of the S126 residue
in the enzyme’s activity and stability. It is important to understand what contributes to dimer stabilization in MnSOD
for potential therapeutic applications. Retnoningrum et al. mention that for example, having a MnSOD mutant with
improved dimer stability in sunscreen would be useful, as the protein dimer would dissociate at higher temperatures.

Mutants in different yeast species were also generated and studied by Sheng et al. to understand the MnSOD qua-
ternary structure better. Wild-type as well as mutant forms of S. cerevisiae MnSOD and C. albicans MnSOD with the
substitutions at dimer interfaces were analyzed to understand the effect of these changes on their oligomeric states,
resistance to pH, heat and denaturants. The mutations were K182R, A183P and K184R, L185P in S. cerevisiae and
C. albicans, respectively.

Dimeric C. albicans MnSOD was observed to be much more susceptible to thermal or denaturant-induced unfold-
ing than S. cerevisiae MnSOD, which is tetrameric. The residue substitutions at dimer interfaces triggered dimeric
C. albicans MnSOD but not tetrameric S. cerevisiae MnSOD to dissociate into monomers. Sheng et al. therefore
concluded that the tetrameric assembly strongly reinforces the dimer interface, which is crucial for MnSOD activity
[21].

Metal selectivity and enzyme activity in MnSOD mutants
Specific mutations in the MnSOD of different organisms have been observed to alter both metal specificity as well as
enzyme activity. The E. coli MnSOD mutant E170A, was reported to contain only iron but did not demonstrate any
form of superoxide dismutase activity (Figure 3). When observing spectroscopic properties, pH titration behavior
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Figure 4. The quaternary and active site structure of wild-type and mutant C. elegans MnSODs

(A) Tetrameric structure of wild-type C. elegans MnSOD (PDB: 3DC5). Each subunit is depicted by a different color. (B) The active site

structure of wild-type MnSOD-3 depicting the hydrogen-bonding network from the direction of substrate access. (C) The active site

of Q142H MnSOD-3 (PDB: 6ELK). D) The active site of H30N MnSOD-3 with N30 depicted as having two rotamers due to multiple

conformations occupied by the amino acid (PDB: 6S0D) [25]. The manganese and the water molecules in B, C and D are shown

as magenta and red spheres, respectively. All hydrogen bonding is depicted as black dashes. Residues from the adjacent subunits

are colored yellow. Figure drawn using PyMol [31].

and anion interactions, the E170A mutant strongly resembled the wild type FeSOD. However, reconstituting the
E170A mutant with Mn(II) did not restore SOD activity even though Mn-reconstituted E170A MnSOD and wild
type MnSOD were spectroscopically similar [19].

In human MnSOD, it was demonstrated that Q143 mutants alter metal specificity and active site redox potential.
The Q143N mutant was also reported to have decreased catalysis [32,33] and a wider entry to its active site, allowing
for the insertion of an additional water molecule [34]. Replacement of the glutamine by alanine (Table 1) kept the
same enzyme fold, but it introduced two water molecules that took up the positions equivalent to the Oε1 and Nε2 of
the missing glutamine. The substitution of glutamine by glutamic acid had a negligible effect, while the substitution
of by lysine generated an enzyme that could not be purified [35].

In E. coli MnSOD the substitution of Q146 by glutamic acid (143 numbering in human MnSOD) produced an
apoprotein, while the mutating Q146 to leucine or histidine reduced enzyme activity to less than 10%. The mutants
had minimal structural changes when compared with the wild-type protein [36]. The Q146H mutant exhibited sim-
ilar activities with either iron or manganese in the reconstituted enzyme, even though the levels of either iron or
manganese were low [36].

Changes in metal selectivity were also observed Caenorhabditis elegans MnSOD mutants, including the Q142H
mutant (Figure 4). In this case, substituting glutamine 142 by histidine changed the metal selectivity from manganese
to iron [24]. The latter substitution retained only 50% of the enzyme activity and became cambialistic as it exhibited
enzyme activity with either iron or manganese. The substitution of histidine 30 by asparagine in C. elegans MnSOD
also lead to a reduction in the incorporation of manganese and an increase in iron [25]. Although the H30N mu-
tant took up iron spontaneously in addition to manganese, enzyme activity was reduced to 22% compared with the
wild-type (Figure 4). Upon analyzing the H30N active site, Bonetta et al., reported no significant perturbations of the
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Figure 5. The human MnSOD active-site and mutations of Y34

(A) The superimposed active-site side chains of wild-type MnSOD and Y34N are colored yellow and green, respectively. Water

molecules in wild-type MnSOD and Y34N are colored yellow and red, respectively. The Y34N hydrogen bond relay is illustrated by

green spheres. Bond distances are annotated in angstroms. (B) The Y34A active site structure with the hydrogen bonding relay is

colored pale cyan. (C) The Y34H active site structure, with the hydrogen bonding relay and distances is annotated in angstroms.

(D) Superimposed active site structures of the human wild-type MnSOD and Y34V are colored yellow and blue respectively. The

waters colored in red belong to Y34V while the hydrogen bond relay of Y34V MnSOD is illustrated by blue spheres. Bond distances

are annotated in angstroms. Adapted with permission from Perry et al. (2009) [5]. Copyright 2009 American Chemical Society.

metal–ligand interactions, which include the interactions of His26, His74, His159 and Asp155 with the metal. How-
ever, further characterization of H30N by 285 GHz high-field electron paramagnetic resonance (HFEPR) confirmed
the occurrence of a hexa-coordinated center and showed a change in the electronic structure of the enzyme.

Besides point mutations, double mutations were also introduced into the prokaryotes Porphyromonas gingi-
valis and E. coli SODs with the purpose of altering their metal specificities. In P. gingivalis SOD, the Q70G/A142Q
mutations reduced the iron-supported enzyme activity and altered the ratio of Mn:Fe from 1.4 to 3.5 [37]. In E.
coli MnSOD, the G77Q/Q146A mutations had manganese specific activity that was reduced to 71% and instead
iron-supported SOD activity was introduced, which was not exhibited by the wild-type SOD [38].

In the E. coli Q142 mutants, although mutants that lacked a glutamine residue demonstrated the highest metal
selectivity, they showed lower or negligible enzyme activity. However, double mutants G77Q/Q146A revealed in-
creased enzymatic by 150% compared with wild-type MnSOD. However, in another study by Hunter et al., the same
mutant was reported to have only 75% activity compared with the wild-type protein in a previous study [35]. This
variability might be because of the different methodology employed in those two different studies. Hunter et al. re-
ported some iron-supported activity (7%) in this mutant [35]. The most prominent change in the physical char-
acteristics of the G77Q/Q146A double mutant was observed in temperature-sensitivity studies. In fact, a similar
temperature-deactivation profile to that of the FeSOD wild-type enzyme was reported. This suggests that the position
of the glutamine residue in the active site is responsible for this change, which is most likely due to its involvement
in a hydrogen-bonding network that includes other residues and solvent molecules. An unexpectedly higher ther-
mostability of the mutant G77Q MnSOD was also observed. Likewise the metal specificity of MnSOD isolated from

6 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024



Bioscience Reports (2022) 42 BSR20220202
https://doi.org/10.1042/BSR20220202

Table 1 Kinetic data and PDB codes related to MnSODs and the respective mutants

MnSOD k1 (nM−1 s−1) k2 (nM−1 s−1) k3 (nM−1 s−1) k4 (nM−1 s−1) PDB code

Humana 1.5 1.1 1.1 120 1LUV

Y34Aa 0.25 <0.02 0.38 330 1ZSP

Y34Na 0.14 <0.02 0.15 200 2P4K

Y34Ha 0.07 <0.02 0.04 61 1ZTE

Y34Va 0.15 <0.02 0.15 1000 1ZUQ

Y34Fb 0.55 <0.02 0.46 52 1XIL

H30Nc 0.21 0.40 0.68 480 2GDS

H30Qc 0.57 0.79 0.79 200 1LUW

H30Vc ∼0.005 ∼0.03 0.16 0.7 1NON

E162Dd 0.36 0.13 0.21 40 3C3T

E162Ad 0.06 0.05 0.09 30 3C3S

F66Ae 0.6 0.5 0.7 82 2QKA

F66Le 0.7 0.8 0.2 40 2QKC

W123Ff 0.76 <0.02 0.64 79 –

Y166Fd 0.2 0.2 0.2 270 1PL4

W161Ag 0.08 <0.01 0.37 180 1JA8

W161Fg 0.3 <0.01 0.46 33 –

W161Vg – – 0.27 265 –

W161Yg – – 0.20 130 –

W161Hg – – 0.29 136 –

Q143Ah – – – – 1EM1

H30N/Y166Fb 0.1 0.1 0.1 440 1PM9

Y34F/W123Ff 0.55 <0.22 0.46 52 1SZX

S. cerevisiaei 1.1–1.5 0.8 0.04–0.05 90–140 3LSU

S. cerevisiae Y34Fj – <0.01 0.70 ∼40 4E4E

E. colie 1.1 0.9 0.2 60 1D5N

Deinococcus radioduransi 1.2 1.1 0.07 30 2AW9

Y34Fk 0.9 0.9 0.5 30 –

Caenorhabditis elegansl 1.2 0.5 0.5 300 3DC5

Q142Hm – – – – 6ELK

H30Nn – – – – 6S0D

Staphylococcus equorum
S126Co

7DDW

Staphylococcus aureus
G159L/L160Fp

6QV8

F19I/G159L/L160Fp 6EX5

The rate constants in the kinetic mechanism of numerous MnSODs and their mutants were adapted from Abreu and Cabelli [13]. No structures and hence
PDB codes are available for the following MnSOD mutants: Escherichia coli E170A, G77Q/Q146A, K182R, A183P, K184R, L185P in Saccaromyces
cerevisiae and Candida albicans, human Q143N and Porphyromonas gingivalis Q70G/A142Q. Data reproduced from aPerry et al. [5], bHearn et al.
[14], cHearn et al. [15], dQuint et al. [16], eZheng et al. [17], fGreenleaf et al. [18], gHearn et al. [3], hWhittaker and Whittaker [19], iSheng et al. [20],
jSheng et al. [21], kAbreu et al. [22], lHunter et al. [23], mHunter et al. [24], nBonetta et al. [25], oRetnoningrum et al. [26], pBarwinska-Sendra et al. [27].

Staphylococcus aureus was also studied. The author reported that when residue at position 159 was substituted metal
specify was considerably affected.

The conversion of glycine 159 to leucine (G159L) showed a 10-fold increase its Fe-dependent activity compared
with wild-type MnSOD, lowering its manganese-dependent activity by twice as much [27]. Although this mutant re-
mained mainly manganese-specific, it exhibited increased cambialism. The reciprocal mutation generated in cambial-
istic SOD, whereby leucine was this time substituted by glycine at position 159 (L159G), lowered its iron-dependent
activity >10-fold relative to wild type cambialistic SOD. On the other hand, it augmented manganese-dependent ac-
tivity >3-fold. This resulted in a mutant with a MnSOD-like activity profile. Such results suggest that the amino acid
at position 159 has a great effect on the ability of the S. aureus SODs to use iron and manganese. However, the role
that this residue plays in affecting metal specificity needs to be further understood to explain the contrasting metal
specificities of the two S. aureus SODs. Substituting the residue at position 160 also influenced metal specificity. The
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Table 2 Physicochemical properties of 20 amino acids

H1 H2 V P1 P2 SASA NCI MASS

A 0.62 −0.5 27.5 8.1 0.046 1.181 0.007187 71.0788

C 0.29 -1 44.6 5.5 0.128 1.461 −0.03661 103.1388

D −0.9 3 40 13 0.105 1.587 -0.02382 115.0886

E -0.74 3 62 12.3 0.151 1.862 0.006802 129.1155

F 1.19 -2.5 115.5 5.2 0.29 2.228 0.037552 147.1766

G 0.48 0 0 9 0 0.881 0.179052 57.0519

H −0.4 -0.5 79 10.4 0.23 2.025 −0.01069 137.1411

I 1.38 -1.8 93.5 5.2 0.186 1.81 0.021631 113.1594

K −1.5 3 100 11.3 0.219 2.258 0.017708 128.1741

L 1.06 -1.8 93.5 4.9 0.186 1.931 0.051672 113.1594

M 0.64 −1.3 94.1 5.7 0.221 2.034 0.002683 131.1986

N -0.78 2 58.7 11.6 0.134 1.655 0.005392 114.1039

P 0.12 0 41.9 8 0.131 1.468 0.239531 97.1167

Q −0.85 0.2 80.7 10.5 0.18 1.932 0.049211 128.1307

R -2.53 3 105 10.5 0.18 1.932 0.049211 156.1875

S −0.18 0.3 29.3 9.2 0.062 1.298 0.004627 87.0782

T -0.05 −0.4 51.3 8.6 0.108 1.525 0.003352 101.1051

V 1.08 -1.5 71.5 5.9 0.14 1.645 0.057004 99.1326

W 0.81 −3.4 145.5 5.4 0.409 2.663 0.037977 186.2132

Y 0.26 -2.3 117.3 6.2 0.298 2.368 0.023599 163.1760

Properties include H1, hydrophobicity; H2, hydrophilicity; V, volumes of side chains; P1, polarity; P2, polarizability; SASA, solvent-accessible surface
area; NCI, net charge of side chains; MASS, average mass of amino acid. Reproduced from Li et al. [28].

L160F mutant of MnSOD was similar to the G159L variant, resulting in a lower manganese-dependent activity and
increased iron-dependent activity albeit to a lower extent than observed in the G59L mutant.

The G159L/L160F MnSOD double mutant showed a significant difference in metal utilization when compared
with the wild-type or the single mutants (Table 1). The iron-dependent activity of the MnSOD double mutant was
increased >20-fold relative to wild-type MnSOD, resulting in a highly cambialistic enzyme that displayed activity
with manganese and with iron that differed only two-fold. The authors report that this highly cambialistic mutant
enzyme demonstrated diminished activity with manganese, suggesting that the gain of cofactor flexibility compro-
mises catalytic efficiency. Such results show how only two mutations in the secondary coordination sphere can switch
MnSOD metal specificity [27].

The S. aureus MnSOD F19I/G159L/L160F triple mutant exhibited greater activity with manganese and less activity
with iron than the G159L/L160F double mutant (Table 1). These studies demonstrate that positions 159 and 160
are important in regulating the reactivity of the metal cofactor. Mutations at these particular locations generated
great effects on metal specificity. However, they did not lead to any changes to the protein backbone structure, as
observed from their crystal structures. The structural arrangement of the metals’ primary ligand spheres as well as
the substrate access channels and hydrogen-bonding networks that are essential for proton-coupled electron transfer
remained the same [39]. Nonetheless, the mutations directly affected the electronic structure and electrochemical
properties of manganese centers. In fact, HFEPR spectra of the wild-type S. aureus MnSOD and the mutants were
different [40]. This is also in accordance with the findings of Bonetta et al. where both metal specificity as well as the
electronic structure of the C. elegans H30N MnSOD mutant were altered, despite not undergoing any changes in the
backbone structure [25]. Barwinska-Sendra et al. concluded that the altered metal specificity caused by the mutations
is therefore, related to modified electronic structures and changes in the manganese reduction potential to become
more catalytically active with iron [27].

Kinetics of MnSOD mutants
The control of MnSOD catalytic features is achieved via the ability of the enzyme to eliminate superoxide by two
different pathways, described by the McAdam scheme (Scheme 2) [41]. According to this scheme (Scheme 2), the
catalytic cycle of MnSOD may be explained by four reactions that demonstrate that the dismutation of superoxide
takes place via two pathways that are simultaneous. These two parallel pathways consist of the outer sphere (fast)
pathway whereby the conversion of superoxide to H2O2 is immediate (Scheme 2, reactions 1 and 2), and the inner
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Scheme 2. Mechanism of catalysis of MnSOD

sphere (slow) pathway (Scheme 2, reactions 3 and 4) which involves the formation of the product–inhibited complex
followed by the release of the H2O2.

In the first step of both the outer sphere and inner sphere pathways (Scheme 2, reaction 1), superoxide coordinates
directly with the metal. Reduction of Mn3+ of the resting enzyme to Mn2+ by the superoxide is associated with the
protonation of the hydroxide solvent ligand to H2O, with Gln143 being the proton source. During the fast outer
sphere pathway, the second superoxide entering the active site bonds to the ligand water and to the outer sphere
Tyr34 through a water molecule (reaction 2). This forms a proton relay that converts superoxide to H2O2 with the
simultaneous oxidation of Mn2+ to Mn3+ and the generation of the resting form of the enzyme, Mn3+SOD(OH−)
[42].

The slower inner sphere pathway leads when there are high superoxide concentrations. When the second super-
oxide interacts with the Mn2+ it forms a ‘dead-end’, reversible peroxy adduct, Mn3+SOD(H2O)(OO2−) (reaction 3)
which inhibits the enzyme from finishing the reaction. H2O2 is formed and released via a mechanism that uses two
protons, one that originates from the water ligand and another one that derives from the outer sphere hydrogen net-
work and bulk water. During this process, the manganese ion is oxidized back to the resting Mn3+ state and is bound
to the hydroxyl ligand.

The way this fine tuning is carried out has been the focus of numerous studies of MnSODs in various organisms;
however, it is still not fully understood. The different crystal structures of MnSODs that were studied all show a great
similarity around the active center. The vast mutagenesis work done on MnSODs to date, implies that the conditions
leading to differences in the mechanisms exhibited by MnSOD proteins is not controlled by a single feature (Table
1). The k2/k3 gating ratio provides a value which indicates the preferred catalytic pathway used by the particular
MnSOD under high superoxide concentrations and the tendancy for the formation of the peroxy adduct. One of the
most interesting questions that arises from these kinetic studies is whether the difference in the k2/k3 gating ratio
represents an evolutionary phenomenon without any functional significance or whether there is a purpose for the
difference in the gating ratio between prokaryotes and eukaryotes. MnSODs with a k2/k3 ratio greater than 1, such as
E. coli (4.5) and Deinococcus radiodurans [16] are less affected by product inhibition [17,22]. On the other hand,
human and C. elegans MnSODs, have a gating ratio of 1 (Table 1) [5,23].

The kinetics of the second sphere residues Tyr34, His30, Gln 143, Tyr166 and Trp161 in human MnSOD mutants
have been studied considerably to elucidate the catalysis mechanism and functional role of these residues with an
interest in generating SOD with the fast catalysis demonstrated by the wild-type but with reduced product inhibition.
The Tyr34 and His30 residues are highly conserved and are referred to as gateway residues as they are found to the
entrance to the substrate funnel leading to the active site. The most studied Tyr34 mutant is Y34F [14,18,21,36,43–45].
At high levels of superoxide, human Y34F has a very low kcat and a negligible k2. In Y34F, catalysis occurred prefer-
entially via the inner sphere pathway with the generation of the dead-end product. This is accompanied by a reduced
rate of product dissociation (k4), suggesting that Tyr34OH in the hydrogen bonding network lowers the product in-
hibition and prefers the outer sphere pathway. Other Y34 mutants, namely, Y34A, Y34N, Y34H and Y34V (Figure
5) also show a decrease in k1 and k2 values, reducing catalysis in general, and increasing the level of the dead-end
product. This supports the idea that k2 indicates the level of fast proton transfer to the hydrogen peroxide product.

In human MnSOD, the H30V mutation restricted access to the substrate funnel and interfered with superoxide
binding, due to the steric impediment brought about by valine. Consequently, H30V was observed to have a reduced
catalytic rate and higher product inhibition. The level of product inhibition varied among different His30 mutants.
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Whereas H30Q was observed to have a similar product inhibition to the wild-type, H30N was found to be the least
product inhibition out of the His30 mutants [13].

The single mutations, H30N and Y166F, both resulted in a reduction of the kcat, kcat/km and k1 values (Table
1). However, a greater reduction in catalysis was not observed for the double mutant H30N/Y166F, indicating co-
operativity between the two residues [14]. The rate of product dissociation, k4, was noted to increase in the H30N
and H30N/Y34F mutants but not in Y166F single mutation, suggesting the contribution of His30 or nearby water
molecules in the rate of catalysis as well as the product inhibited complex stability.

Substitution of Q143 by alanine or asparagine introduced one or two water molecules in the active site cavity
that complete the hydrogen-bonded network [33,34]. However, Q143A and Q143N mutants were still incapable of
maintaining the catalytic activity and stability present in the wild-type human MnSOD.

Substitution of Trp161 by phenylalanine reduced catalysis to a third of the catalysis rate observed in the wild-type
MnSOD. Product inhibition also increased substantially in Y166F. This suggests that although the conserved
non-ligand residue contributes to the fastest level of catalysis, it is not fundamental. Nevertheless, it is involved in
stabilizing the product-inhibited complex [46].

Studies were also performed on the catalysis of the Y34F mutant of S. cerevisiae by Sheng et al. Even though the
catalytic function of the Y34F mutant of ScMnSOD via the prompt protonation pathway is affected negatively, the
rate of protonaton off is increased. This may be due to a water molecule responsible for the detected six coordinate
intermediate product. Although the water molecule within bonding distance to the metal was not reported in the
structure, a water molecule may move in to replace the hydroxyl group of the mutated tyrosine. A water molecule
in an equivalent location was identified in both human MnSOD [5] and E. coli MnSOD [47] Y34 mutants which
demonstrate a fast level of protonation.

The role of H30N MnSOD mutants in human tumor cell lines
The effect of the human and C. elegans H30N mutant on human tumor cell lines was investigated in vivo and in
vitro, respectively. Davis et al. report how the human H30N MnSOD mutant enzyme with a higher k4 and quicker
hydrogen peroxide production than the wild-type MnSOD exhibited striking in vivo effects [48]. The transient over-
expression of H30N in human cell lines increased cell viability in a TNF-mediated apoptosis model. On the other
hand, stable overexpression of this mutated enzyme brought about a strong anti-proliferative effect in the transformed
cells. Although human H30N MnSOD induced cytoprotection was not observed in the stable H30N transformed cell
lines, which could mean that TNF cytotoxicity does not merely depend on the increase in superoxide, the authors
demonstrate how overexpression of mitochondrial-targeted catalase can rescue the H30N MnSOD anti-proliferative
phenotype. This established a critical regulatory effect for hydrogen peroxide produced during MnSOD catalysis.
Additionally, in vivo overexpression of the human H30N mutant resulted in a striking inhibition of tumor growth in
an animal model of tumorigenesis, further highlighting the significance of MnSOD and MnSOD-derived hydrogen
peroxide production in the control of cellular growth [48].

On the other hand, the exogenous addition of the C. elegans H30N MnSOD mutant to K562 cells, resulted in
increased cell viability of the K562 cells. One inference that may be derived from the modified activity of H30N as
well as the signaling properties of hydrogen peroxide would be that the catalytic mechanism of the H30N mutant
generates hydrogen peroxide product at a level which stimulates cell growth [25].

MnSOD variants associated with disease
Since cells that lack mitochondrial MnSOD activity are incapable of surviving, [49], very few polymorphisms of
MnSOD are linked to pathologies. The most extensively studied MnSOD polymorphism is the A16V single nu-
cleotide polymorphism in codon 16 of the mitochondrial targeting leader sequence that substitutes the alanine
residue (GCT) to valine (GTT) and is the ninth amino acid from the first amino acid of the mature protein
[50–52].

The MnSOD variant with valine at position 16 results in a conformational change of the secondary structure of
the mitochondrial target of the MnSOD protein from an α-helix to a β-sheet [53]. This prevents the successful im-
port of MnSOD through the TIM23 mitochondrial import channel [54]. MnSOD is subsequently degraded by the
proteosome and the MnSOD activity is reduced further via RNA degradation. Conversely, the alanine variant, has an
α-helical secondary structure that enables mitochondrial import, allowing MnSOD to be imported efficiently within
the mitochondrial matrix and therefore, leading to higher SOD activity [54].

The correlation of cancer with the A16V polymorphism is not a simple one as it seems to have contrasting ef-
fects in different cancer types [55–57]. Various studies have found links between the valine form of the MnSOD
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gene and increased cancer risk [58–60]. The most substantial correlation involves the greater risk in lung cancer
associated with patients that are homozygous for Val/Val [61,62]. Bergman et al. report how the MnSOD valine al-
lele may be used as an indicator of risk for early onset of breast cancer, since the onset of the disease was found to
be higher in carriers that were homozygous for Val/Val [60]. On the other hand, many studies revealed the alanine
form as being associated with a higher cancer risk, such as esophageal cancer [63], colorectal cancer [64] and cer-
vical cancer [65]. Other studies did not find any significant association between this polymorphism and cancer risk
[66–69].

Such studies show that the amount of cellular ROS determined by MnSOD activity levels may either contribute
to or prevent tumorigenesis. The variant phenotype is affected also by the patient’s antioxidant status. In the case of
prostate cancer, malignancy was worse in Val/Ala patients with low selenium levels and Ala/Ala patients with low
intake of vitamin E [70,71]. Such observations were demonstrated in the meta-analysis by Wang et al. which revealed
how the polymorphism phenotype was exacerbated by an unstable antioxidant status [71].

Valenti et al. found that the A16V polymorphism influences the risk of cardiomyopathy related to iron overload and
may act as an iron toxicity modifier [72]. Gamarra et al. reported that the A16V MnSOD polymorphism is linked
to the onset of Familial Alzheimer’s disease in carriers of the ApoE4 allele [73]. Pournourali et al. suggest that the
MnSOD A16V polymorphism may be related to a risk of female infertility in northern Iran [74]. More recently, it was
reported by Liu et al. that the A16V polymorphism may also be one of the genetic determinants for PCOS in Chinese
women [75].

Other polymorphisms one that converts isoleucine 58 to threonine (I58T) [76], and a polymorphism whereby
leucine is converted to phenylalanine (L60F) [77]. Upon transfection into the MCF-7 breast cancer cell line, the I58T
variant demonstrated reduced tumor suppressor activity [78]. The L60F variant was identified in Jurket human T
leukemia cells and contributes to their malignancy. Isoleucine 58 essentially positioned in the N-terminal hairpin
loop that takes part in the interactions at the tetrameric interface of the quaternary structure. Therefore, replacing
isoleucine by threonine was observed to destabilize the tetrameric interface [79] and reduce the protein’s thermosta-
bility.

Liposarcoma-derived recombinant (LSA) MnSOD
The LSA MnSOD isoform has been found in the mitochondria, the rough endoplasmic reticulum and secretion
vesicles in liposarcoma cells [10,80]. Upon being secreted, it retains its leader peptide constituted by 24 amino acids
and enters tumor cells in a selective manner. It is capable of exerting cytotoxic effects as long as cells possess an
estrogen receptor and express low levels of catalase [81].

Mancini et al. observed that the recombinant form of LSA-type MnSOD (rMnSOD) exhibits cytotoxic properties,
which occur due to induced Bax-dependent apoptosis [81]. This cytotoxic effect is reduced in cells having high cata-
lase activity, suggesting that hydrogen peroxide is involved in the cell death mechanism. The leader peptide resembles
that of the mitochondrial precursor MnSOD which is expressed in normal cells having the Ala16 polymorphism.
However, this leader peptide has a glutamine replacing glycine at position 12 and a hydrophobic leucine replacing the
polar serine at position 13. When the leader peptide, which acts as a molecular carrier was conjugated to cisplatin, it
provided an efficient delivery into various types of cell but triggered fast apoptosis only in tumor cells [82]. Borrelli et
al. distinguished a segment of six amino acids with the sequence AVCGTG that interacted with the estrogen receptor
and suggest that this segment was responsible for entry of the leader peptide into the cell [83]. Therefore, Borrelli et al.
found that by using the leader peptide as a molecular carrier, considerably lower amounts of antitumor agents could
be administered to patients with cancer. This leads to increased antitumor action and this approach could transform
generically molecules (such as cisplatin) into antitumor drugs that are specific [82,84]. For this reason, Borrelli et al.
suggest that the recombinant MnSOD with the leader peptide conjugated to cisplatin should be considered as a novel
antitumor agent.

Damiano et al. found that rMnSOD could prove to be useful when treating or preventing ischemic damages to the
kidney brought about by lengthy immune suppressive therapies with antitumor drugs or Cyclosporin-A [85]. Pisani et
al. also demonstrated that rMnSOD may protect the kidneys via X-ray contrast media [86]. More recently, Cataldi et al.
demonstrated that rMnSOD also protects the midbrain cells considerably from radiation-induced damage, generating
a drastic up-regulation of neutral sphingomyelinase gene as well as protein expression [87].

Post-translational modifications of MnSODs
Acetylation regulation of human MnSOD at particular lysine residues, which includes K122 (precursor numbering)
[88] and K68 (precursor numbering) is maintained by Sirt3 (NAD-dependent deacetylase sirtuin-3, mitochondrial)
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Figure 6. MnSOD activity regulation via translational modifications

Peroxynitrite encourages the MnSOD inactivation by nitrating Y34 at the enzyme active site. MnSOD acetylation at amino acids

K68, K122, K53 and K89 induces MnSOD inactivation as well. Reduced levels of peroxynitrite and activation of SIRT3 lead to the

reactivation of MnSOD via deacetylation or denitrification of the targeted residues. Adapted from Kitada et al. using CC-BY license

[110].

[89]. Acetylation status of MnSOD, particularly K68, controls the detoxification activity of ROS, besides providing a
link between metabolic stress and mitochondrial pathways that provide a balance in metabolism (Figure 6). Reduced
SOD activity due to acetylation leads to increased mitochondrial superoxide levels. Irradiation, nutrient depletion as
well as oxidative stress bring about deacetylation of MnSOD by Sirt3. Therefore, ROS scavenging capacity increases
within the mitochondria under adverse conditions. The positively charged lysine is suggested to attract superoxide
anions into the electrostatic funnel, directing them to the active site via electrostatic facilitation as proposed by Irwin
Fridovich [90,91].
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Zhu et al. explain how their biochemical experiments that used the MnSOD-K68Q Ac-mimic or K68-Ac
(MnSOD-K68-Ac), imply that these monomers function as peroxidases, which is different from the conventional
MnSOD superoxide dismutase activity. Cells expressing MnSODK68Q exhibited resistance to tamoxifen, while cells
that were chosen for tamoxifen resistance demonstrated higher levels of K68-Ac and monomeric MnSOD [92]. Such
results implicate the presence of a MnSOD-K68-Ac metabolic pathway for tamoxifen resistance, tumor progression
and carcinogenesis. Hence, Zhu et al. show MnSOD in the homotetrameric and monomeric forms functions as a
superoxide dismutase and a peroxidase, respectively, whereby the homotetramer acts as a tumor suppressor, while
the monomer resulting from MnSODK68Q expression, behaves as a tumor promoter [92].

In a more recent study by He et al. analyzed a set of data that indicated how the MnSOD-dependent induction
of a cancer stem cell-like phenotype was not actually related to superoxide dismutation but the peroxidase activity
associated with MnSOD acetylation [93]. Hjelmeland and Patel imply that it is not the idea that MnSOD expression
was higher in cancer that is central, but actually that acetylation of MnSOD was also elevated unexpectedly with
higher protein expression. Therefore, He et al. suggest that acetylation of MnSOD is the essential switch converting
MnSOD from a dismutase antioxidant to a peroxidase prooxidant and the pro-HIF2α mediator which is linked to
higher cancer stem cell maintenance [94].

The regulation of MnSOD activity by phosphorylation was observed initially in Listeria monocytogenes and
Campybacter jejuni [95,96]. MnSOD was shown to be a target of phosphorylation in the mitochondria of the porcine
heart [97], potatoes [98] and rats [99]. In human MnSOD, the residue most likely to undergo phosphorylation is S106,
lying within the Cdk1 phosphorylation consensus sequence (Ser/Thr/Pro). This was substantiated via the replacement
of serine by alanine. MnSOD phosphorylation by the cdk1/cyclin B1 complex doubled MnSOD activity and stabilized
the protein’s tetrameric structure [100] conveying a survival advantage to the cell under very stressful conditions. Be-
sides, the augmented hydrogen peroxide production generated by the activated MnSOD promotes transitioning in
the cell cycle from G2 to the M phase [101].

Luo et al. suggest that 17β-estradiol-mediated cardioprotection is correlated to the interaction between MnSOD
found in the heart and mitochondrial p38β [102]. In this case, the phosphorylation of amino acids T79 and S106 in
MnSOD by the kinase is crucial for the suppression of ROS. Overexpression of wild-type MnSOD in cardiomyocytes
reduced ROS generation during hypoxia/reoxygenation, while the point mutation of T79 and S106 to alanine in
MnSOD abolished its antioxidative function. Luo et al. concluded that the protective effects of 17β-estradiol and the
estrogen receptor against cardiac ischemia/reperfusion injury are due to MnSOD regulation via post-translational
modifications by p38β [102].

Peroxynitrite (ONOO-) is a highly reactive nitrogen species produced from nitric oxide .NO, and it has been linked
to a number of pathological states [103,104] mainly due to the nitration of tyrosine amino acids. The residue which is
most susceptible to nitration by peroxynitrite in MnSOD is Y34. Cells are protected by MnSOD which reacts directly
with peroxynitrite (Figure 6). The latter process of detoxification, however, inactivates MnSOD [105–108].

Another post-translation modification of MnSOD involves the addition of glutathione and is referred to as glu-
tathionylation. Normal renal proximal tubular cells (NRK) in rats were treated with S-nitrosoglutathione which in-
activated MnSOD reversibly via the alteration of residue C196 [109].

Conclusions and perspectives
Although MnSOD is principally involved in providing cells with protection against oxidative stress, this review on
the characterization of MnSOD synthetic mutants and natural variants allowed us to explore many other critical roles
that ubiquitous MnSODs may play.

The several studies involving reverse engineering of the active site ligands and second-sphere residues in different
MnSODs reinforce the essential role played by the hydrogen-bonded network in enzyme catalysis. As different Mn-
SODs have highly comparable active sites, it is difficult to identify the structural features responsible for the changes
in MnSOD catalysis between different species, especially with respect to the different product inhibition levels ob-
served. The production of hydrogen peroxide may be regarded as important as the elimination of superoxide anions.
High amounts of hydrogen peroxide are toxic; however, the generation of small quantities of hydrogen peroxide as a
by-product of MnSOD provides a system in which it can be used in cell signaling pathways.

Post-translational modifications of MnSODs such as acetylation and phosphorylation, provide us with an idea that
such modifications in MnSOD must be essential to the cell, and that MnSODs have other functions in addition to
simply removing superoxide. This review also highlights studies that have demonstrated how the aberrant expression
of MnSOD, such as the predominantly studied Val16Ala polymorphism is implicated in many cancer types [111].

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

13

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024



Bioscience Reports (2022) 42 BSR20220202
https://doi.org/10.1042/BSR20220202

The use of MnSOD mutants in the form of combination therapy may be beneficial in cancer treatment as observed
in the case of rMnSOD or in the in vitro studies for human H30N MnSOD. Here, modified MnSODs may be designed
to actively target tumor cells or may be incorporated into delivery systems such as liposomes to prolong the half-life
of MnSOD and simplify cellular uptake. Understanding the structure and catalysis of both wild-type and mutant
MnSODs may ultimately serve to synthetically design more stable SOD mimetics, which may be of therapeutic value
[7].

Competing Interests
The author declares that there are no competing interests associated with the manuscript.

Abbreviations
ETC, electron transport chain; HFEPR, high-field electron paramagnetic resonance; ROS, reactive oxidative species.

References
1 Purohit, V., Simeone, D.M. and Lyssiotis, C.A. (2019) Metabolic regulation of redox balance in cancer. Cancers (Basel) 11, 955,

https://doi.org/10.3390/cancers11070955
2 Azadmanesh, J. and Borgstahl, G.E.O. (2018) A review of the catalytic mechanism of human manganese superoxide dismutase. Antioxidants (Basel)

7, 25, https://doi.org/10.3390/antiox7020025
3 Hearn, A.S., Stroupe, M.E., Cabelli, D.E., Lepock, J.R., Tainer, J.A., Nick, H.S. et al. (2001) Kinetic analysis of product inhibition in human manganese

superoxide dismutase. Biochemistry 40, 12051–12058, https://doi.org/10.1021/bi011047f
4 Azadmanesh, J., Trickel, S.R. and Borgstahl, G.E.O. (2017) Substrate-analog binding and electrostatic surfaces of human manganese superoxide

dismutase. J. Struct. Biol. 199, 68–75, https://doi.org/10.1016/j.jsb.2017.04.011
5 Perry, J.J., Hearn, A.S., Cabelli, D.E., Nick, H.S., Tainer, J.A. and Silverman, D.N. (2009) Contribution of human manganese superoxide dismutase

tyrosine 34 to structure and catalysis. Biochemistry 48, 3417–3424, https://doi.org/10.1021/bi8023288
6 Ramilo, C.A., Leveque, V., Guan, Y., Lepock, J.R., Tainer, J.A., Nick, H.S. et al. (1999) Interrupting the hydrogen bond network at the active site of

human manganese superoxide dismutase. J. Biol. Chem. 274, 27711–27716, https://doi.org/10.1074/jbc.274.39.27711
7 Bonetta, R. (2018) Potential therapeutic applications of MnSODs and SOD-mimetics. Chemistry 24, 5032–5041,

https://doi.org/10.1002/chem.201704561
8 Fukai, T. and Ushio-Fukai, M. (2011) Superoxide dismutases: role in redox signaling, vascular function, and diseases. Antioxid Redox Signal. 15,

1583–1606, https://doi.org/10.1089/ars.2011.3999
9 Miao, L. and St Clair, D.K. (2009) Regulation of superoxide dismutase genes: implications in disease. Free Radic. Biol. Med. 47, 344–356,

https://doi.org/10.1016/j.freeradbiomed.2009.05.018
10 Borrelli, A., Schiattarella, A., Bonelli, P., Tuccillo, F.M., Buonaguro, F.M. and Mancini, A. (2014) The functional role of MnSOD as a biomarker of human

diseases and therapeutic potential of a new isoform of a human recombinant MnSOD. Biomed. Res. Int. 2014, 476789,
https://doi.org/10.1155/2014/476789

11 Tamimi, R.M., Hankinson, S.E., Spiegelman, D., Colditz, G.A. and Hunter, D.J. (2004) Manganese superoxide dismutase polymorphism, plasma
antioxidants, cigarette smoking, and risk of breast cancer. Cancer. Epidemiol. Biomarkers Prev. 13, 989–996

12 Dhar, S.K. and St Clair, D.K. (2012) Manganese superoxide dismutase regulation and cancer. Free Radic. Biol. Med. 52, 2209–2222,
https://doi.org/10.1016/j.freeradbiomed.2012.03.009

13 Abreu, I.A. and Cabelli, D.E. (2010) Superoxide dismutases-a review of the metal-associated mechanistic variations. Biochim. Biophys. Acta 1804,
263–274, https://doi.org/10.1016/j.bbapap.2009.11.005

14 Hearn, A.S., Fan, L., Lepock, J.R., Luba, J.P., Greenleaf, W.B., Cabelli, D.E. et al. (2004) Amino acid substitution at the dimeric interface of human
manganese superoxide dismutase. J. Biol. Chem. 279, 5861–5866, https://doi.org/10.1074/jbc.M311310200

15 Hearn, A.S., Stroupe, M.E., Cabelli, D.E., Ramilo, C.A., Luba, J.P., Tainer, J.A. et al. (2003) Catalytic and structural effects of amino acid substitution at
histidine 30 in human manganese superoxide dismutase: insertion of valine C gamma into the substrate access channel. Biochemistry 42,
2781–2789, https://doi.org/10.1021/bi0266481

16 Quint, P.S., Domsic, J.F., Cabelli, D.E., McKenna, R. and Silverman, D.N. (2008) Role of a glutamate bridge spanning the dimeric interface of human
manganese superoxide dismutase. Biochemistry 47, 4621–4628, https://doi.org/10.1021/bi7024518

17 Zheng, J., Domsic, J.F., Cabelli, D., McKenna, R. and Silverman, D.N. (2007) Structural and kinetic study of differences between human and
Escherichia coli manganese superoxide dismutases. Biochemistry 46, 14830–14837, https://doi.org/10.1021/bi7014103

18 Greenleaf, W.B., Perry, J.J., Hearn, A.S., Cabelli, D.E., Lepock, J.R., Stroupe, M.E. et al. (2004) Role of hydrogen bonding in the active site of human
manganese superoxide dismutase. Biochemistry 43, 7038–7045, https://doi.org/10.1021/bi049888k

19 Whittaker, M.M. and Whittaker, J.W. (1998) A glutamate bridge is essential for dimer stability and metal selectivity in manganese superoxide
dismutase. J. Biol. Chem. 273, 22188–22193, https://doi.org/10.1074/jbc.273.35.22188

20 Sheng, Y., Stich, T.A., Barnese, K., Gralla, E.B., Cascio, D., Britt, R.D. et al. (2011) Comparison of two yeast MnSODs: mitochondrial Saccharomyces
cerevisiae versus cytosolic Candida Albicans. J. Am. Chem. Soc. 133, 20878–20889, https://doi.org/10.1021/ja2077476

21 Sheng, Y., Butler Gralla, E., Schumacher, M., Cascio, D., Cabelli, D.E. and Valentine, J.S. (2012) Six-coordinate manganese(3+) in catalysis by yeast
manganese superoxide dismutase. Proc. Natl. Acad. Sci. U. S. A. 109, 14314–14319, https://doi.org/10.1073/pnas.1212367109

14 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024

https://doi.org/10.3390/cancers11070955
https://doi.org/10.3390/antiox7020025
https://doi.org/10.1021/bi011047f
https://doi.org/10.1016/j.jsb.2017.04.011
https://doi.org/10.1021/bi8023288
https://doi.org/10.1074/jbc.274.39.27711
https://doi.org/10.1002/chem.201704561
https://doi.org/10.1089/ars.2011.3999
https://doi.org/10.1016/j.freeradbiomed.2009.05.018
https://doi.org/10.1155/2014/476789
https://doi.org/10.1016/j.freeradbiomed.2012.03.009
https://doi.org/10.1016/j.bbapap.2009.11.005
https://doi.org/10.1074/jbc.M311310200
https://doi.org/10.1021/bi0266481
https://doi.org/10.1021/bi7024518
https://doi.org/10.1021/bi7014103
https://doi.org/10.1021/bi049888k
https://doi.org/10.1074/jbc.273.35.22188
https://doi.org/10.1021/ja2077476
https://doi.org/10.1073/pnas.1212367109


Bioscience Reports (2022) 42 BSR20220202
https://doi.org/10.1042/BSR20220202

22 Abreu, I.A., Hearn, A., An, H., Nick, H.S., Silverman, D.N. and Cabelli, D.E. (2008) The kinetic mechanism of manganese-containing superoxide
dismutase from Deinococcus radiodurans: a specialized enzyme for the elimination of high superoxide concentrations. Biochemistry 47, 2350–2356,
https://doi.org/10.1021/bi7016206

23 Hunter, G.J., Trinh, C.H., Bonetta, R., Stewart, E.E., Cabelli, D.E. and Hunter, T. (2015) The structure of the Caenorhabditis elegans manganese
superoxide dismutase MnSOD-3-azide complex. Protein Sci. 24, 1777–1788, https://doi.org/10.1002/pro.2768

24 Hunter, T., Bonetta, R., Sacco, A., Vella, M., Sultana, P.M., Trinh, C.H. et al. (2018) A single mutation is sufficient to modify the metal selectivity and
specificity of a eukaryotic manganese superoxide dismutase to encompass iron. Chemistry 24, 5303–5308,
https://doi.org/10.1002/chem.201704655

25 Bonetta, R., Hunter, G.J., Trinh, C.H., Borowski, T., Fenech, A.G., Kulp, M. et al. (2021) Substitution of histidine 30 by asparagine in manganese
superoxide dismutase alters biophysical properties and supports proliferation in a K562 leukemia cell line. Eur. Biophys. J. 50, 571–585,
https://doi.org/10.1007/s00249-021-01544-2

26 Retnoningrum, D.S., Yoshida, H., Razani, M.D., Muliadi, R., Meidianto, V.F., Artarini, A. et al. (2021) The role of S126 in the Staphylococcus equorum
MnSOD activity and stability. J. Struct. Biol. 213, 107731, https://doi.org/10.1016/j.jsb.2021.107731

27 Barwinska-Sendra, A., Garcia, Y.M., Sendra, K.M., Basle, A., Mackenzie, E.S., Tarrant, E. et al. (2020) An evolutionary path to altered cofactor
specificity in a metalloenzyme. Nat. Commun. 11, 2738, https://doi.org/10.1038/s41467-020-16478-0

28 Li, Z., Tang, J. and Guo, F. (2016) Identification of 14-3-3 proteins phosphopeptide-binding specificity using an affinity-based computational approach.
PloS ONE 11, e0147467, https://doi.org/10.1371/journal.pone.0147467

29 Sea, K.W., Sheng, Y., Lelie, H.L., Kane Barnese, L., Durazo, A., Valentine, J.S. et al. (2013) Yeast copper-zinc superoxide dismutase can be activated in
the absence of its copper chaperone. J. Biol. Inorg. Chem. 18, 985–992, https://doi.org/10.1007/s00775-013-1047-8

30 Retnoningrum, D.S., Yoshida, H., Arumsari, S., Kamitori, S. and Ismaya, W.T. (2018) The first crystal structure of manganese superoxide dismutase
from the genus Staphylococcus. Acta Crystallogr F Struct. Biol. Commun. 74, 135–142, https://doi.org/10.1107/S2053230X18001036

31 PyMol (2015) The PyMOL Molecular Graphics System, Schrödinger, LLC, Version 2.0
32 Luk, E., Yang, M., Jensen, L.T., Bourbonnais, Y. and Culotta, V.C. (2005) Manganese activation of superoxide dismutase 2 in the mitochondria of

Saccharomyces cerevisiae. J. Biol. Chem. 280, 22715–22720, https://doi.org/10.1074/jbc.M504257200
33 Leveque, V.J., Stroupe, M.E., Lepock, J.R., Cabelli, D.E., Tainer, J.A., Nick, H.S. et al. (2000) Multiple replacements of glutamine 143 in human

manganese superoxide dismutase: effects on structure, stability, and catalysis. Biochemistry 39, 7131–7137, https://doi.org/10.1021/bi9929958
34 Hsieh, Y., Guan, Y., Tu, C., Bratt, P.J., Angerhofer, A., Lepock, J.R. et al. (1998) Probing the active site of human manganese superoxide dismutase: the

role of glutamine 143. Biochemistry 37, 4731–4739, https://doi.org/10.1021/bi972395d
35 Hunter, T., Bannister, J.V. and Hunter, G.J. (2002) Thermostability of manganese- and iron-superoxide dismutases from Escherichia coli is determined

by the characteristic position of a glutamine residue. Eur. J. Biochem. 269, 5137–5148, https://doi.org/10.1046/j.1432-1033.2002.03200.x
36 Edwards, R.A., Whittaker, M.M., Whittaker, J.W., Baker, E.N. and Jameson, G.B. (2001) Outer sphere mutations perturb metal reactivity in manganese

superoxide dismutase. Biochemistry 40, 15–27, https://doi.org/10.1021/bi0018943
37 Hiraoka, B.Y., Yamakura, F., Sugio, S. and Nakayama, K. (2000) A change of the metal-specific activity of a cambialistic superoxide dismutase from

Porphyromonas gingivalis by a double mutation of Gln-70 to Gly and Ala-142 to Gln. Biochem. J. 345, 345–350, https://doi.org/10.1042/bj3450345
38 Schwartz, A.L., Yikilmaz, E., Vance, C.K., Vathyam, S., Koder, R.L. and Miller, A.F. (2000) Mutational and spectroscopic studies of the significance of

the active site glutamine to metal ion specificity in superoxide dismutase. J. Inorg. Biochem. 80, 247–256,
https://doi.org/10.1016/S0162-0134(00)00086-6

39 Sheng, Y., Abreu, I.A., Cabelli, D.E., Maroney, M.J., Miller, A.F., Teixeira, M. et al. (2014) Superoxide dismutases and superoxide reductases. Chem.
Rev. 114, 3854–3918, https://doi.org/10.1021/cr4005296

40 Barwinska-Sendra, A., Basle, A., Waldron, K.J. and Un, S. (2018) A charge polarization model for the metal-specific activity of superoxide dismutases.
Phys. Chem. Chem. Phys. 20, 2363–2372, https://doi.org/10.1039/C7CP06829H

41 McAdam, M.E., Fox, R.A., Lavelle, F. and Fielden, E.M. (1977) A pulse-radiolysis study of the manganese-containing superoxide dismutase from
Bacillus stearothermophilus. A kinetic model for the enzyme action. Biochem. J. 165, 71–79, https://doi.org/10.1042/bj1650071

42 Abreu, I.A., Rodriguez, J.A. and Cabelli, D.E. (2005) Theoretical studies of manganese and iron superoxide dismutases: superoxide binding and
superoxide oxidation. J. Phys. Chem. B. 109, 24502–24509, https://doi.org/10.1021/jp052368u

43 Whittaker, M.M. and Whittaker, J.W. (1997) Mutagenesis of a proton linkage pathway in Escherichia coli manganese superoxide dismutase.
Biochemistry 36, 8923–8931, https://doi.org/10.1021/bi9704212

44 Guan, L. and Scandalios, J.G. (1998) Two structurally similar maize cytosolic superoxide dismutase genes, Sod4 and Sod4A, respond differentially to
abscisic acid and high osmoticum. Plant Physiol. 117, 217–224, https://doi.org/10.1104/pp.117.1.217

45 Hunter, T., Ikebukuro, K., Bannister, W.H., Bannister, J.V. and Hunter, G.J. (1997) The conserved residue tyrosine 34 is essential for maximal activity of
iron-superoxide dismutase from Escherichia coli. Biochemistry 36, 4925–4933, https://doi.org/10.1021/bi9629541

46 Cabelli, D.E., Guan, Y., Leveque, V., Hearn, A.S., Tainer, J.A., Nick, H.S. et al. (1999) Role of tryptophan 161 in catalysis by human manganese
superoxide dismutase. Biochemistry 38, 11686–11692, https://doi.org/10.1021/bi9909142

47 Borgstahl, G.E., Pokross, M., Chehab, R., Sekher, A. and Snell, E.H. (2000) Cryo-trapping the six-coordinate, distorted-octahedral active site of
manganese superoxide dismutase. J. Mol. Biol. 296, 951–959, https://doi.org/10.1006/jmbi.1999.3506

48 Davis, C.A., Hearn, A.S., Fletcher, B., Bickford, J., Garcia, J.E., Leveque, V. et al. (2004) Potent anti-tumor effects of an active site mutant of human
manganese-superoxide dismutase. Evolutionary conservation of product inhibition. J. Biol. Chem. 279, 12769–12776,
https://doi.org/10.1074/jbc.M310623200

49 Shimizu, T., Nojiri, H., Kawakami, S., Uchiyama, S. and Shirasawa, T. (2010) Model mice for tissue-specific deletion of the manganese superoxide
dismutase gene. Geriatr. Gerontol. Int. 10, S70–S79, https://doi.org/10.1111/j.1447-0594.2010.00604.x

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

15

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024

https://doi.org/10.1021/bi7016206
https://doi.org/10.1002/pro.2768
https://doi.org/10.1002/chem.201704655
https://doi.org/10.1007/s00249-021-01544-2
https://doi.org/10.1016/j.jsb.2021.107731
https://doi.org/10.1038/s41467-020-16478-0
https://doi.org/10.1371/journal.pone.0147467
https://doi.org/10.1007/s00775-013-1047-8
https://doi.org/10.1107/S2053230X18001036
https://doi.org/10.1074/jbc.M504257200
https://doi.org/10.1021/bi9929958
https://doi.org/10.1021/bi972395d
https://doi.org/10.1046/j.1432-1033.2002.03200.x
https://doi.org/10.1021/bi0018943
https://doi.org/10.1042/bj3450345
https://doi.org/10.1016/S0162-0134(00)00086-6
https://doi.org/10.1021/cr4005296
https://doi.org/10.1039/C7CP06829H
https://doi.org/10.1042/bj1650071
https://doi.org/10.1021/jp052368u
https://doi.org/10.1021/bi9704212
https://doi.org/10.1104/pp.117.1.217
https://doi.org/10.1021/bi9629541
https://doi.org/10.1021/bi9909142
https://doi.org/10.1006/jmbi.1999.3506
https://doi.org/10.1074/jbc.M310623200
https://doi.org/10.1111/j.1447-0594.2010.00604.x


Bioscience Reports (2022) 42 BSR20220202
https://doi.org/10.1042/BSR20220202

50 Brown, A.L., Lupo, P.J., Okcu, M.F., Lau, C.C., Rednam, S. and Scheurer, M.E. (2015) SOD2 genetic variant associated with treatment-related
ototoxicity in cisplatin-treated pediatric medulloblastoma. Cancer Med. 4, 1679–1686, https://doi.org/10.1002/cam4.516

51 Shimoda-Matsubayashi, S., Matsumine, H., Kobayashi, T., Nakagawa-Hattori, Y., Shimizu, Y. and Mizuno, Y. (1996) Structural dimorphism in the
mitochondrial targeting sequence in the human manganese superoxide dismutase gene. A predictive evidence for conformational change to influence
mitochondrial transport and a study of allelic association in Parkinson’s disease. Biochem. Biophys. Res. Commun. 226, 561–565,
https://doi.org/10.1006/bbrc.1996.1394

52 Montano, M.A., Barrio Lera, J.P., Gottlieb, M.G., Schwanke, C.H., da Rocha, M.I., Manica-Cattani, M.F. et al. (2009) Association between manganese
superoxide dismutase (MnSOD) gene polymorphism and elderly obesity. Mol. Cell. Biochem. 328, 33–40,
https://doi.org/10.1007/s11010-009-0071-z

53 Iguchi, T., Wang, C.Y., Delongchamps, N.B., Kato, M., Tamada, S., Yamasaki, T. et al. (2015) Association of MnSOD AA Genotype with the Progression
of Prostate Cancer. PloS ONE 10, e0131325, https://doi.org/10.1371/journal.pone.0131325

54 Sutton, A., Khoury, H., Prip-Buus, C., Cepanec, C., Pessayre, D. and Degoul, F. (2003) The Ala16Val genetic dimorphism modulates the import of
human manganese superoxide dismutase into rat liver mitochondria. Pharmacogenetics 13, 145–157,
https://doi.org/10.1097/00008571-200303000-00004

55 Holley, A.K., Dhar, S.K., Xu, Y. and St Clair, D.K. (2012) Manganese superoxide dismutase: beyond life and death. Amino Acids 42, 139–158,
https://doi.org/10.1007/s00726-010-0600-9

56 Dalan, A.B., Ergen, A., Yilmaz, H., Karateke, A. and Isbir, T. (2008) Manganese superoxide dismutase gene polymorphism, MnSOD plasma levels and
risk of epithelial ovarian cancer. J. Obstet. Gynaecol. Res. 34, 878–884, https://doi.org/10.1111/j.1447-0756.2008.00851.x

57 Johnatty, S.E., Nagle, C.M., Spurdle, A.B., Chen, X., Australian Breast Cancer Family, S., Webb, P.M. et al. (2007) The MnSOD Val9Ala polymorphism,
dietary antioxidant intake, risk and survival in ovarian cancer (Australia). Gynecol. Oncol. 107, 388–391, https://doi.org/10.1016/j.ygyno.2007.09.004

58 Wang, L.I., Miller, D.P., Sai, Y., Liu, G., Su, L., Wain, J.C. et al. (2001) Manganese superoxide dismutase alanine-to-valine polymorphism at codon 16
and lung cancer risk. J. Natl. Cancer Inst. 93, 1818–1821, https://doi.org/10.1093/jnci/93.23.1818

59 Hung, R.J., Boffetta, P., Brennan, P., Malaveille, C., Gelatti, U., Placidi, D. et al. (2004) Genetic polymorphisms of MPO, COMT, MnSOD, NQO1,
interactions with environmental exposures and bladder cancer risk. Carcinogenesis 25, 973–978, https://doi.org/10.1093/carcin/bgh080

60 Bergman, M., Ahnstrom, M., Palmeback Wegman, P. and Wingren, S. (2005) Polymorphism in the manganese superoxide dismutase (MnSOD) gene
and risk of breast cancer in young women. J. Cancer Res. Clin. Oncol. 131, 439–444, https://doi.org/10.1007/s00432-004-0663-7

61 Wang, Y. and Walsh, S.W. (2001) Increased superoxide generation is associated with decreased superoxide dismutase activity and mRNA expression
in placental trophoblast cells in pre-eclampsia. Placenta 22, 206–212, https://doi.org/10.1053/plac.2000.0608

62 Zejnilovic, J., Akev, N., Yilmaz, H. and Isbir, T. (2009) Association between manganese superoxide dismutase polymorphism and risk of lung cancer.
Cancer Genet. Cytogenet. 189, 1–4, https://doi.org/10.1016/j.cancergencyto.2008.06.017

63 Murphy, S.J., Hughes, A.E., Patterson, C.C., Anderson, L.A., Watson, R.G., Johnston, B.T. et al. (2007) A population-based association study of SNPs of
GSTP1, MnSOD, GPX2 and Barrett’s esophagus and esophageal adenocarcinoma. Carcinogenesis 28, 1323–1328,
https://doi.org/10.1093/carcin/bgm007

64 Stoehlmacher, J., Ingles, S.A., Park, D.J., Zhang, W. and Lenz, H.J. (2002) The -9Ala/-9Val polymorphism in the mitochondrial targeting sequence of
the manganese superoxide dismutase gene (MnSOD) is associated with age among Hispanics with colorectal carcinoma. Oncol. Rep. 9, 235–238,
https://doi.org/10.3892/or.9.2.235

65 Tong, S.Y., Lee, J.M., Song, E.S., Lee, K.B., Kim, M.K., Lee, J.K. et al. (2009) Functional polymorphism in manganese superoxide dismutase and
antioxidant status: their interactions on the risk of cervical intraepithelial neoplasia and cervical cancer. Gynecol. Oncol. 115, 272–276,
https://doi.org/10.1016/j.ygyno.2009.07.032

66 Cengiz, M., Ozaydin, A., Ozkilic, A.C. and Dedekarginoglu, G. (2007) The investigation of GSTT1, GSTM1 and SOD polymorphism in bladder cancer
patients. Int. Urol. Nephrol. 39, 1043–1048, https://doi.org/10.1007/s11255-007-9179-9

67 Egan, K.M., Thompson, P.A., Titus-Ernstoff, L., Moore, J.H. and Ambrosone, C.B. (2003) MnSOD polymorphism and breast cancer in a
population-based case-control study. Cancer Lett. 199, 27–33, https://doi.org/10.1016/S0304-3835(03)00349-5

68 Lan, Q., Mumford, J.L., Shen, M., Demarini, D.M., Bonner, M.R., He, X. et al. (2004) Oxidative damage-related genes AKR1C3 and OGG1 modulate
risks for lung cancer due to exposure to PAH-rich coal combustion emissions. Carcinogenesis 25, 2177–2181, https://doi.org/10.1093/carcin/bgh240

69 Ho, J.C., Mak, J.C., Ho, S.P., Ip, M.S., Tsang, K.W., Lam, W.K. et al. (2006) Manganese superoxide dismutase and catalase genetic polymorphisms,
activity levels, and lung cancer risk in Chinese in Hong Kong. J. Thorac. Oncol. 1, 648–653

70 Li, H., Kantoff, P.W., Giovannucci, E., Leitzmann, M.F., Gaziano, J.M., Stampfer, M.J. et al. (2005) Manganese superoxide dismutase polymorphism,
prediagnostic antioxidant status, and risk of clinical significant prostate cancer. Cancer Res. 65, 2498–2504,
https://doi.org/10.1158/0008-5472.CAN-04-3535

71 Wang, S., Wang, F., Shi, X., Dai, J., Peng, Y., Guo, X. et al. (2009) Association between manganese superoxide dismutase (MnSOD) Val-9Ala
polymorphism and cancer risk - A meta-analysis. Eur. J. Cancer 45, 2874–2881, https://doi.org/10.1016/j.ejca.2009.04.024

72 Valenti, L., Conte, D., Piperno, A., Dongiovanni, P., Fracanzani, A.L., Fraquelli, M. et al. (2004) The mitochondrial superoxide dismutase A16V
polymorphism in the cardiomyopathy associated with hereditary haemochromatosis. J. Med. Genet. 41, 946–950,
https://doi.org/10.1136/jmg.2004.019588

73 Gamarra, D., Elcoroaristizabal, X., Fernandez-Martinez, M. and de Pancorbo, M.M. (2015) Association of the C47T Polymorphism in SOD2 with
Amnestic Mild Cognitive Impairment and Alzheimer’s Disease in Carriers of the APOEepsilon4 Allele. Dis. Markers 2015, 746329,
https://doi.org/10.1155/2015/746329

74 Pournourali, M., Tarang, A., Haghighi, S.F., Yousefi, M. and Bahadori, M.H. (2016) Polymorphism variant of MnSOD A16V and risk of female infertility in
northern Iran. Taiwan J. Obstet. Gynecol. 55, 801–803, https://doi.org/10.1016/j.tjog.2016.06.018

16 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024

https://doi.org/10.1002/cam4.516
https://doi.org/10.1006/bbrc.1996.1394
https://doi.org/10.1007/s11010-009-0071-z
https://doi.org/10.1371/journal.pone.0131325
https://doi.org/10.1097/00008571-200303000-00004
https://doi.org/10.1007/s00726-010-0600-9
https://doi.org/10.1111/j.1447-0756.2008.00851.x
https://doi.org/10.1016/j.ygyno.2007.09.004
https://doi.org/10.1093/jnci/93.23.1818
https://doi.org/10.1093/carcin/bgh080
https://doi.org/10.1007/s00432-004-0663-7
https://doi.org/10.1053/plac.2000.0608
https://doi.org/10.1016/j.cancergencyto.2008.06.017
https://doi.org/10.1093/carcin/bgm007
https://doi.org/10.3892/or.9.2.235
https://doi.org/10.1016/j.ygyno.2009.07.032
https://doi.org/10.1007/s11255-007-9179-9
https://doi.org/10.1016/S0304-3835(03)00349-5
https://doi.org/10.1093/carcin/bgh240
https://doi.org/10.1158/0008-5472.CAN-04-3535
https://doi.org/10.1016/j.ejca.2009.04.024
https://doi.org/10.1136/jmg.2004.019588
https://doi.org/10.1155/2015/746329
https://doi.org/10.1016/j.tjog.2016.06.018


Bioscience Reports (2022) 42 BSR20220202
https://doi.org/10.1042/BSR20220202

75 Liu, Q., Liu, H., Bai, H., Huang, W., Zhang, R., Tan, J. et al. (2019) Association of SOD2 A16V and PON2 S311C polymorphisms with polycystic ovary
syndrome in Chinese women. J. Endocrinol. Invest. 42, 909–921, https://doi.org/10.1007/s40618-018-0999-5

76 Ho, Y.S. and Crapo, J.D. (1988) Isolation and characterization of complementary DNAs encoding human manganese-containing superoxide dismutase.
FEBS Lett. 229, 256–260, https://doi.org/10.1016/0014-5793(88)81136-0

77 Hernandez-Saavedra, D. and McCord, J.M. (2003) Paradoxical effects of thiol reagents on Jurkat cells and a new thiol-sensitive mutant form of
human mitochondrial superoxide dismutase. Cancer Res. 63, 159–163

78 Zhang, H.J., Yan, T., Oberley, T.D. and Oberley, L.W. (1999) Comparison of effects of two polymorphic variants of manganese superoxide dismutase on
human breast MCF-7 cancer cell phenotype. Cancer Res. 59, 6276–6283

79 Borgstahl, G.E., Parge, H.E., Hickey, M.J., Johnson, M.J., Boissinot, M., Hallewell, R.A. et al. (1996) Human mitochondrial manganese superoxide
dismutase polymorphic variant Ile58Thr reduces activity by destabilizing the tetrameric interface. Biochemistry 35, 4287–4297,
https://doi.org/10.1021/bi951892w

80 Mancini, A., Borrelli, A., Schiattarella, A., Fasano, S., Occhiello, A., Pica, A. et al. (2006) Tumor suppressive activity of a variant isoform of manganese
superoxide dismutase released by a human liposarcoma cell line. Int. J. Cancer 119, 932–943, https://doi.org/10.1002/ijc.21904

81 Mancini, A., Borrelli, A., Schiattarella, A., Aloj, L., Aurilio, M., Morelli, F. et al. (2008) Biophysical and biochemical characterization of a
liposarcoma-derived recombinant MnSOD protein acting as an anticancer agent. Int. J. Cancer 123, 2684–2695, https://doi.org/10.1002/ijc.23791

82 Borrelli, A., Schiattarella, A., Mancini, R., Morelli, F., Capasso, C., De Luca, V. et al. (2011) The leader peptide of a human rec. MnSOD as molecular
carrier which delivers high amounts of Cisplatin into tumor cells inducing a fast apoptosis in vitro. Int. J. Cancer 128, 453–459,
https://doi.org/10.1002/ijc.25334

83 Borrelli, A., Schiattarella, A., Mancini, R., Pica, A., Pollio, M.L., Ruggiero, M.G. et al. (2016) A new hexapeptide from the leader peptide of rMnSOD
enters cells through the oestrogen receptor to deliver therapeutic molecules. Sci. Rep. 6, 18691, https://doi.org/10.1038/srep18691

84 Borrelli, A., Schiattarella, A., Musella, A., Mancini, R., Capasso, C., De Luca, V. et al. (2012) A molecular carrier to transport and deliver cisplatin into
endometrial cancer cells. Chem. Biol. Drug Des. 80, 9–16, https://doi.org/10.1111/j.1747-0285.2012.01337.x

85 Damiano, S., Trepiccione, F., Ciarcia, R., Scanni, R., Spagnuolo, M., Manco, L. et al. (2013) A new recombinant MnSOD prevents the cyclosporine
A-induced renal impairment. Nephrol. Dial. Transplant. 28, 2066–2072, https://doi.org/10.1093/ndt/gft020

86 Pisani, A., Sabbatini, M., Riccio, E., Rossano, R., Andreucci, M., Capasso, C. et al. (2014) Effect of a recombinant manganese superoxide dismutase on
prevention of contrast-induced acute kidney injury. Clin. Exp. Nephrol. 18, 424–431

87 Cataldi, S., Borrelli, A., Ceccarini, M.R., Nakashidze, I., Codini, M., Belov, O. et al. (2019) Neutral sphingomyelinase modulation in the
protective/preventive role of rMnSOD from radiation-induced damage in the brain. Int. J. Mol. Sci. 20, 5431, https://doi.org/10.3390/ijms20215431

88 Tao, R., Coleman, M.C., Pennington, J.D., Ozden, O., Park, S.H., Jiang, H. et al. (2010) Sirt3-mediated deacetylation of evolutionarily conserved lysine
122 regulates MnSOD activity in response to stress. Mol. Cell. 40, 893–904, https://doi.org/10.1016/j.molcel.2010.12.013

89 Chen, Y., Zhang, J., Lin, Y., Lei, Q., Guan, K.L., Zhao, S. et al. (2011) Tumour suppressor SIRT3 deacetylates and activates manganese superoxide
dismutase to scavenge ROS. EMBO Rep. 12, 534–541, https://doi.org/10.1038/embor.2011.65

90 Benovic, J., Tillman, T., Cudd, A. and Fridovich, I. (1983) Electrostatic facilitation of the reaction catalyzed by the manganese-containing and the
iron-containing superoxide dismutases. Arch. Biochem. Biophys. 221, 329–332, https://doi.org/10.1016/0003-9861(83)90151-0

91 Zhu, Y., Park, S.H., Ozden, O., Kim, H.S., Jiang, H., Vassilopoulos, A. et al. (2012) Exploring the electrostatic repulsion model in the role of Sirt3 in
directing MnSOD acetylation status and enzymatic activity. Free Radic. Biol. Med. 53, 828–833,
https://doi.org/10.1016/j.freeradbiomed.2012.06.020

92 Zhu, Y., Zou, X., Dean, A.E., Brien, J.O., Gao, Y., Tran, E.L. et al. (2019) Lysine 68 acetylation directs MnSOD as a tetrameric detoxification complex
versus a monomeric tumor promoter. Nat. Commun. 10, 2399, https://doi.org/10.1038/s41467-019-10352-4

93 He, C., Danes, J.M., Hart, P.C., Zhu, Y., Huang, Y., de Abreu, A.L. et al. (2019) SOD2 acetylation on lysine 68 promotes stem cell reprogramming in
breast cancer. Proc. Natl. Acad. Sci. U. S. A. 116, 23534–23541, https://doi.org/10.1073/pnas.1902308116

94 Hjelmeland, A.B. and Patel, R.P. (2019) SOD2 acetylation and deacetylation: Another tale of Jekyll and Hyde in cancer. Proc. Natl. Acad. Sci. U. S. A.
116, 23376–23378, https://doi.org/10.1073/pnas.1916214116

95 Archambaud, C., Nahori, M.A., Pizarro-Cerda, J., Cossart, P. and Dussurget, O. (2006) Control of Listeria superoxide dismutase by phosphorylation. J.
Biol. Chem. 281, 31812–31822, https://doi.org/10.1016/S0021-9258(19)84096-6

96 Voisin, S., Watson, D.C., Tessier, L., Ding, W., Foote, S., Bhatia, S. et al. (2007) The cytoplasmic phosphoproteome of the Gram-negative bacterium
Campylobacter jejuni: evidence for modification by unidentified protein kinases. Proteomics 7, 4338–4348, https://doi.org/10.1002/pmic.200700483

97 Hopper, R.K., Carroll, S., Aponte, A.M., Johnson, D.T., French, S., Shen, R.F. et al. (2006) Mitochondrial matrix phosphoproteome: effect of extra
mitochondrial calcium. Biochemistry 45, 2524–2536, https://doi.org/10.1021/bi052475e

98 Bykova, N.V., Stensballe, A., Egsgaard, H., Jensen, O.N. and Moller, I.M. (2003) Phosphorylation of formate dehydrogenase in potato tuber
mitochondria. J. Biol. Chem. 278, 26021–26030, https://doi.org/10.1074/jbc.M300245200

99 Castellano, I., Cecere, F., De Vendittis, A., Cotugno, R., Chambery, A., Di Maro, A. et al. (2009) Rat mitochondrial manganese superoxide dismutase:
amino acid positions involved in covalent modifications, activity, and heat stability. Biopolymers 91, 1215–1226, https://doi.org/10.1002/bip.21208

100 Candas, D., Fan, M., Nantajit, D., Vaughan, A.T., Murley, J.S., Woloschak, G.E. et al. (2013) CyclinB1/Cdk1 phosphorylates mitochondrial antioxidant
MnSOD in cell adaptive response to radiation stress. J. Mol. Cell Biol. 5, 166–175, https://doi.org/10.1093/jmcb/mjs062

101 Chang, T.S., Jeong, W., Choi, S.Y., Yu, S., Kang, S.W. and Rhee, S.G. (2002) Regulation of peroxiredoxin I activity by Cdc2-mediated phosphorylation. J.
Biol. Chem. 277, 25370–25376, https://doi.org/10.1074/jbc.M110432200

102 Luo, T., Liu, H. and Kim, J.K. (2016) Estrogen protects the female heart from ischemia/reperfusion injury through manganese superoxide dismutase
phosphorylation by mitochondrial p38beta at Threonine 79 and Serine 106. PloS ONE 11, e0167761, https://doi.org/10.1371/journal.pone.0167761

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

17

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024

https://doi.org/10.1007/s40618-018-0999-5
https://doi.org/10.1016/0014-5793(88)81136-0
https://doi.org/10.1021/bi951892w
https://doi.org/10.1002/ijc.21904
https://doi.org/10.1002/ijc.23791
https://doi.org/10.1002/ijc.25334
https://doi.org/10.1038/srep18691
https://doi.org/10.1111/j.1747-0285.2012.01337.x
https://doi.org/10.1093/ndt/gft020
https://doi.org/10.3390/ijms20215431
https://doi.org/10.1016/j.molcel.2010.12.013
https://doi.org/10.1038/embor.2011.65
https://doi.org/10.1016/0003-9861(83)90151-0
https://doi.org/10.1016/j.freeradbiomed.2012.06.020
https://doi.org/10.1038/s41467-019-10352-4
https://doi.org/10.1073/pnas.1902308116
https://doi.org/10.1073/pnas.1916214116
https://doi.org/10.1016/S0021-9258(19)84096-6
https://doi.org/10.1002/pmic.200700483
https://doi.org/10.1021/bi052475e
https://doi.org/10.1074/jbc.M300245200
https://doi.org/10.1002/bip.21208
https://doi.org/10.1093/jmcb/mjs062
https://doi.org/10.1074/jbc.M110432200
https://doi.org/10.1371/journal.pone.0167761


Bioscience Reports (2022) 42 BSR20220202
https://doi.org/10.1042/BSR20220202

103 Eiserich, J.P., Hristova, M., Cross, C.E., Jones, A.D., Freeman, B.A., Halliwell, B. et al. (1998) Formation of nitric oxide-derived inflammatory oxidants
by myeloperoxidase in neutrophils. Nature 391, 393–397, https://doi.org/10.1038/34923

104 Xu, S., Ying, J., Jiang, B., Guo, W., Adachi, T., Sharov, V. et al. (2006) Detection of sequence-specific tyrosine nitration of manganese SOD and SERCA
in cardiovascular disease and aging. Am. J. Physiol. Heart Circ. Physiol. 290, H2220–2227, https://doi.org/10.1152/ajpheart.01293.2005

105 MacMillan-Crow, L.A., Crow, J.P. and Thompson, J.A. (1998) Peroxynitrite-mediated inactivation of manganese superoxide dismutase involves
nitration and oxidation of critical tyrosine residues. Biochemistry 37, 1613–1622, https://doi.org/10.1021/bi971894b

106 Quijano, C., Hernandez-Saavedra, D., Castro, L., McCord, J.M., Freeman, B.A. and Radi, R. (2001) Reaction of peroxynitrite with Mn-superoxide
dismutase. Role of the metal center in decomposition kinetics and nitration. J. Biol. Chem. 276, 11631–11638,
https://doi.org/10.1074/jbc.M009429200

107 Quint, P., Reutzel, R., Mikulski, R., McKenna, R. and Silverman, D.N. (2006) Crystal structure of nitrated human manganese superoxide dismutase:
mechanism of inactivation. Free Radic. Biol. Med. 40, 453–458, https://doi.org/10.1016/j.freeradbiomed.2005.08.045

108 Demicheli, V., Quijano, C., Alvarez, B. and Radi, R. (2007) Inactivation and nitration of human superoxide dismutase (SOD) by fluxes of nitric oxide and
superoxide. Free Radic. Biol. Med. 42, 1359–1368, https://doi.org/10.1016/j.freeradbiomed.2007.01.034

109 Patil, N.K., Saba, H. and MacMillan-Crow, L.A. (2013) Effect of S-nitrosoglutathione on renal mitochondrial function: a new mechanism for reversible
regulation of manganese superoxide dismutase activity? Free Radic. Biol. Med. 56, 54–63, https://doi.org/10.1016/j.freeradbiomed.2012.12.001

110 Kitada, M., Xu, J., Ogura, Y., Monno, I. and Koya, D. (2020) Manganese superoxide dismutase dysfunction and the pathogenesis of kidney disease.
Front. Physiol. 11, 755, https://doi.org/10.3389/fphys.2020.00755

111 Wang, P., Zhu, Y., Xi, S., Li, S. and Zhang, Y. (2018) Association between MnSOD Val16Ala Polymorphism and Cancer Risk: Evidence from 33,098
Cases and 37,831 Controls. Dis. Markers 2018, 3061974, https://doi.org/10.1155/2018/3061974

18 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/bioscirep/article-pdf/42/6/BSR
20220202/933933/bsr-2022-0202c.pdf by guest on 20 April 2024

https://doi.org/10.1038/34923
https://doi.org/10.1152/ajpheart.01293.2005
https://doi.org/10.1021/bi971894b
https://doi.org/10.1074/jbc.M009429200
https://doi.org/10.1016/j.freeradbiomed.2005.08.045
https://doi.org/10.1016/j.freeradbiomed.2007.01.034
https://doi.org/10.1016/j.freeradbiomed.2012.12.001
https://doi.org/10.3389/fphys.2020.00755
https://doi.org/10.1155/2018/3061974

