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A B S T R A C T

Human manganese superoxide dismutase (MnSOD2) is a critical mitochondrial antioxidant that catalyzes the 
conversion of highly reactive superoxide radicals into molecular oxygen and hydrogen peroxide. The peroxide 
molecules are subsequently neutralized by other antioxidant systems, positioning MnSOD2 as the primary de
fense against mitochondrial oxidative stress and diseases associated with disrupted in vivo redox balance. 
MnSOD2 has been studied since its discovery in the early 1960s, particularly in the context of cellular pathology 
and as a therapeutic target. Recent studies combining neutron protein crystallography (NPC), X-ray absorption 
spectroscopy (XAS), and quantum mechanical (QM) computations have uncovered previously uncharacterized 
protonation states and atypically short and strong hydrogen bonds within the active site of MnSOD2. Together, 
these drive the enzyme’s exceptionally rapid turnover. This focused review summarizes emerging insights to 
generate an updated landscape of MnSOD2’s structure-function relationship and to highlight remaining chal
lenges. The primary bottleneck to a complete understanding of the structural mechanism of MnSOD2 catalysis is 
the lack of a superoxide-bound MnSOD2 structure that resolves all proton positions, defines the redox state of the 
catalytic metal, the metal ligands, and the position of superoxide. Additionally, another largely unexplored area 
is how Fe substitution converts MnSOD2 into a peroxidase, and how this metal promiscuity affects mitochondrial 
redox homeostasis. This review synthesizes current evidence and states an informed hypothesis for the catalytic 
mechanism of Fe-substituted SOD2 (FeSOD2). Clarifying these gaps will advance our understanding of the 
structural basis of SOD2 catalysis and how it shapes mitochondrial redox biology in health and disease.

1. Introduction

Superoxide radicals (O2
●¡) are a class of highly reactive oxygen 

species (ROS), generated as by-products of mitochondrial aerobic 
respiration, by the one-electron reduction of molecular oxygen (O2). 
They accumulate within the mitochondrial matrix because their nega
tive charge from the unpaired electron prevents diffusion across the 
mitochondrial membrane. Rising levels of the highly reactive nascent 
O2

●¡ generate oxidative stress conditions within the mitochondria that 
negatively impact downstream cell growth and signaling pathways, 
triggering apoptosis [2–4]. Simultaneously, O2

●¡ in sub-lethal concen
trations acts as a signaling molecule that regulates cellular processes 
critical for life [5]. Therefore, precisely regulating mitochondrial O2

●¡

levels by balancing its synthesis and remediation is important because 
O2

●¡ imbalance is a key driver of oxidative stress-induced disease pa
thologies [6]. Such pathologies include: i) chronic inflammation, typi
cally leading to atherosclerosis and type 2 diabetes [7,8]; ii) 

mitochondrial dysfunction and degeneration, resulting in neurodegen
erative disorders such as amyotrophic lateral sclerosis (ALS), cerebral 
palsy, and Parkinson’s disease [9,10]; and iii) impaired metabolic en
zymes, DNA damage, unregulated cell growth and proliferation, pro
moting tumorigenesis, transformation, and metastasis [4,11]. To date, 
the only known enzyme to successfully remediate O2

●¡ radicals within 
the mitochondria is manganese superoxide dismutase (MnSOD2). It 
dismutes two O2

●¡ radicals into molecular oxygen (O2) and hydrogen 
peroxide (H2O2) [12]. These uncharged reaction products are signifi
cantly less reactive and can easily diffuse out of the mitochondrial ma
trix across the membrane, alleviating mitochondrial oxidative stress. 
This protective role of MnSOD2 against oxidative stress is critical for 
mitochondrial function, cellular health, and survival, as evidenced by 
studies that show complete knockout of the SOD2 gene results in early 
mortality in mice and Drosophila due to reduced activity of several 
mitochondrial proteins [13–15].

While the MnSOD2-generated H2O2 is another class of ROS, it is less 
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damaging than O2
●¡ and is readily targeted by numerous enzymatic 

systems, such as peroxidases and catalases, both inside and outside the 
mitochondria. Interestingly, under certain conditions, including mito
chondrial Mn deficiency or Fe enrichment, MnSOD2 readily in
corporates Fe into its active site, replacing Mn, to form FeSOD2. FeSOD2 
does not dismute O2

●¡ like its Mn-containing counterpart. Instead, it is a 
peroxidase [16] [17]. The O2 generated by MnSOD2 is typically reab
sorbed into the mitochondrial electron transfer chain (ETC) for further 
rounds of aerobic respiration. This review focuses on our current un
derstanding of the structural mechanisms of human MnSOD2 and 
FeSOD2 enzyme systems.

The physiological form of MnSOD2 is a homotetramer composed of a 
dimer-of-dimers where subunits A and C form one dimer, and B and D 
form the other (Fig. 1A) [18]. The tetramer is stabilized by two four- 
helix bundles that form between the dimers (e.g. A with B and C with 
D in Fig. 1A), making the tetramer very stable with a Tm of ~88 ◦C [19]. 
Each subunit has one active site that contains a metal. Four amino acids, 
His26, His74, His163, and Asp159, along with a solvent molecule in site- 
1 (Fig. 1B), directly coordinate the catalytic Mn in a distorted trigonal 
bipyramidal geometry and are referred to as the inner-sphere residues. 
The site-1 solvent molecule, typically known as WAT1, is either a water 
molecule (H2O) in the oxidized form, or a hydroxide ion (OH-) in the 
reduced enzyme [20–22]. Under certain conditions, a hydroperoxyl 
anion (HO2-) also binds at site-1 [23]. There are two other solvent 
binding sites. Site-2 has been observed to contain water molecules or 
hydrogen peroxide [20,23]. When the inner-sphere site-3 is occupied, 
the metal geometry becomes octahedral. To date, only inhibitors have 
been found to bind site-3 (e.g., OH- and Azide) [20,24,25].

MnSOD2 catalyzes the dismutation of two O2
●¡ radicals into O2 and 

H2O2 via an extremely fast (kCAT = 40 ms− 1; kCAT/Km > ~109 M− 1 s− 1) 
(Table 1) two-step ping-pong mechanism [1,18]. The active site metal 
(Mn) cycles between the oxidized (Mn3+) and reduced (Mn2+) states, as 
shown below [1,20,26].

Mn3+SOD + O2
●− ⇌ O2 + Mn2+SOD

(
k1 = 1.5 nM− 1s− 1)

Mn2+SOD + O2
●− + 2H+⇌H2O2 + Mn3+SOD

(
k2 = 1.1 nM− 1s− 1)

Catalysis is assisted by the electrostatic guidance of the substrate by 
residues on the enzyme surface and within the active site funnel [12]. 
However, there has historically been a significant lack of MnSOD2 
structures accurately pinpointing locations of the critical protons that 
drive the simultaneous proton and electron transfers of the proton- 
coupled electron transfer (PCET) mechanism of MnSOD2. This hinders 
a comprehensive understanding of the enzyme’s catalytic mechanism.

Recently, the complementary approaches of neutron protein crys
tallography (NPC) [20,23,27–29], X-ray diffraction (XRD), X-ray ab
sorption spectroscopy (XAS), and Density Functional Theory (DFT) have 
yielded unprecedented insights into the structural basis of MnSOD2’s 
PCET reaction (Table 2). NPC is particularly attractive for studying 
metalloenzymes because the neutron beam is chemically inert and does 
not reduce metals as X-rays do. This method has been indispensable for 
identifying unusual protonation states of residues and atypical hydrogen 
bonds within the primary and secondary metal coordination shell in 
MnSOD2. These unconventional hydrogen bonds are called short strong 
hydrogen bonds (SSHBs); they are shorter than regular hydrogen bonds, 
and they form between donor and acceptor groups with similar pKa 
values. A low barrier hydrogen bond (LBHB) is a special type of SSHB 
where the proton is shared equally, and lies midway between donor and 
acceptor groups [30,31]. Over the last decade, a total of eight NPC 
structures of oxidized, reduced, product-soaked wild-type (WT), and 
product-inhibited variants Trp161Phe and Tyr34Phe, have been pub
lished, at room and cryogenic temperatures (PDB ID WT: 7KKS, 7KKW; 
Trp161Phe: 8VHW, 8VHY, 8VJ; Tyr34Phe: 9BVY, 9BW2, 9BWM) 
[20,23,32]. Combined analysis of these has revealed subtle, but signif
icant reorganization of the network of SSHB and LBHBs in MnSOD2, 
across redox and product-inhibited states. These hydrogen bond dy
namics around the enzyme’s active site are important for the proton 
transfer events driving its PCET.

Moreover, without NPC, it would be impossible to accurately iden
tify the protonation state of the metal-bound solvent at site-1 (H2O vs 
OH¡ or H2O2 vs HO2

¡), resulting in an incomplete picture of this en
zyme’s active site architecture. In combination with NPC-derived 
structural information, XAS techniques, such as High Energy Resolu
tion Fluorescence Detected X-ray Absorption Near-Edge Structure 
(HERFD-XANES) [33,34] and Extended X-ray Absorption Fine Structure 
(EXAFS) [35], accurately characterize the catalytic metal’s electronic 
state and coordination geometry, as well as, metal-ligand distances. The 
final data interpretation from the combined analysis is validated to be 
quantum-mechanically reasonable by performing Density Functional 
Theory (DFT) calculations [23,36]. More recently, quantum refinement 
has been used to resolve NPC structures [37]. This integration of com
plementary methods has fundamentally changed our understanding of 
the catalytic mechanism of MnSOD2 [20]. Key proton donors driving the 
PCETs critical for cycling the catalytic Mn during superoxide dis
mutation were identified, and how product inhibition halts catalysis was 
revealed [20,23,27–29,32,38].

However, these advances have not yet been comprehensively sum
marized. This review fills in this gap by providing an integrated 
perspective on how accurately mapping proton positions in SOD2’s 
active site, coupled with accurate knowledge of catalytic metal elec
tronic states, reveals atypical amino acid ionization and hydrogen 
bonds, all of which drive SOD2’s exceptionally rapid catalysis. More
over, these approaches validate previously published computational 
analyses, as well as refine long-standing interpretations of the MnSOD2 
product-inhibited complex, to communicate an accurate understanding 
of the enzyme’s structure-function relationship. Additionally, this re
view investigates how Fe substitution alters the enzyme’s activity from a 
superoxide dismutase to a peroxidase. This helps our understanding of 
SOD2’s mechanistic tuning in response to available metal, as well as the 
biological consequences of this metal promiscuity. Finally, we highlight 
critical gaps in current knowledge of the SOD2 enzyme and propose 

Fig. 1. Structures of MnSOD2. (A) Ribbon diagram of tetrameric resting-state 
Mn3+SOD; active site Mn ions shown as pink spheres. (B) Three solvent ligand 
binding sites that have been observed to date. Site-1 and site-3 are inner-sphere 
and site-2 is second sphere. (C) The half reactions for solved oxidation- 
reduction, and peroxide-inhibited structures of MnSOD2. Reactions in the 
dashed box represent unresolved half-reactions of interest. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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future directions aimed at resolving these uncertainties, with the goal of 
fully defining the all-atom catalytic mechanisms of MnSOD2 and 
FeSOD2 at atomic resolution.

2. Human mitochondrial MnSOD2

The mechanism of MnSOD2’s PCET reaction, as well as product in
hibition, has long been debated. One of the primary controversies is 
where superoxide binds MnSOD in the two half reactions. Currently, 
there are several schools of thought regarding the mechanism:

The “5–6-5” mechanism, proposes that O2
●¡ binds Mn at the 6th 

coordination position, opposite Asp159, shifting the pentavalent metal 
from trigonal bipyramidal to octahedral geometry [39]. Azide (N3), a 
potent competitive inhibitor of MnSOD, has been historically used to 
guide speculations regarding O2

●¡ binding sites in MnSOD, although the 
two are significantly different in size and elemental composition. Azide 
binds the catalytic metal at its vacant, 6th coordination position, 
opposite the metal-ligated Asp, in T. thermophilus MnSOD (PDB ID: 
1MNG) and both Mn- and FeSOD isolated from C. elegans, via the inner 
sphere mechanism [12,39–42]. This 6th metal coordination position has 
also been reported to be occupied by OH− in Escherichia coli MnSOD at 
pH 8.5 (PDB ID: 1D5N) [25], likely from pH adjustments using hy
droxide as a reagent. Recently, Dasgupta and coworkers have reported a 
partially occupied solvent molecule bound to this 6th Mn-coordination 
site in the human Gln143Asn MnSOD variant, in both its resting and 
product-bound states (PDB IDs: 9NR0 and 9NSJ, respectively) [43]. In 
all these structures, binding of the 6th ligand to the Mn shifts it from its 
resting state pentavalent distorted trigonal bipyramidal geometry to a 
hexavalent octahedral geometry.

The “dissociative displacement” mechanism proposes that O2
●¡ binds 

Mn at site-1, displacing the bound solvent. In this mechanism, Mn does 
not undergo any configuration changes, unlike the previous mechanism. 
This was proposed by Whittaker and Whittaker in E. coli MnSOD, at 
physiological temperature, although they could not verify the identity of 
the displaced solvent in their studies [44,45]. Interestingly, at lower 
temperatures, O2

●¡ binding shifts the pentavalent Mn into octahedral 
coordination geometry, with an unidentified ligand bound to the 6th 
position opposite Asp within the inner shell. This was identified as an 
unstable reaction intermediate, presenting the notion that the binding 
mechanism of superoxide in MnSOD could be temperature dependent.

Quantum mechanical (QM) studies have predicted that during the 
first half of the reaction (k1), O2

●¡ binds the oxidized metal (Mn3+) via 

the inner sphere mechanism, while the second O2
●¡ binds the reduced 

metal (Mn2+) during the final half (k2) via the second sphere mechanism 
[12,32] Interestingly, these QM studies predict no significant difference 
in activation energy barriers if the second O2

●¡ binding step occurs via 
the inner vs the second sphere mechanism, indicating an equal prefer
ence of the second O2

●¡ radical to bind the reduced metal either by 
directly displacing the site-1 solvent, or by binding the vacant 6th Mn 
coordination site. The deciding factor appears to be whether or not the 
second O2

●¡ radical has space to bind Mn2+ in the 6th position 
[12,32,46,47].

However, the actual substrate binding sites in MnSOD2 remain un
solved, as we currently lack O2

●¡-bound structures of the enzyme. This is 
due to experimental challenges posed by the extremely short half-life of 
O2

●¡ [48]. This is further discussed in the Conclusions and Perspectives 
section. The mechanism of MnSOD2 remains unknown, and existing 
models need to be experimentally verified with O2

●¡ binding studies.
Another unsolved aspect of the MnSOD2 mechanism is the source 

and fate of the electron that is transferred to and from the catalytic Mn, 
driving its redox cycling. It is tempting to speculate that during the first 
half of the reaction, the incoming O2

●¡ radical donates its extra electron 
to the oxidized metal (Mn3+), which then becomes reduced (Mn2+), 
while the O2

●¡ is oxidized to the first reaction product, O2. Computa
tional studies by Noodleman and coworkers [21] proposed that O2

●¡

cannot immediately donate its extra electron to the oxidized Mn during 
the first half of the reaction, due to the negative charge on the OH¡

anion bound to Mn3+ at site-1. These claims, however, remain to be 
verified experimentally. Recent studies have tested some of the in
terpretations in the literature with a combination of NPC, XRD, XAS, and 
DFT techniques (Table 2) [20,23,32].

2.1. Gln143 serves as a proton donor in MnSOD2’s PCET reaction

Azadmanesh and coworkers presented experimental evidence that 
the second-shell residue, Gln143, serves as a critical proton donor in 
MnSOD2’s PCET mechanism [20]. In oxidized Mn3+SOD2, protonated 
Gln143 forms a hydrogen bond with a OH¡ positioned at site 1 (Fig. 2 A- 
C, Fig. 3 A). Contrastingly, in reduced Mn2+SOD2, a proton is trans
ferred from Gln143 to the site-1 solvent to generate a water molecule, 
while Gln143 becomes an amide anion (Fig. 2D-F, Fig. 3B). This creates 
an unusual SSHB between the site-1 bound water and the amide‑ni
trogen of Gln143(NԐ2) in the reduced enzyme. The anionic Gln143 is 
then stabilized by another SSHB with the proton-donating nitrogen atom 
of second-sphere residue Trp123(NԐ1) (Fig. 2E, Fig. 3A-B). This SSHB 
lengthens to a regular hydrogen bond in the oxidized enzyme (Fig. 2B, 
Fig. 3A). Thus, Trp123 plays an indirect role in bolstering MnSOD2 
catalysis by stabilizing the anion form of Gln143 in the reduced state. 
The importance of this hydrogen bonding was noted by Greenleaf and 
coworkers [49], who observed that the Trp123Phe MnSOD2 variant 
(PDB 1SZX) had significantly slower kinetics compared to WT MnSOD2 
[1,49].

Charge neutralization at the metal center is the key driver of the 
Gln143 to Mn-bound site-1 solvent PCET event. During the Mn reduction 
step in the first half of the reaction, the oxidized Mn3+ gains an electron 

Table 1 
Kinetic parameters for product-inhibited steps of MnSOD2 catalysis.

MnSOD2 Variant kCAT (ms− 1) kCAT/km (μM− 1 s− 1) k1 (nM− 1 s− 1) k2 (nM− 1 s− 1) k3 (nM− 1 s− 1) k4 (s− 1) Gating Ratio (k2/k3)

WT 40.0a 800.0a 1.5b 1.1b 1.1b 120b 1
Tyr34Pheb 3.3c 870.0c 0.55d <0.02d 0.46d 52d <0.04
Trp161Phec >1e 250e 0.30b <0.01b 0.46b 33b <0.02

a From Hsu et al. 1996.
b From Hearn et al. 2001.
c From Guan et al. 1998.
d From Greenleaf et al. 2004.
e From Cabelli et al. 1999.

Table 2 
Complementary experimental techniques and information generated.

Experimental method Information provided

XRD Preliminary X-ray structure for NPC data processing pipeline.
NPC All-atom position, radiation-damage free structure,  

protonation states of amino acid residues, proton  
locations, types of hydrogen bonds, and networks.

HERFD-XANES Metal redox state and electronic configuration.
EXAFS Metal-ligand distances and coordination geometry.
DFT Quantum mechanical validation of experimental data.
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to generate the reduced Mn2+. This decreases the net positive charge of 
the metal center and destabilizes active site electrostatics. To compen
sate, the Mn3+-OH¡ is protonated to yield Mn2+-H2O. In the second half 
of the reaction, Gln143 regains the proton from Mn2+-H2O, regenerating 
the negatively charged OH¡ and causing Mn2+ to lose the extra electron 
and become Mn3+, restoring the charge balance at the metal center. 
Thus, a proton transfer between Gln143 and the Mn-bound site-1 solvent 

is critical for sustained redox cycling of MnSOD2.
Through this reversible proton transfer event, Gln143 is directly 

coupled to the redox cycling of the catalytic metal, thus driving catal
ysis. Substituting Gln143 with Asn preserves the overall backbone ar
chitecture but disrupts these critical proton transfer events because 
Asn143 is positioned too far from the Mn-bound site-1 solvent to 
effectively participate in proton transfers [50,51]. Consequently, the 

Fig. 2. MnSOD2 active-site hydrogen bonding networks. Panels (A-C) show WT oxidized (resting, PDB 7KKS), (D–F) WT reduced (PDB 7KKW), and (G-I) 
product-inhibited Trp161Phe MnSOD2 variant (PDB 8VHW), with the Mn2+-bound hydroperoxide ion (HO2

¡) at site 1 and a hydrogen peroxide (H2O2) bound 
between Y34 and H30 in site 2. The oxidized and reduced Mn ions are represented by dark and light pink spheres, respectively. All regular H-bonds are shown as 
dotted blue lines, and SSHBs are shown as dashed orange lines. The LBHB between H30 and Y166 in the reduced state is shown as dashed white lines (D & F). Site-1 
and site-2 binding sites are indicated by a red number in a black circle. 
Note, careful analysis of WT, Tyr34Phe, and Trp161Phe MnSOD2 by Azadmanesh and coworkers revealed that only chain B of the crystal structures provides an 
accurate representation of the active site metal coordination environment. In contrast, chain A is often plagued with crystal lattice-induced artefacts and does not 
always agree with the XAS data. Therefore, the summary of MnSOD2’s structural analysis (Figs. 2 and 3), presented in this review, focuses exclusively on chain B. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Active site summaries. Schematic of (A) oxidized and (B) reduced resting-states of human WT MnSOD2. (C) H2O2-soaked Trp161Phe MnSOD2. The 
catalytic Mn in each structure is by a dark pink (for Mn3+) or light pink (for Mn2+) sphere. All SSHBs are represented as orange wide dashed lines, LBHB in the 
reduced wild-type enzyme is denoted by red dotted line. All regular H-bonds are denoted as black dashed lines. Figure adapted from Azadmanesh et al. 2021 and 
2024. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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resting state of Gln143Asn MnSOD2 is reduced, unlike all other MnSOD2 
variants structurally classified so far, and the enzyme has difficulty in 
redox cycling the Mn. This causes a ~ 130-fold reduction in the kinetic 
rate constants when Mn2+ oxidation to Mn3+ is used. This significantly 
impairs Gln143Asn catalytic turnover (~133-fold decrease in kCAT) [50] 
relative to WT MnSOD2 (Table 1).

E. coli iron superoxide dismutase (FeSOD) has a conserved Gln69 that 
is analogous to Gln143 in human MnSOD2. In 2004, Yikilimaz and co
workers [52] demonstrated that the catalytic Fe in FeSOD toggles be
tween the resting-state (oxidized) Fe3+, bound to OH− at site-1, and a 
reduced state Fe2+ bound to H2O. The proton transfer event of FeSOD’2 
PCET reaction is primarily driven by the second-shell Gln69, in a similar 
fashion to MnSOD. The authors proposed that Gln69 prefers to stabilize 
the oxidized state of the enzyme by donating its proton to the site-1 
bound solvent, as evidenced by a lowered active site midpoint reduc
tion potential (Em) in oxidized FeSOD. Replacing Gln69 with Glu sub
stantially elevates the Em, which reflects the variant’s preference for the 
reduced state over the oxidized state, unlike the WT enzyme. Glu69 has 
an unusual pKa, and is neutral in the oxidized state and ionized in the 
reduced state, thus participating in PCETs with Fe-ligated solvent. Glu 
has a canonical pKa of 4.3, and the pKa of Glu69 in FeSOD must be 
unusually raised by the proximity to the metal for it to be protonated. 
Since successful redox cycling of the catalytic metal is a critical deter
minant of its rate, Gln69Glu FeSOD is catalytically impaired, like the 
Gln143 Asn MnSOD2 variant. Therefore, second-sphere residues can 
drastically influence functional properties of metalloenzymes, even 
without inducing major structural changes.

2.2. Tyr34, His30, and Tyr166 aid MnSOD catalysis by forming a proton 
transfer wire across the active site gateway

A proton transfer wire connects site-1 to the dimeric interface of 
MnSOD2 (Figs. 2 and 3). In the oxidized resting state of MnSOD2, the 
oxygen of Tyr166(OH) from the adjacent subunit is hydrogen-bonded 
with His30(Nε2), and, when reduced, this hydrogen bond becomes a 
LBHB (Fig. 2C,F and Fig. 3B). The significance of this LBHB is high
lighted by the reduced catalytic rates observed in His30 variants [53]. 
Interestingly, in the oxidized enzyme, two water molecules, linked by an 
SSHB, fully occupy site-2 to bridge the gateway between second-shell 
residues Tyr34 and His30 (Fig. 2A,C and Fig. 3A). Moreover, in 
oxidized MnSOD2, both Tyr34 and His30 have unusual pKa values due to 
their proximity to the positively charged Mn3+, and at physiological pH 
their sidechains are deprotonated and negatively charged [20,54]. If 
their pKas were normal (pKa His = 6.5, pKa = Tyr 10), they would be 
protonated and neutral at pH 7.8 (the pH of the crystallization condition 
and pH of mitochondrial matrix). One of the water molecules at site-2 
forms a hydrogen bond with Tyr34(OH), and the other water molecule 
at site-2 forms a hydrogen bond with His30(Nδ1). In the reduced state, 
His30 and Tyr34 are protonated, and only one water molecule is 
observed at site-2 (Fig. 2D,F and Fig. 3B). The protons for the reduced 
state water in site-2 are oriented away from His30(Nδ1) and Tyr34(OH) 
and do not form hydrogen bonds with either of them. Thus, in the 
reduced state, the proton transfer wire is broken at the active site 
gateway. To connect the wire to the site-1 solvent, Tyr34(OH) hydrogen 
bonds with Gln143(NԐ2), and Gln143(NԐ2) also hydrogen bonds with the 
site-1 solvent. These last two hydrogen bonds are normal in oxidized 
MnSOD2 and SSHBs in reduced MnSOD2 [20]. Overall, in the oxidized 
resting state of MnSOD2, the wire is composed of regular hydrogen 
bonds, while in the reduced state, it contains short LBHBs and SSHBs, 
and the gateway is comparatively more open. During catalytic redox 
cycling, the active site hydrogen bonds relax and contract like an ac
cordion musical instrument.

These findings reveal how the exceptional catalytic speeds of 
MnSOD2 (KCAT ~ 40 ms− 1) stem from a finely tuned network of unusual 
hydrogen bonds (SSHBs and LBHBs), as well as unconventional pro
tonation states of key inner- and second-sphere residues owing to the 

proximity of the positively charged Mn. This understanding offers in
sights into structural mechanisms that govern rapid, high-efficiency 
catalysis in metalloenzymes. It is important to note here that the 
source of this proton transferred through the proton wire remains un
known without solving a O2

●¡-bound MnSOD2 structure via combined 
NPC and XAS experiments.

2.3. Product inhibition mechanism of MnSOD2

Human MnSOD2 catalysis can use a slower, product-inhibited 
pathway that proceeds through the formation, and subsequent rate- 
limiting resolution of a metal-ligated complex at site-1, typically 
referred to as the “inhibited complex” (denoted as Mn3+SOD-HO2

¡

below) [26,47,55].

Mn3+SOD + O2
●− ⇌O2 + Mn2+SOD

(
k1 = 1.5 nM− 1s− 1)

Mn2+SOD + O2
●− + 2H+⇌H2O2 + Mn3+SOD

(
k2 = 1.1 nM− 1s− 1)

Mn2+SOD + O2
●− + H+⇌

[
Mn3+SOD − HO2

−
] (

k3 = 1.1 nM− 1s− 1)

[
Mn3+SOD − HO2

−
]
+ H+⇌Mn3+SOD + H2O2

(
k4 = 120 nM− 1s− 1)

The degree of product inhibition differs between SODs and is quan
tified by the gating ratio (k2/k3) (Table 1) [55–57]. Some SODs, such as 
E. coli and Deinococcus radiodurans [58,59], are less affected by product 
inhibition with gating ratios greater than 1.0 (k2/k3 of 4.5 and 16, 
respectively). WT MnSOD2 has a gating ratio of 1.0 and is susceptible to 
product inhibition. In this scenario, peroxide release is slowed down by 
~110-fold because, rather than direct release during the second half of 
the MnSOD2 catalytic cycle (k2), the inhibited complex must resolve the 
rate-limiting step (k4). Recent work by Azadmanesh and colleagues has 
combined NPC and high-resolution XAS techniques to dive deep into the 
structural and electronic mechanism of product inhibition in MnSOD2 
using two highly product-inhibited variants, Tyr34Phe [32] and 
Trp161Phe [23], with gating ratios of <0.04 and < 0.02, respectively 
(Table 1) [49,57]. For these variants, the Mn2+ to Mn3+ half reaction 
(k2) is shut down, and the product-inhibited pathway is used 99 % of the 
time.

Structures of oxidized and reduced Trp161Phe MnSOD2 revealed 
why this variant is so significantly product-inhibited [23]. They showed 
two main differences compared to WT: (1) a cavity was created by the 
mutation near site-1, and (2) the hydrogen bond between Gln143(NԐ2) 
and the site-1 solvent was longer and, therefore, weaker. The bond be
tween Mn and O of the site-1 solvent was also longer. These features of 
the Trp161Phe MnSOD2 variant make it easier for H2O2 to displace the 
site-1 solvent and form the inhibited complex.

The H2O2-soaked Trp161Phe MnSOD2 neutron structure [23] shows 
a hydroperoxyl anion (HO2

¡) bound to the catalytic metal at site-1 to 
form the inhibited complex (Fig. 2G-I and Fig. 3C). Importantly, XAS 
data revealed that the metal is reduced in this complex, showing the 
product-inhibited complex is Mn2+SOD-HO2

¡ and not Mn3+SOD-HO2
¡ as 

was previously believed. XAS data were critical for correcting this 
mechanistic aspect of MnSOD2 product inhibition. The neutron struc
ture also showed that site-2 of H2O2-soaked Trp161Phe MnSOD2 is 
occupied by H2O2 coordinated with the adjacent de-protonated oxygen 
of Tyr34 and the protonated Nδ1 of His30 via two SSHBs. This site-2 
H2O2 binding is in the MnSOD2 gateway to the active site. Impor
tantly, this nuanced distinction between the protonation states of the 
two di‑oxygen species occupying site-1 and site-2 of this variant, i.e., 
HO2
¡ versus H2O2, was not possible without NPC.
The Tyr34Phe MnSOD2 variant was also used to study the product 

inhibited pathway. Comparisons between oxidized and reduced Tyr34
Phe structures and the corresponding WT structures revealed two 
mutation-induced effects: (1) generation of a cavity near site-1 and site- 
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2, and (2) removal of the hydrogen bond donor on residue 34. Like in 
Trp161Phe MnSOD2, the hydrogen bond between Gln143(NԐ2) and the 
site-1 solvent was longer in Tyr34Phe compared to the WT enzyme, but, 
unlike Trp161Phe, the Mn-site-1 solvent bond lengths were the same as 
in WT. These features, again, make it easier to form the inhibited 
complex in Tyr34Phe MnSOD2. The H2O2-soaked Tyr34Phe MnSOD2 
neutron structure and XAS results [32] revealed a hydroperoxyl anion 
(HO2

¡) bound to the reduced metal at site-1 to form the inhibited com
plex, confirming the results observed in product-inhibited Trp161Phe 
MnSOD2 [23]. Importantly, H2O2 binding at site-2 was not observed in 
the Tyr34Phe variant. Because Tyr34Phe and Trp161Phe MnSOD2 both 
strongly favor the product-inhibited pathway, it can be concluded that 
H2O2 binding at site-2 is not a critical mechanistic driver of MnSOD2 
product inhibition. Site-2 binding of H2O2 might account for the even 
lower gating ratio of Trp161Phe compared to Tyr34Phe MnSOD2 
(Table 1).

There is one more observed feature of the product inhibited state. 
The proton transfer wire in the product inhibited complex is tighter 
when compared to the oxidized and reduced structures. Four distinct 
SSHBs form in H2O2-treated Trp161Phe MnSOD2, not observed in either 
oxidized or reduced WT enzyme (Figs. 2 and 3) [20]. SSHBs form be
tween: (1) the deprotonated Tyr34(OH) and a proton of site-2 H2O2, (2) 
an oxygen of site-2 H2O2 and the protonated His30(Nδ1), (3) the pro
tonated Tyr166(OH) and the deprotonated His30(NԐ2), and (4) the 
protonated Gln143(NԐ2) and an oxygen of site 2-bound HO2

¡. Only one 
regular hydrogen bond exists in the product-inhibited wire, and that is 
between Gln143(NԐ2) and Tyr34(OH). Thus, the hydrogen bonding 
pattern of the proton transfer wire is different in the product-inhibited 
complex when compared to the oxidized resting and reduced states. 
Overall, it is tighter and is an important structural characteristic of the 
MnSOD2 product-inhibited complex.

3. Human mitochondrial FeSOD2

The SOD2 metal binding site is promiscuous, allowing Fe to replace 
Mn to form FeSOD2. It is well established that FeSOD2 cannot catalyze 
O2

●- dismutation and was, therefore, considered catalytically inactive. 
However, recent discoveries indicate FeSOD2 possesses peroxidase ac
tivity [17] (Table 3). This positions FeSOD2 as a powerful prooxidant. 
FeSOD2 promotes oxidative stress by using H2O2 to oxidize various 
intracellular substrates, an effect exacerbated by correctly metalated 
MnSOD2, providing a steady supply of H2O2 [60] (Fig. 4). Studies have 
observed FeSOD2 causing oxidative damage in E. coli [16] and mito
chondrial dysfunction and oxidative stress in mice [61]. H2O2 is also 
membrane diffusible, and its production by MnSOD2 is important for 
intracellular redox signaling [62]. The presence of FeSOD2 likely dis
rupts this signaling, possibly attenuating it by consuming H2O2 or 
amplifying it by catalyzing the oxidation of effector redox switches. 

Uncovering the exact nature of this disruption requires further study. 
Reportedly, the in vivo uptake of Fe by SOD2 can be triggered by Mn 
deficiency or Fe enrichment [61], SOD2 overexpression [16], or SOD2 
K68 acetylation [63,64] (Fig. 4). These latter two conditions are impli
cated in increased tumor malignancy [64–72], implying that FeSOD2 
activity plays a role in the tumor-promoting functions of SOD2. FeS
OD2’s tumor-promoting link is further supported by Bonini and co
workers’ recent publication reporting FeSOD2 directly promotes 
stemness in breast cancer cells by catalyzing H2O2-dependent histone 
demethylation [63]. While surprising that a canonically mitochondrial 
enzyme could act as a nuclear histone lysine demethylase, it has been 
shown that there are nuclear SOD2 fractions in bovine pulmonary artery 
endothelial cells [73] and that oxidative stress triggers nuclear MnSOD2 
import in yeast [74]. However, there have been no proposed mecha
nistic explanations for this metal-dependent shift in activity, nor mo
lecular mechanisms for the peroxidase reaction itself. Overall, the 
presence of FeSOD2 significantly alters cellular redox homeostasis, 
leading to disrupted signaling pathways, heightened oxidative stress, 
and cellular and mitochondrial dysfunction.

As an enzyme, FeSOD2 can be categorized as a mononuclear non- 
heme Fe enzyme (NHFE). NHFEs catalyze a wide variety of biologi
cally critical functions using a single Fe center to activate a dioxygen 
species [69]. While most NHFEs use molecular oxygen as their co- 
substrate, at least one other NHFE, Fosfomycin-producing Epoxidase 
(HppE), is reported to use H2O2 [70]. Using the proposed HppE mech
anism in conjuction with extensive research into NHFE mechanisms by 
the Solomon group [68,69], we propose a hypothetical mechanism for 
FeSOD2 below. 

Fe2+ +H2O2→O = Fe4+ +H2O 

O = Fe4+ +H2X→
[
HO − Fe3+ +HX•

]
→Fe2+ +H2O+X 

[Where X is the substrate, such as histone methyl lysine or Amplex Red].
Direct experimental and computational evidence is still needed to 

confirm this hypothetical mechanism. Future experimental evidence is 
especially important because FeSOD2 bears key differences compared to 
other NFHEs that impede direct comparison. Notably

it lacks the “facial triad” (His-X-His-X-Glu/Asp) active site configu
ration common amongst NHFEs [69] including HppE. Additionally

FeSOD2 distinctively uses only H2O2 to catalyze lysine demethyla
tion whereas other NHFEs which perform this reaction require both O2 
and α-ketoglutarate [72]. These properties highlight the need to study 
the molecular mechanism of FeSOD2 because its elucidation will greatly 
deepen our understanding of redox biochemistry

4. Conclusions & perspectives

In recent years, significant progress has been made towards a com
plete understanding of the MnSOD2 catalytic mechanism. However, 
there are some aspects of this process that remain unknown because of a 
lack of experimental data. These are discussed below. Ultimately, the 
application of these methods to the FeSOD2 in a similar fashion would 
reveal why Fe incorporation fundamentally alters catalysis, changing 
SOD2 into a peroxidase.

4.1. What does superoxide-bound MnSOD2 look like?

The structure of MnSOD2 bound to its native substrate, O2
●-, remains 

elusive. This gap hinders our understanding of how O2
●- binds to 

MnSOD2 and the associated structural and electronic changes driving 
catalysis (Fig. 1C dashed box). Without resolving this, a comprehensive 
understanding of substrate binding and its role in MnSOD2 catalysis is 
not possible. However, this understanding is stymied by the two 
experimental challenges described below.

First, the dismutation reaction is extremely fast. MnSOD2 is one of 

Table 3 
Comparison of MnSOD2 and FeSOD2. a

Catalytic 
metal

Enzyme 
class

Substrate Products Biological 
outcome

MnSOD2 Mn3+ Dismutase O2
●¡ O2 Maintains 

mitochondrial 
redox 
homeostasis by 
remediating 
superoxide 
radicals

Mn2+ H2O2

FeSOD2 Fe4+ Peroxidase H2O2 H2O Promotes 
oxidative 
damage and 
mitochondrial 
dysfunction

Fe3+ X Xoxidized

Fe2+

a Where X is an oxidizable biomolecule such as methyl lysine.
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the fastest known enzymes, causing the development of experimental 
methods to trap O2

●- transiently-bound to MnSOD2, a significant chal
lenge. One solution is to use a catalytically slow MnSOD2 variant, such 
as the Gln143Asn [50,51]. This would allow a “slow-motion” version of 
MnSOD’s otherwise rapid catalysis, thus improving the chances of cryo- 
trapping the elusive substrate-bound MnSOD2 structure. Dasgupta and 
coworkers solved the structure of H2O2 -soaked Gln143Asn MnSOD2 
(PDB ID: 9NSJ) [43]. An unprecedented number of peroxide molecules 
were found trapped outside the active site solvent gateway and 
extending all the way into the bulk solvent. New product binding sites in 
MnSOD2 were revealed, adding to the previously identified site-1 and 
site-2 positions [23,25,32,38]. These results position Gln143Asn 
MnSOD2 as a viable candidate for superoxide soaking experiments.

Second, there is a lack of methods to soak O2
●- into a protein crystal. 

Hexagonal MnSOD2 crystals are composed of ~46 % water, presenting a 
significant challenge when attempting to introduce O2

●- into the protein 
crystal. This is because, upon contact with water (a proton donor), O2

●- 

rapidly self-dismutates into O2 and H2O2. The former, being a gas, ex
pands and damages the delicate MnSOD2 crystal lattice, resulting in 
poor diffraction quality. To date, no method has successfully soaked the 
native substrate into MnSOD2 crystals. While some studies have inves
tigated the use of aprotic solvents to stabilize O2

●-, protein crystals will 
not survive this treatment [75]. An alternative approach is to generate 
superoxide in-crystallo by the photolysis of oxygenated formate solution 
[48].

In conclusion, we summarize recent advances in the structural and 
mechanistic understanding of MnSOD2, integrating insights from 
neutron and X-ray protein crystallography with XAS. Overall, a strong 
understanding of the key mechanistic drivers of MnSOD2 PCET re
actions, significantly facilitated by the direct visualization of proton 
positions from NPC, combined with detailed insights into the catalytic 
Mn’s orbital and ligand coordination geometry from XAS. The same 
combination of methods could also identify all atom positions in the O2

●- 

bound active site, filling the last major gap in our knowledge of 
MnSOD2’s activity.

4.2. How does MnSOD2 become a peroxidase?

By incorporating Fe into its active site, MnSOD2 becomes a peroxi
dase with complete abolishment of its prior dismutase activity. In the 
absence of any other known changes to the enzyme, it stands that this 
altered function results solely from the differences in Mn and Fe redox 
potentials affecting the active site’s chemical environment. To achieve 
an understanding of FeSOD2’s mechanism on par with that of MnSOD2, 
the complementary powers of NPC and XAS can be exploited. NPC en
ables directly visualizing hydrogen atom positions to discern active site 
residue and ligand protonation states. This will uncover proton transfer 
wires facilitating PCETs in FeSOD2’s catalytic cycle while identifying 
critical intermediate Fe‑oxygen ligand species. Meanwhile, XAS will 
elucidate the iron center’s electronic environment, uncovering its 

coordination geometry, molecular orbital configuration, oxidation state, 
and sub-angstrom ligand distances. Together, these techniques will 
provide a comprehensive, atomic-level understanding of FeSOD2’s 
active site. It would be of interest to obtain a structural understanding of 
the binding of substrates (such as H2O2 and methyl lysine peptide) to the 
active site of FeSOD2. Differences observed in the active sites of 
oxidized, reduced, and ligand-bound FeSOD2, will reveal a step-by-step 
atomic mechanism for this enigmatic form of SOD2.

An understanding of how metal incorporation alters enzymatic 
function would be invaluable to the fields of biomimetics and protein 
engineering. MnSOD2 biomimetic compounds are an attractive avenue 
for treating diseases caused by oxidative mitochondrial dysfunctions 
[76]. However, as with MnSOD2 becoming FeSOD2, the possibility may 
exist for these sorts of MnSOD2 mimics to exhibit metal promiscuity and 
peroxidase activity. By understanding how FeSOD2 functions on a mo
lecular level, care could be taken in designing biomimetic compounds 
that are incapable of exhibiting such effects. Conversely, intentionally 
engineering proteins with peroxidase activity would be made easier. The 
creation of efficient peroxidase biocatalysts for chemical and pharma
ceutical manufacturing, or environmental decontamination are possible 
applications arising from understanding FeSOD2 activity.
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Glossary

Gating ratio: The ratio of the rate constants (k2/k3) that define how much a SOD uses the 
product inhibited pathway (larger gating ratios are less effected by product 
inhibition).

Inner-sphere: In a metalloenzyme, the ligands covalently bound to the catalytic metal 
within the active site are referred to as the inner-sphere.

Low Barrier Hydrogen Bond (LBHB): A short and strong hydrogen bond formed between a 
donor and an acceptor group with equal pKas, where the proton is shared equally and 
lies midway between both groups. LBHB can be identified using NPC.

Ping-pong Mechanism: A specific type of enzymatic reaction which proceeds via formation 
of a transient intermediate and allows for one of the reaction products to be released 
before the second substrate binding events occur.

pKa: The pKa value for an amino acid represents the pH at which its functional groups 
(carboxyl, amino, and side chain) are 50 % ionized and 50 % non-ionized.

Product Inhibition: A phenomenon in which accumulation of excess reaction product in
hibits enzymatic activity.
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Product Inhibited Pathway: The slower dismutation reaction catalyzed by MnSOD2, which 
proceeds via the slow resolution of a dead-end kinetic product, prior to product 
release.

Proton Coupled Electron Transfer: An enzymatic reaction that involves the simultaneous 
transfer of electrons and protons to generate the reaction end-product(s).

Rate Constant: A measure of an enzyme’s catalytic efficiency, measured as the ratio of the 
concentration of the substrate(s) to that of the product(s), typically denoted by a small 
k.

Redox signaling: A cellular communication process mediated by the reversible oxidation of 
signaling transducers by reactive oxygen or nitrogen species

Resting state: The default chemical and electronic state of an enzyme’s active site when no 
substrate is bound and no catalytic turnover is occurring.

Second-sphere: Typically refers to non-covalently bound groups that coordinate with the 
inner-sphere residues, rather than the catalytic metal, within the active site of a 
metalloenzyme.

Short Strong Hydrogen Bond (SSHB): A shorter than regular hydrogen bond formed between 

a donor and an acceptor group with equal pKas, resulting in strong binding of the 
donor and the acceptor atoms. An LBHB is a special class of SSHB where the proton is 
equally shared by the acceptor and donor.

Stemness: Refers to the unique ability of stem cells to differentiate into specialized cell- 
types.

kCAT: Refers to the number of substrate molecules converted into product(s) in unit time 
when the enzyme is fully saturated with substrate(s).

km: Refers to the substrate concentration at which an enzyme operates at half of its 
maximum velocity.

Trigonal bipyramidal geometry: Refers to the three dimensional molecular shape when a 
central metal atom is covalently bonded to five other atoms or groups, with three 
arranged in an equatorial triangular plane and the remaining two positioned axially 
above and below it.

Octahedral geometry: Refers to the three-dimensional molecular shape where a central 
metal atom covalently binds six atoms or groups arranged at the corners of an octa
hedron, with 90◦ bond angles between them.
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