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Mechanisms of Docking of Superoxide Ions in the Catalytic Cycle  

of Manganese and Iron Superoxide Dismutases 

In this paper, we propose an approach to resolving some questions about the catalytic action of manganese 

and iron superoxide dismutases. At the level of a pure quantum-chemical calculation using an ORCA 5.0.3 

program, a PBE functional and a def2-SVP and def2-TZVP basis sets, the possible mechanisms of superoxide 

ions binding to the active sites of enzymes, the electron transfer distances and their characteristics were estab-

lished. It is shown that the initial form of the fifth ligand in both active sites is the hydroxide ion OH–. Before 

the primary electron transfer, active sites are protonated, the hydroxide ion is converted into a water molecule 

H2O. Primary electron transfers from the superoxide ion to Mn3+-SOD and Fe3+-SOD occur by the associative 

mechanism, with the formation of an octahedral complex, at a transfer distance of 1.95 Å and 2.56 Å, respec-

tively. At the second stage, the superoxide ion accepts the electron by the substitution mechanism from Mn2+-

SOD at the transfer distance of 2 Å to form bonds with the water molecule and a tyrosine. The superoxide ion 

accepts the electron from Fe2+-SOD through the outer-sphere mechanism, where it binds to a histidine and the 

water molecule at the transfer distance of 4.24 Å. 

Keywords: manganese superoxide dismutase, iron superoxide dismutase, electron transfer, computer simula-

tion, density functional theory, catalytic mechanism. 

 

Introduction 

In the course of metabolic transformations in a living organism, oxygen O2 is able to turn into extreme-

ly reactive particles — reactive oxygen species (ROS). One of the first in the sequence of formation of free 

radicals is the superoxide ion O2
–. Their accumulation can adversely affect the state of cellular components, 

destroying them and leading to various diseases of the body as a whole [1]. In a healthy body, antioxidants 

and antioxidant enzymes provide protection against excessive ROS production. Enzymes of the superoxide 

dismutase (SOD) group ensure the neutralization of superoxide ions O2
– to molecular oxygen O2 and hydro-

gen peroxide molecules H2O2. These enzymes contain 3d-metals (for example, Mn-SOD considered in this 

study contains Mn3+ ion and Fe-SOD contains Fe3+ ion). In the first half of the catalytic cycle, the SOD ac-

tive site takes one electron from the superoxide ion, while the Me3+ ion is reduced to Me2+. In the second half 

of the catalytic cycle, the SOD active site donates one electron to the superoxide ion, while the Me2+ ion is 

oxidized to Me3+ [2, 3]. Manganese superoxide dismutase is present in all eukaryotic organisms. It is con-

tained in the mitochondrial matrix, where ROS are directly formed. Thus, Mn-SOD is one of the first steps in 

the antioxidant protection of cell components [4]. Iron superoxide dismutase is found mainly in prokary-

otes [5]. It is noteworthy that the active sites of manganese and iron superoxide dismutases have the same 

structure. 

At the moment, some questions regarding the mechanism of ROS neutralization by these superoxide 

dismutases still remain debatable. There are reasons for this that somewhat limit direct experimental studies. 

It is noted that these reasons are the extremely high rate of the catalytic reaction, the low half-life of the su-

peroxide ion in an aqueous-protein medium, and the difficulty in detecting protons and protonated amino 

acid residues. The corresponding problems are covered in the review article [4]. Since more stable azide ions 

N3
– are often used instead of them in studies of the mechanisms of reactions involving superoxide ions O2

–, 

the question remains whether the superoxide ion and the metal ion are directly bound during electron trans-

fer, or whether the transfer proceeds at a long distance with the participation of ligands. In addition, there are 

controversial points regarding the conditions for the participation of protons in this reaction, since their pres-

ence is important in the second stage, where hydrogen peroxide is formed from the superoxide ion. There are 

the following questions. At what distance do electron transfers occur? What is the nature of the fifth ligand 
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attached to the metal ion during electron transfers: a hydroxide ion or a water molecule? When does the first 

proton transfer occur: before the primary electron transfer or after? What is the main source of the proton in 

electron transfers? 

In this study, the authors propose a solution to these issues based on computer simulation using a pure 

quantum chemical method. Since manganese and iron superoxide dismutases have the same structure of the 

active center, it is possible to compare the role of the nature of the metal ion in the efficiency of ROS neu-

tralization. Methods for docking the superoxide ion and the active center of manganese and iron superoxide 

dismutase were studied with an estimate of the electron transfer distance at two stages of catalytic cycles. 

The thermodynamic and kinetic characteristics of electron transfers are obtained according to the Marcus 

transfer theory [6]. 

Computational Details 

Modeling was carried out using the ORCA software package version 5.0.3 [7]. As a calculation method, 

we used the level of density functional theory using the GGA density functional of Perdew–Burke-Ernzerhof 

PBE [8]. The def2-TZVPD basis set [9] was used to optimize the geometry and calculate single point ener-

gies of small particles (O2
–, O2, HO2, HO2

-, H2O, H3O+). When optimizing the geometry of the active site, a 

simplified def2-SVP basis [9] was used with additional restrictions in the form of pinning 8 hydrogen atoms 

of the methyl groups to simulate the fact that the active site is retained by the protein environment [10]. After 

geometry optimization, the single point energy of the active site structure was calculated with the def2-

SVPD basis. In addition, in all cases, when calculating the active site, the oxygen atoms O, manganese Mn, 

and iron Fe were always subject to the def2-TZVPD basis set. In any calculation, to take into account fine 

dispersion interactions, the atomic pair dispersion correction algorithm based on rigidly coupled partial 

charges D4 was used [11]. The influence of the dielectric medium was taken into account using the CPCM 

continuum model. The surface type is Gaussian VdW [12]. Since the active sites in the protein are located in 

the solvent access zone, the corresponding values of the dielectric constant and refractive index of water 

were taken as parameters of the solvent model (ε = 80,4; n = 1,333). 

Figure 1 shows a structure of the active site of the enzymes that were modeled. The proposed sources of 

the proton during the secondary electron transfer are indicated there. Position 4, which is an external solvent, 

is not shown in the figure. Two histidine ligands (His) and one aspartate ion (Asp) are in equatorial positions. 

The third His and the aqueous ligand are in axial positions. The aqueous ligand can be either a hydroxide ion 

OH– or the water molecule H2O. The second coordination sphere contains the amino acid tyrosine (Tyr). 
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1 — proton of the water molecule; 2 — proton of the hydroxyl group;  

3 — proton of the histidine ligand. Me = Mn, Fe 

Figure 1. Proton sources in the Me-SOD active site 

The electron transfer distances R and the corresponding Marcus transfer rate constants kobs served as the 

main selection criteria for a possible mechanism of superoxide ion binding to active sites. Estimating the 

electron transfer distance is often a rather non-trivial task, and often this value is introduced, for example, by 

fitting. In this work, the following approach was used. The transfer distance R was estimated by constructing 

the potential energy surface (PES) profile when donor D and acceptor A approached each other. For the sys-

tems under consideration (oxygen–superoxide dismutase), the variable distance was the distance between the 
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active form of oxygen and the metal atom (Mn, Fe). The points of local minima on the PES were taken as the 

transfer distance. Under the conditions of being in the energy minimum, the system can stay longer. There-

fore, the probability of electron transfer increases when the electron terms of the donor and acceptor cross. 

However, only the energy minimum is not a sufficient condition, since there can be several such extrema on 

one PES. An analysis of the spin population of atoms according to Mulliken can serve as a sufficient criteri-

on for selecting the required minimum. We plotted the functions of the dependence of the difference between 

the spin populations of the donor and acceptor on the distance. The combination of minima on the PES and a 

sharp change in the function of the population difference gave the estimated transfer distance R. This study 

considers three variants of the superoxide ion docking mechanism. The first is associative, in which the su-

peroxide ion enters the first coordination environment of the metal to form an octahedral structure. The sec-

ond is substitutional, in which the superoxide ion enters the first coordination environment of the metal and 

replaces one of the five ligands. The third is outer-sphere, in which the superoxide ion combines with one of 

the ligands without forming a bond with the metal ion. 

The rate constant of the Marcus second-order electron transfer reaction k was estimated using the fol-

lowing equation [6]: 

 
23

38
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3

DA R
et pre A

Btot B

H G W
k k K N R

h k Tk T


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=  =     − 
      

, (1) 

where h — the Planck's constant, J∙s; HDA — an electronic interaction matrix element, J; λtot — a total energy 

of the system reorganization, J; kB — the Boltzmann constant, J/K; T — the temperature, K; NA — the Avo-

gadro constant, mol-1; R — the electron transfer distance, dm; ΔG≠ — the transfer activation energy, J; WR — 

an electrostatic work of convergence of donor and acceptor, J. 

The algorithm for estimating the quantities HDA, λtot, ΔG≠ and WR is given in the article [13]. 

Equation (1) is suitable for the case when the electronic terms intersect insignificantly, the matrix ele-

ment HDA has values of the order of 1.5∙k∙T, and the electron transfer proceeds non-adiabatically. If the elec-

tronic terms overlap significantly, then an adiabatic splitting of the PES occurs. In this case, it is preferable to 

calculate the electron transfer rate constant using the following equation [14]: 
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where v — the solvent nuclear reorganization rate = 1.25∙1011 s-1 (at 298.15 K); ε — the solvent dielectric 

constant; n — the solvent refractive index. 

The donor and acceptor radii used in the calculation of the energy of reorganization and electrostatic 

work are also ambiguous from the point of view of their estimation. The radius of an oxygen-containing par-

ticle is estimated as the sum of half of the O–O bond length and the radius of an oxygen atom. The radius of 

the active site strongly depends on the distance R and is estimated in each case separately for the atoms 

atomic orbitals of which are involved in the formation of the molecular orbital involved in electron transfer. 

For the cases of associative and substitutional mechanisms, where R is less than 3 Å, the covalent radii of 

atoms were taken (0.66 Å for O and 0.71 Å for N [15]). For the case of the outer sphere mechanism, the van 

der Waals radii of atoms were taken (1.55 Å for O and 1.60 Å for N [16]). 

The electron transfer accompanies the diffusion of reactants to each other. Therefore, the experimental-

ly observed value of the rate constant kobs of the catalytic process is a combination of the second-order rate 

constants k of electron transfer and diffusion of reactants kdiff [17]:

 
 

diff
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diff

k k
k

k k
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+
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where k — the rate constant of the Marcus second-order electron transfer reaction, M-1∙s-1; kdiff — the diffu-

sion rate constant of transfer reagents, M-1∙s-1. 

The constant kdiff in the continuum solvent model can be estimated using the Smoluchowski equation 

[18]: 

 4 ( ) ( )diff A D A D Ak N D D r r=    +  + , (4) 

where D — a diffusion coefficient, m2∙s-1; r — the radii of the reactants, m. 

At Т = 298.15 K in the aqueous medium for an oxygen-containing particle D = 2.1∙10–9 m2/s [17]. D for 

the active site as a massive slow-moving particle is taken as 0. Based on k and kdiff, the observed electron 

transfer rate constant kobs is calculated. 
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To assess the intermolecular and coordination bonds of atoms, the topological analysis of the electron 

density according to Bader was used in the framework of the QTAIM theory of atoms in molecules. Based 

on the results of the topological analysis, the bond critical points (3; –1) were identified and the values of the 

electron density ρ and the Laplacian of the electron density Δρ at these points were calculated using the Mul-

tiwfn 3.8 software package [19]. For the topological analysis of the electron density, the following designa-

tions of atoms are introduced here. The ligand containing the N1 atom is axial in the trigonal bipyramid and 

is located opposite the hydroxide ion. Ligands containing N2 and N3 atoms are equatorial and located oppo-

site the aspartate ligand. 

Results and Discussion 

The results of this study showed that the high-spin structures of active sites are the most stable. Thus, 

the active site of Mn3+-SOD in the oxidized form due to Mn3+ has a quintet state, and the active site of 

Fe3+-SOD in the oxidized form due to Fe3+ has a sextet state. In the reduced form, the Mn2+-SOD and 

Fe2+-SOD active sites have sextet and quintet states, respectively. 

Consider the first half of the catalytic cycle. Here, the superoxide ion is the electron donor and the su-

peroxide dismutase active site is the electron acceptor. In the oxidized original form of these enzymes, the 

first coordination environment of the metal contains the hydroxyl ion OH–. During the catalytic process, this 

ligand can be replaced by the water molecule. What form of the active site is an electron acceptor: with an 

OH– or H2O ligand? Let us consider two options for the implementation of the primary electron transfer. In 

the first variant, the electron acceptor will be the active site, where the ligand for the metal ion is the hydrox-

ide ion. In this case, the change in the Gibbs function of primary electron transfer for active centers is 

ΔG0(Mn) = +0.434 eV and ΔG0(Fe) = +0.014 eV. Positive values indicate that the interaction of the superox-

ide ion with the active site in the presence of the hydroxide ion is thermodynamically unfavorable. In the 

second case, the electron acceptor will be the active site, where the ligand for the metal ion is the water mol-

ecule. In this case, the change in the Gibbs function of primary electron transfer for active sites is 

ΔG0(Mn) = –0.695 eV and ΔG0(Fe) = –1.109 eV. Strongly negative values indicate that the interaction of the 

superoxide ion with the active site in the presence of a water molecule is thermodynamically favorable. 

Based on these data, it can be concluded that before the primary electron transfer, a proton transfer occurs, 

while it attaches to the hydroxide ion to form the water molecule. The source of the proton is the hydronium 

ion from the solvent. 

Next, we consider the interaction of the superoxide ion with the transfer of an electron to the active site 

of manganese and iron superoxide dismutases. The attack of the low-molecular particle occurred from the 

side of the solvent, where in the natural form of the protein, no atoms prevented the passage of the ion to the 

metal. In Figure 2, under (a), the potential energy curves of the approach of the superoxide ion O2
– to the 

manganese ion Mn3+ and the corresponding differences in spin population are shown, and under (b), the en-

ergies of the approach of the superoxide ion O2
– to the iron Fe3+ ion and the corresponding differences in the 

spin population are shown. 

 

 

a — manganese Mn3+ ion; b — iron Fe3+ ion 

Figure 2. Curves of the potential energy of the interaction between the superoxide ion O2
–  

and the active site of superoxide dismutase (left y-axis and solid line)  

and the corresponding spin population differences (right y-axis and dashed line) 
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For the case with the manganese active site, two minima are observed. The first at R1 = 4.1 Å is due to 

the interaction of the superoxide ion and the water molecule. The most stable and characteristic minimum is 

observed at R2 = 1.95 Å. The superoxide ion enters the first coordination sphere of manganese. In this case, 

the trigonal-bipyramidal coordination will change to octahedral. A sharp change in the spin population dif-

ference starts from 3.2 Å. This coincides with the equilibrium distance of 1.95 Å. The most probable electron 

transfer distance is in the vicinity of this minimum. This allows us to discard the outer-sphere and substitu-

tion mechanisms and consider only the associative mechanism of electron transfer. The acceptor radius rA is 

estimated as the sum of the distance from the manganese atom to the hydroxide ion (2.157 Å) and the cova-

lent radius of the oxygen atom (0.66 Å). 

For the case with the iron active site, stable and characteristic minima are observed at R1 = 3.8 Å and 

R2 = 2.6 Å. A sharp change in the spin population difference starts from 3.3 Å. This coincides with the equi-

librium distance of 2.6 Å. The most probable electron transfer distance is in the vicinity of this minimum. 

The superoxide ion enters the first coordination sphere of iron. In this case, the trigonal-bipyramidal coordi-

nation will change to octahedral. This interaction does not imply substitution and outer sphere mechanisms. 

The reason may be the very nature of the water ligand. With the manganese ion Mn3+, after the formation of 

the water molecule, the proton goes to Asp. As a result, the hydroxide ion OH– is there, which, as the super-

oxide ion approaches, again acquires a proton from the Asp ligand. Further, this proton oscillates between 

the oxygen of the water and the oxygen of the superoxide ion, providing additional stabilization of the sys-

tem. With an iron ion, this phenomenon is not observed. The acceptor radius rA is estimated as the sum of the 

average distance from the iron atom to nitrogen atoms (2.012 Å) and the covalent radius of the nitrogen at-

om (0.77 Å). Table 1 shows changes in the Gibbs functions ΔG0, reorganization energy λtot, and activation 

energy ΔG≠, as well as estimates of the first and second order electron transfer rate constants in the frame-

work of the Marcus paradigm for the primary electron transfer from the superoxide ion to the active site. The 

rate constants are given for non-adiabatic and adiabatic calculation options. The preferred option is in bold. 

T a b l e  1  

Kinetic and thermodynamic characteristics according to Marcus of the primary electron transfer  

from the superoxide ion to the Me-SOD active site 

Parameter 
Association mechanism 

Mn-SOD Fe-SOD 

ΔG0, eV –0.695 –1.109 

rD, Å 1.337 1.337 

rA, Å 2.817 2.648 

R, Å 1.95 2.56 

λtot, eV 1.840 2.114 

ΔG≠, eV 0.065 0.015 

HDA, eV 0.0861 0.2038 

kdiff, M-1∙s-1 2.02∙109 2.02∙109 

ket (ket
AD), s-1 7.29∙1012 (7.18∙1011) 2.64∙1014 (5.34∙1012) 

k (kAD), M-1∙s-1 4.14∙1013 (4.08∙1012) 2.59∙1015 (5.24∙1013) 

kobs (kobs
AD), M-1∙s-1 2.02∙109 (2.02∙109) 2.02∙109 (2.02∙109) 

 

Transitions in Mn3+-SOD-O2
– are transitions between the quartet ground (Q0) and quartet first (Q1) 

states. Unlike Fe3+-SOD-O2
–, Mn3+-SOD-O2

– transfer involves α-electrons. The unpaired electrons of the 

Mn3+-SOD active center and the O2
– superoxide ion have oppositely directed spins. The transition in Fe3+-

SOD-O2
– is a transition between the septet ground (H0) and septet first excited (H1) states. All interactions 

are adiabatic due to the high value of the HDA matrix element. 

It is noteworthy that the inner-sphere reorganization energy is 2 times lower for Fe3+-SOD than for 

Mn3+-SOD, which is associated with smaller structural perturbations after the primary electron transfer. But 

at the same time, the outer-sphere reorganization energy is higher for Fe3+-SOD. The reactions of electron 

transfer from superoxide ions to the active site of manganese and iron superoxide dismutases by the associa-

tive mechanism proceed in the diffusion mode. The primary electron transfer in the case of iron superoxide 

dismutase is an order of magnitude faster than in the case of manganese superoxide dismutase. 

Thus, the primary electron transfer from the superoxide ion to the active site of Mn3+-SOD and Fe3+-

SOD proceeds according to the associative mechanism with the formation of an octahedral coordination of 
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the metal ion. This indicates a high chemical affinity between the negatively charged superoxide ion and the 

positively charged metal ion. The metal ion exerts a strong polarizing effect on the superoxide ion and de-

taches an electron from it. Next, we consider the features of the behavior of the electron density at the bond-

ing critical points of the complex of the superoxide ion and the Me-SOD active site in various versions of the 

mechanism of binding the superoxide ion and the metal (Table 2). 

T a b l e  2  

Critical bonding points (3; –1) for primary electron transfer in the Me-SOD donor-acceptor complex. 

Parameters ρ and Δρ are expressed in atomic units 

Bond Parameter 
Associative mechanism 

Mn-SOD Fe-SOD 

Me–N1 
ρ 0.0790 0.0709 

Δρ +0.302 +0.282 

Me–N2 
ρ 0.0737 0.0709 

Δρ +0.275 +0.266 

Me–N3 
ρ 0.0540 0.0705 

Δρ +0.191 +0.284 

Me–OAsp 
ρ 0.0704 0.0846 

Δρ +0.293 +0.381 

Me–H2O 
ρ 0.0598 0.0596 

Δρ +0.234 +0.241 

Me–O2
– 

ρ 0.1002 0.0244 

Δρ +0.382 +0.075 

 

The Mn–N3 bond, which is located perpendicular to the Mn–O2 bond in the octahedron, is strongly 

weakened. In other bonds, the share of ionicity increases. Since the superoxide ion in the octahedral Fe-SOD 

complex is located at a greater distance than in the Mn-SOD complex, it has less effect on other iron ligands. 

The Fe–Asp bond is weakened the most. The superoxide ion is much more strongly bound to the Mn3+ ion 

than to the Fe3+ ion. 

Consider the second half of the catalytic cycle. Here, the active site Me2+-SOD acts as a donor, and the 

superoxide ion O2
– acts as an acceptor. The secondary electron transfer, like the primary one, is complicated 

by the coupled proton transfer. In view of the instability of the peroxide ion O2
2– in an aqueous medium, it 

makes sense to assume that prior to electron transfer, a proton is transferred to the superoxide ion O2
–, and 

the hydroperoxide radical HO2∙ is formed [13]. 

In the Mn-SOD and Fe-SOD active sites, there are several variants of the proton source that attaches to 

the superoxide ion after it is attached to the active site. They are shown in Figure 1. We have four main 

sources of the proton. 1. A proton is split off from the water molecule, which is in the first ligand environ-

ment of the Me2+ ion. 2. The proton is split off from the hydroxyl group from the phenol residue, which is in 

the second ligand environment of the Me2+ ion. 3. The proton is split off from the nitrogen atom of the histi-

dine residue, which is in the first ligand environment of the Me2+ ion. 4. The proton joins the O2
– ion in a 

place outside the active site. Consider the energy of protonation ΔGpr followed by electron transfer ΔG0. 

These data are presented in Table 3. 

T a b l e  3  

Protonation (ΔGpr) and secondary electron transfer (ΔG0) energies in Me-SOD 

Source 1 2 3 4 

Mn2+-SOD 

ΔGpr, eV +0.692 +0.369 +0.356 – 

ΔG0, eV –0.927 +0.236 +0.072 +0.202 

Fe2+-SOD 

ΔGpr, eV +0.647 +0.384 +0.360 – 

ΔG0, eV –0.508 +0.151 +0.353 +0.616 
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It can be seen that protonation of superoxide from the water molecule (source 1) is most advantageous, 

followed by electron transfer to the hydroperoxide radical HO2∙. In this case, the water molecule is converted 

into the hydroxide ion OH–. 

Next, we consider the interaction of the superoxide ion with electron transfer from the active site of 

manganese and iron superoxide dismutases to the hydroperoxide radical. In Figure 3, under (a), the potential 

energy curves of the approach of the superoxide ion O2
– to the manganese ion Mn2+ and the corresponding 

differences in spin population are shown, and under (b), the energies of the approach of the superoxide ion 

O2
– to the iron Fe2+ ion and the corresponding differences in the spin population are shown. 

 

 

a — manganese Mn2+ ion; b — iron Fe2+ ion 

Figure 3. Curves of the potential energy of the interaction between the superoxide ion O2
–  

and the active site of superoxide dismutase (left y-axis and solid line)  

and the corresponding spin population differences (right y-axis and dashed line) 

It is noteworthy that directed along the same trajectory as during the primary electron transfer in the ac-

tive site of manganese superoxide dismutase (Fig. 2a), this time the superoxide ion bound to the proton of 

the hydroxyl group of the amino acid Tyr. This amino acid accompanied the superoxide ion throughout its 

path to manganese. This is shown by smeared minima 3 Å ≤ R ≤ 5.5 Å. At the characteristic minimum 

R = 2.0 Å, the superoxide ion entered the manganese coordination sphere and completely replaced the water 

molecule. In this case, the superoxide ion formed two hydrogen bonds: with the water molecule and Tyr. As 

the calculation showed (Table 2), the hydroperoxide radical is in any case formed by splitting off a proton 

from water, and the second proton from Tyr forms a hydrogen peroxide molecule H2O2. Tyrosine is then pro-

tonated from the solvent and the cycle is completed. A sharp change in the difference between spin popula-

tions is within 2 Å ≤ R. This criterion allows one to discard the variants of the associative and outer-sphere 

mechanisms and consider only the substitution mechanism. The donor radius is estimated as the sum of the 

average distance from the manganese atom to the histide ligands (2.031 Å) and the covalent radius of the 

nitrogen atom (0.71 Å). 

A completely different phenomenon is observed for the case of iron superoxide dismutase. Two charac-

teristic minima are observed. The first minimum R1 = 4.3 Å is due to the stabilization of the system by the 

formation of two hydrogen bonds from the superoxide ion (to the water molecule and to the histidine ligand). 

This reflects the outer-sphere mechanism of secondary electron transfer. The second minimum R2 = 2.1 Å is 

due to the stabilization of the system by the incorporation of the hydroperoxide radical into the first iron co-

ordination sphere to form an octahedral structure. A sharp change in the difference of spin populations is 

within 3.4 Å ≤ R ≤ 6 Å. This criterion allows us to discard the variant of the associative mechanism and con-

sider only the outer-sphere mechanism. The donor radius is estimated as the sum of the distance from the 

iron atom to the hydroxide ion (2.114 Å) and the Van der Waals radius of the oxygen atom (1.55 Å). 

Table 4 shows changes in the Gibbs functions ΔG0, reorganization energy λtot, and activation energy 

ΔG≠, as well as estimates of the first and second order electron transfer rate constants in the framework of the 

Marcus paradigm for the secondary electron transfer from the active site to the hyrdroperoxide radical. The 

rate constants are given for non-adiabatic and adiabatic calculation options. The preferred option is in bold. 
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T a b l e  4  

Kinetic and thermodynamic characteristics according to Marcus of the secondary electron transfer  

from the Me-SOD active site to the hydroperoxide radical 

Parameter 
Substitution mechanism Outer-sphere mechanism 

Mn-SOD Fe-SOD 

ΔG0, eV –0.927 –0.508 

rD, Å 2.723 3.664 

rA, Å 1.337 2.217 

R, Å 2.00 4.24 

λtot, eV 1.774 1.540 

ΔG≠, eV 0.089 0.159 

HDA, eV 0.2226 0.1754 

kdiff, M-1∙s-1 2.02∙109 2.02∙109 

ket (ket
AD), s-1 1.92∙1013 (2.73∙1011) 9.11∙1010 (1.68∙1010) 

k (kAD), M-1∙s-1 3.87∙1011 (5.50∙109) 1.75∙1010 (3.22∙109) 

kobs (kobs
AD), M-1∙s-1 2.01∙109 (1.48∙109) 1,81∙109 (1.24∙109) 

 

Transitions in Mn2+-SOD-O2
– are transitions between the quintet ground (Qt0) and the quintet first ex-

cited (Qt1) state. Unlike Fe2+-SOD-O2
–, Mn2+-SOD-O2

– transfer involves α-electrons. The unpaired electrons 

of the Mn2+-SOD active center and the O2
– superoxide ion have oppositely directed spins. The transition in 

Fe2+-SOD-O2
– is a transition between the sextet ground (St0) and sextet first excited (St1) states. All two in-

teractions are adiabatic due to the high value of the HDA matrix element. 

As shown earlier, tyrosine is an important element for secondary electron transfer in manganese super-

oxide dismutase, which directs the superoxide ion to manganese. Tyr is displaced from its equilibrium posi-

tion, and after the transfer of a proton and an electron, it returns to its original position. This increases the 

inner-sphere reorganization energy compared to iron superoxide dismutase. The first proton is split off from 

the water molecule, and the hydroxide ion OH– is formed, which is located at a distance from manganese, 

and the hydroperoxide radical in the first coordination sphere of manganese. After electron transfer, the hy-

droperoxide ion retains a strong inner-sphere bond with the Mn3+ manganese ion. The second proton is im-

mediately split off from the phenol group Tyr. The resulting hydrogen peroxide H2O2 molecule is easily split 

off from Mn3+, and the hydroxide ion returns to its original position. At the end of the Mn-SOD catalytic cy-

cle, a proton from the solvent protonates the Tyr phenolate ion. If we consider the mechanism of primary 

electron transfer in Mn-SOD as an associative one, then it can be noted that the values of the reorganization 

and activation energies are close to those for the secondary electron transfer by the substitution mechanism. 

The rate constants for the secondary electron transfer are two orders of magnitude smaller, but are above the 

diffusion limit. 

Unlike manganese Mn2+, iron Fe2+ exhibits a lower tendency to form a complex with the hydroperoxide 

radical. Here, only the outer-sphere mechanism is mainly realized. Compared to the manganese ion, the su-

peroxide ion binds to iron during the primary electron transfer at a greater distance (by 0.56 Å), and during 

the secondary electron transfer, it does not show the formation of a stable bond at all. This indicates that iron 

binds less well with small anions than manganese. The rate constants for the secondary electron transfer are 

an order of magnitude smaller, but are above the diffusion limit. 

Next, we consider the features of the behavior of the electron density at the bonding critical points of 

the complex of the superoxide ion and the Me-SOD active site in various versions of the mechanism of bind-

ing the superoxide ion and the metal (Table 5). 

After the primary electron transfer at the manganese ion, the hydroxide ion OH– splits off a proton from 

Asp and becomes a water molecule H2O. Water is weaker bound to Mn2+ than to Mn3+. Therefore, here it 

became possible to completely replace the water molecule with the superoxide ion. The Mn–HO2 bond is 

quite strong and comparable to the Mn–His and Mn–Asp bonds. The topological characteristics of bonds 

involving Fe are similar to those for Fe3+-SOD. This indicates the possibility of the outer-sphere mechanism. 
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T a b l e  5  

Critical bonding points (3; –1) for secondary electron transfer in the Me-SOD donor-acceptor complex. 

Parameters ρ and Δρ are expressed in atomic units 

Bond Parameter 

Substitution 

mechanism 

Outer-sphere 

mechanism 

Mn-SOD Fe-SOD 

Me–N1 
ρ 0.0795 0.0600 

Δρ +0.311 +0.255 

Me–N2 
ρ 0.0811 0.0748 

Δρ +0.318 +0.347 

Me–N3 
ρ 0.0880 0.0703 

Δρ +0.352 +0.293 

Me–OAsp 
ρ 0.0759 0.0764 

Δρ +0.347 +0.339 

Me–H2O 
ρ 

– 
0.0633 

Δρ +0.279 

Me–O2
–(HO2) 

ρ 0.0893 
– 

Δρ +0.323 

 

Conclusions 

Before the primary electron transfer from the solvent, a proton in the form of hydronium ion H3O+ en-

ters the active site of Me3+-SOD, which protonates the hydroxide ion OH– to the water molecule H2O. Due to 

the high chemical affinity of the Mn3+ ion with the strong hydroxide ligand and the low polarizing effect of 

the manganese ion, the water molecule splits off the proton to form the hydroxide ion. The proton passes to 

the carbonyl oxygen atom of the aspartate ion at manganese. 

The primary electron transfers from the superoxide ion to the Mn3+-SOD and Fe3+-SOD active sites oc-

cur according to the associative mechanism. This indicates a high chemical affinity between the negatively 

charged superoxide ion and the positively charged metal ion. Substitution of the water molecule or the aspar-

tate ion is not observed. The primary electron transfer precursor complex has an octahedral structure. The 

superoxide O2
– ion binds more strongly to the Mn3+ ion with an electron transfer distance of 1.95 Ǻ than to 

the Fe3+ ion with a transfer distance of 2.56 Ǻ. The primary electron transfer for manganese superoxide dis-

mutase by the associative mechanism has the reorganization energy of 1.840 eV and the activation energy of 

0.065 eV with an energy release of 0.695 eV. The primary electron transfer for iron superoxide dismutase by 

the associative mechanism has the reorganization energy of 2.114 eV and the activation energy of 0.015 eV, 

which means a practically activationless transfer. The release of energy in this case is 1.109 eV. According 

to the values of the transfer rate constants in the case of Fe3+-SOD, the elementary stage of electron transfer 

is an order of magnitude faster than in the case of Mn3+-SOD. 

Due to the instability of the O2
2– peroxide ion, the secondary electron transfer is coupled with the proton 

transfer. It is unambiguous that the source of the proton is the water molecule. The proton is split off from 

the fifth ligand at the metal ion to form the hydroxide ion OH–. The superoxide ion accepts the proton and 

becomes the peroxide radical HO2∙. This is achieved by the active interaction of the superoxide ion and the 

water molecule. The mechanisms of secondary electron transfer are significantly different for Mn2+-SOD and 

Fe2+-SOD. In manganese superoxide dismutase, the superoxide ion forms a hydrogen bond with the hydroxyl 

group of tyrosine. Secondary electron transfer in manganese superoxide dismutase occurs by substitution 

mechanism at a distance of 2.0 Å. The transfer has the reorganization energy of 1.774 eV and the activation 

energy of 0.089 eV with an energy release of 0.927 eV. In iron superoxide dismutase, the superoxide ion 

combines with the water molecule and the histidine ligand at a distance of 4.24 Å from iron. The transfer has 

the reorganization energy of 1.540 eV and the activation energy of 0.159 eV with an energy release of 

0.508 eV. According to the values of the transfer rate constants in the case of Mn2+-SOD, the elementary 

stage of electron transfer is somewhat faster than in the case of Fe2+-SOD. 
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