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The Role of Zinc lon in the Active Site of Copper-Zinc Superoxide Dismutase

The interaction of the superoxide radical ion Oz~ with the active site of Cu, Zn-superoxide dismutase is stud-
ied by computer simulation using the ORCA software package version 5.0.2 at the level of density functional
theory using the PBE functional and the basis sets of functions def2-SVP, def2-SVPD and def2-TZVPD. The
main characteristics for two processes of electron transfer in the catalytic cycle of radical ion deactivation are
obtained: reaction potential AGY, total reorganization energy Awt, activation energy AG?, overlap matrix ele-
ment Hoa, and transfer rate constant k according to Marcus. The variable factor in the modeling is the pres-
ence of the Zn?* ion at the active site of the enzyme. Two variants of the electron transfer mechanism are con-
sidered: one carried out through ligands and another occurring in the immediate vicinity of an oxygen-
containing particle and a copper ion. It has been established that the presence of the Zn?* ion contributes to a
large extent only to the second electron transfer from the Cu* ion to the protonated form of the radical ion, to
the hydroperoxide radical HO2. Other things being equal, the zinc ion increases the electron transfer rate con-
stant by five times through specific interactions.

Keywords: Cu, Zn-superoxide dismutase, superoxide radical ion, enzyme, reactive oxygen species, antioxi-
dants, condensed state physical chemistry, computer simulation.

Introduction

Molecular oxygen O is an integral part of the energy chains of aerobic organisms. In addition to the
benefits that oxygen brings to the body when it is reduced to a water molecule during the redox process, the
oxidative power of O can also harm the cellular components of the body. During metabolic transformations,
oxygen is able to turn into extremely reactive particles, such as the superoxide radical ion O, considered in
this article, the hydroxyl ion OH-, the hydroxyl radical OH, hydrogen peroxide H,O,, etc. These are the so-
called reactive oxygen species (ROS). Their accumulation can adversely affect the state of cell components,
destroying them and leading to various diseases of the body as a whole. This phenomenon is called oxidative
stress [1, 2].

Antioxidants and antioxidant enzymes provide protection against excessive production of ROS in a
healthy body; for example, enzymes of the superoxide dismutase group (SOD) ensure the neutralization of
superoxide Oy by dismuting it into molecular oxygen and a hydrogen peroxide molecule:

20, + 2H30" = O, + H,0, + 2H,0.

These metalloenzymes include ions of 3d transition elements, such as Cu? and Zn?* (Cu, Zn-SOD or
SOD1), Mn® (Mn-SOD or SOD2), Fe** (Fe-SOD), and Ni** (Ni-SOD) [3, 4].

There are various approximate models for describing the quantum mechanisms of electron transport in
condensed states. The model for the case of an electron passing through a one-dimensional static potential
barrier over a distance of the order of the barrier width is justified for solid crystalline bodies. This model is
not suitable for liquid water-protein media of “living” biochemical systems, where significant relaxation
changes occur in the geometry of atoms surrounding the electron transfer channel. Therefore, when conduct-
ing this study, we were under the paradigm of the Marcus electron transfer theory for liquid biochemical sys-
tems. In this approach, a significant contribution to the value of the potential barrier AG* is made by the en-
ergy of reorganization of the condensed medium and the structure of the nearest environment of the electron
transfer channel. In this study, we evaluated all the main characteristics of an effective potential barrier AG*
for transfer between an electron donor and an acceptor. At the same time, the matrix element of the overlap-
ping of the electron molecular orbitals of the donor and acceptor Hpa makes it possible to estimate the effi-
ciency of electron tunneling in the semi-quantitative approximation, as a decrease in the height of the classi-
cal barrier AG” due to its quantum “smearing”.
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Previously, we studied the stability of the superoxide ion O, [5] in a dielectric medium. Also, using a
semi-quantitative technique for such a system as oxygen-SOD1, we evaluated the effect of the properties of a
continuous dielectric medium on the primary electron transfer [6]. This technique can be associated with fro-
zen strongly perturbed states during electron transfer. To fully appreciate the electronic and intermolecular
effects of interaction in such a system, we apply the opposite but complementary method associated with the
Marcus continuum approximation. This is the subject of our consideration in the present study.

This paper considers the main aspects and specifics of the interaction between the superoxide radical
ion and the Cu, Zn-SOD active center. The details of the catalytic mechanism are still debatable. Thus, the
mechanism of electron transfer is debatable: Does it proceed through the inner-sphere mechanism (in this
case, O, comes close enough to the copper ion and acts as a ligand) or through the outer-sphere (in this case,
the electron is transferred over a long distance through other ligands associated with the copper ion)? In addi-
tion, if the presence of the copper ion Cu?* is necessary for the creation of a redox potential through the for-
mation of a Cu?*/Cu* redox pair, then what is the role of the zinc ion Zn?* in the active site? There is evi-
dence that the zinc ion maintains the structure of the site and the Zn-deficient enzyme copes worse with the
reduction of O, to H,O- during the secondary electron transfer from Cu*, while the secondary transfer be-
comes pH-dependent [7]. This paper aims to study the processes of electron transfer at two stages of the cata-
lytic process of O, deactivation by enzyme SOD1 and identify the role of the Zn?* ion in this case by com-
paring the transfer characteristics with “normal” and “Zn-deficient” active sites.

Experimental

Modeling was carried out using the ORCA software package version 5.0.2 [8]. As a calculation method,
we applied the level of density functional theory using the GGA density functional of Perdew—Burke-
Ernzerhof PBE [9]. The def2-TZVPD basis set [10, 11] was used to optimize the geometry and calculate sin-
gle point energies of small particles (Oz, Oz, HO,, HO2™, H20, H30%). When optimizing the geometry of the
active site, a simplified def2-SVP basis [10] was used with additional restrictions in the form of pinning 8
hydrogen atoms of the methyl end groups to simulate the fact that the active site is retained by the protein
environment [12]. After geometry optimization, the one-point energy of the active center structure was cal-
culated with the def2-SVPD basis. In addition, in all cases, when calculating the active center, the oxygen
atoms O, copper Cu, and zinc Zn were always subject to the def2-TZVPD basis set. To speed up the hard-
ware calculation, the RI approximation with the basis set def2/J [13] was automatically applied. In any calcu-
lation, to consider fine dispersion interactions, the atomic pair dispersion correction algorithm based on rig-
idly coupled partial charges D4 was used [14, 15]. The influence of the dielectric medium was taken into
account using the CPCM continuum model. The surface type is Gaussian VdW [16]. The adequacy of the
selection of such calculation parameters was evaluated by one of the important characteristics for molecular
oxygen O, which participates in these reactions, namely, by electron affinity in the gas phase. The experi-
mental value A = -0.451 + 0.007 eV [17]. Our value A = —0.414 eV. This approach made it possible to bal-
ance the accuracy of the calculation and the cost of hardware time.

To begin with, we should briefly describe the catalytic cycle of the enzyme. Figure 1 shows a simplified
process diagram.

The 11-111 and 1V-I transitions are key to electron transfer. It can be seen that these transitions are
complex since the transfer of an electron is coupled with the transfer of a proton H*. Since the proton is 1836
times heavier than the electron, the same formalism cannot be applied to it as to the electron. Therefore, the
transitions should be divided into more simplified stages in order to be able to describe directly the electron
transfer separately from the proton.

It is rather easy to separate transitions Il-I11. Since molecular oxygen O is formed in this case, it is
reasonable to assume that the act of electron transfer from O to the copper ion Cu?* occurs first in a distort-
ed square environment. Then, monovalent copper Cu*, which is no longer able to maintain a complex with a
coordination number of 4, weakens the bond with the bridging histidine ligand and passes into a trigonal en-
vironment, followed by protonation of the nitrogen atom.
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Figure 1. Scheme of the catalytic cycle of dismutation of the superoxide radical ion Oz~
at the active site of copper-zinc superoxide dismutase

I\V-I transition is more difficult to separate. This is where the bifurcation occurs. 1. The copper ion Cu*
in the trigonal environment first donates the electron to the O, ion with the formation of a peroxide ion 0%
that is not stable in a condensed medium, followed by its protonation to the H.O, molecule. 2. The Oz ion
accepts a proton from the N—H bond to form the HO, hydroperoxide radical, and then the Cu* copper ion in
the trigonal environment donates the electron to the radical to form the HO," hydroperoxide ion. The simula-
tion showed the predominant flow of process 2, which will be reflected in the results. Figure 2 reflects the
above considerations regarding the choice of stages for electron transfer.
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Figure 2. Separately distinguished stages of primary and secondary electron transfers
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Besides, for the case of a Zn-deficient active site, the Zn?* ion was removed from the structure of the ac-
tive site and replaced by two equivalent H* protons. The first of them was attached to the oxygen atom of the
former zinc ligand, and the second, to the nitrogen atom of the former bridging ligand. Figure 3 presents the
scheme for the removal of zinc ion.
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Figure 3. Scheme for the removal of zinc ion from the active site

The efficiency of electron transfer can be estimated to a complete extent by obtaining the value of the
second-order transfer rate constant k (hereinafter, we denote | as primary transfer and 1l as secondary):

O, + ICu?*SOD = O, +ICu*SOD Q)
dC _ .

Ez—k, -[0;]-[Cu™T; (2)

HO, + 1ICu*SOD =HO, + [ICuU?*SOD (3)
dC N

E =-k, -[HO,]-[Cu"]. (4)

In general, the rate constant k for reactions (1) and (3) can be estimated using an analogue of the Eyring
equation for the activated complex theory [18]:

k=k,-K? (%)

pre?
where ket — the frequency factor of electron transfer according to Marcus, s-1; Kye” — the concentration
equilibrium constant of the formation of the precursor complex from the electron donor and acceptor, M-1.
The frequency factor ke or the first-order rate constant of electron transfer can be calculated using the

Marcus formalism [19]:
2 2 —AG*
ket _ 4.1t . HDA e kg T . (6)
h  J4-m-h, KT

where h — the Planck’s constant, J-s; Hpa — the matrix element of overlapping molecular orbitals of the
electron donor and acceptor, J; Aot — the total energy of the system reorganization, J; ks — the Boltzmann
constant; J/K; T — temperature, K; 4G” — the transfer activation energy, J.

a. Calculation of the reaction potential AG°

According to the Hess law and the principle of the quantum dimension of the system, the change in the
potential of the electron transfer reaction was calculated according to the scheme:

AG’ =G°(0,) +G°(ICu*SOD) -G°(0,) —G°(ICu*'SOD) ; (7)
AG) =G°(HO;)+G°(lICu*SOD) - G°(HO,) -G’ (lICu*SOD) . (8)
It is also necessary to calculate the “corrected” value of AG® — adjusted for the fact that the electron

transfer occurs not at infinity, but at a specific finite distance R. To do this, we use the expression proposed
in [20]:

2
AGO=AG +(Z, 7, -1 — . % 9)
4-n-g, €-R
where Z, — the charge number of the acceptor; Zo — the charge number of the donor; & — the electrical
constant, F/m; g. — the electron charge, C; R — the transfer distance, m; ¢ — the static permittivity of the
medium.
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The transfer distance R is an extremely ambiguous value and can vary greatly. The principle of choos-
ing R values is presented below.

b. Calculation of the total reorganization energy it

The reorganization energy is the energy that must be expended to bring the system into a state as if the
electron transfer had already occurred, but de facto without it. The total reorganization energy consists of
two components. The first one is the internal Ai,, which includes the energy spent on rearranging the struc-
ture of the donor and acceptor for electron transfer. The second is the external Aout, Which includes the energy
consumption for the rearrangement of the structure of the environment surrounding the donor and acceptor,
the solvent.

The calculation of Ai, is generally similar to the calculation of the reaction potential, but with a differ-
ence in the products. Here it is necessary to take perturbed structures as finite particles, for example, if in its
ground state the superoxide ion Oz has, according to our modeling, an equilibrium internuclear distance of
1.353 A in the charge state —1, then the perturbed structure corresponding to it will have an internuclear dis-
tance of 1.218 A (as in molecular oxygen O;) in the charge state —1. Single point energy without optimiza-
tion of the geometry of such structures is denoted by *.

A =G”(0;)+G” (ICu*'SOD) -G°(0;) - G’(ICu**SOD) ; (10)
A =G” (HO,) +G (IICu*SOD) -G’ (HO,) -G’ (IICu*SOD) . (11)
Markus and Sutin proposed the calculation of Aoyt in the approximation of the solvent continuum model
[19]:
2
Mo = A9 ’ i_'_i_i (iz_}jv (12)
4-m-gy \ 21, 2r, R)\N" ¢

where Ag — the value of the transferred charge, C; ro — the donor radius, m; ra — the acceptor radius, m;
n — the refractive index of the medium.

The size of the transfer participants was estimated from the following considerations. All reagents were
presented as spheres with certain radii r. Thus, the radius of the superoxide ion O, was calculated as the sum
of the radius of the oxygen atom according to the continuum model (this is 1.52 A) and half the length of the
0-0 bond (this is 0.6765 A from 1.353 A). In the case of such a small particle, a solvent correction is also
needed [20]. When using the continuum model, it makes sense to add half of the probe radius (this is 0.65 A
from 1.3 A). We have the radius of the donor sphere centered in the middle of the bond rpi(Oz) = 2.8465 A.
By using a similar approach, we can obtain ra;(HO.) = 2.8365 A for the HO, acceptor. Also, for the active
site, it is logical to choose only such a region that changes significantly during the redox process. This is the
first ligand environment of the copper ion. A sphere centered on a copper ion with an average radius extend-
ing to the second nitrogen atom in the imidazole ring of the ligands was chosen with the addition of the radi-
us of the nitrogen atom according to the continuum model of 1.89 A. We have ra(Cu?*SOD) = 6.035 A. By
analogy, for the monovalent copper state, one can obtain rp(Cu*SOD) = 6.040 A. For the Zn-deficient ac-
tive site, the corresponding values are 6.047 A and 6.034 A.

To estimate the transfer rate constant by the outer-sphere mechanism, two reference values of R can be
chosen. The first of them is the sum of the donor and acceptor radii. In our case, this is 8.88 A. The second
value is 6 A, chosen from the consideration that a positively charged aspartic group adjoins the active center
at this distance, which is capable of directing O, to the reaction. Also, for the inner-sphere mechanism, the
distance R is determined, for the most part, by optimizing the O,” geometry in close proximity to the copper
ion.

c. Calculation of the transfer activation energy AG*

Knowing the values of the reaction potential AG® and A, it is possible to determine the value of the
activation energy [20] according to the equation:

2 Y
AG =—1t ZorZal 1, [4,[AG || (13)
4.-m-g, e-R 4 ot

d. Calculation of the overlap matrix element Hpa
The overlapping matrix element of the molecular orbitals of the electron donor and acceptor can be es-
timated using the generalized Mulliken—Hush (GMH) approximation [21]:
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Ho, = AE;, -y, (14)

\/ AHfz +4- Mlzz

where AEi, — the energy of electron transition from the MO of the donor to the MO of the acceptor, J;
w2 — the transition dipole moment, C-m; Api, — the difference between dipole moments before and after
electron transfer, C-m.

The values included in (14) were estimated using the time-dependent density functional theory (TD-
DFT) using the default TDA approximation.

e. Calculation of the equilibrium constant for the formation of the precursor complex Kpre*

The equilibrium constant Ky can be obtained based on various considerations. We used one of the ex-
pressions presented in [18], in which it suffices to know the work of approach of the donor and acceptor Wg
and the electron transfer distance R:

4 o
K? =§-n-NA-R3-ekB‘T, (15)

pre

where Na — the Avogadro constant, mol?; R — the transfer distance, dm; Wr — the electrostatic work of
bringing the reagents together at a distance R, J.

1 . Zy-Zy- Qez
4-m-g, e-R
Here and below, when calculating according to the above expressions, the temperature value T is equal
to the standard 298.15 K.

W, = (16)

Results and Discussion

To begin with, we point out that the experimental values of k for both primary and secondary electron
transfers do not depend on the charge of the copper ion and are equal to 2-:10° M5 [22].

Thus, let us consider the main characteristics of the primary electron transfer of the 11-I11 transition be-
tween the superoxide radical ion O, and the copper ion Cu?* according to the outer-sphere mechanism at a
distance of 6 A perpendicular to the square environment of copper (Table 1).

Table 1

Characteristics of primary electron transfer at R =6 A

Parameter SOD1 Zn-deficient SOD1
AGO, eV —0.444 -0.491
AG”, eV -0.385 -0.431
}htot, eV 1.754 1.686
AG?, eV 0.208 0.174
Hpa, eV 1.68:1072 2.51-10°°
Ket, st 1.11-10° 9.37-107
Kpre”, M1 5.56 5.56
k, M1g? 6.15-10° 5.21-108

Similar values of the rate constants of electron transfer at the same distance with and without zinc ion
indicate that the zinc ion does not play an important role in the first stage of deactivation of the superoxide
ion.

It should be noted that the overlap of the donor and acceptor molecular orbitals decays with increasing
transfer distance. Since the overlap matrix element, along with the activation energy, makes the most signifi-
cant contribution to the rate constant, we can compare how the matrix element decays with the transfer dis-
tance for the active site with and without zinc ion. The dependence of the overlap matrix element was as-
sumed to be exponential [23]:

Hon = HBA Lot (RR), (17)
where H%a — the value of the matrix element at the distance Ro = rp + ra; o — the overlap damping con-
stant, AL,

We obtained the following correlation equations for SOD1 o = 1.173 A and Zn-deficient SOD1
a=0.573 A For SOD1, the overlap integrals of molecular orbitals decay 2 times faster than for zinc-
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deficient. However, such a value is not particularly critical, given the similar values of the rate constants we
obtained.

Next, we consider the main characteristics of the secondary electron transfer of the 1V-I transition be-
tween the hydroperoxide radical HO, and the copper ion Cu* according to the outer-sphere mechanism at a
distance of 6 A. Let us give an explanation regarding the bifurcation discussed above. Why was HO, chosen
as the electron acceptor, and not O,? Does this mean that the proton transfer occurs before the electron
transfer? It is necessary to study the potentials of the corresponding reactions to answer this question:

O, +1ICu*(SODH ") =03 + IICu*" (SODH ") ; (18)
Q. +1ICu* (SODH ") = HO, + IICu* (SOD) ; (19)
AG% =+2.84 eV. AG%; = -1.90 eV. Sum: 0.94 eV.
0, +1ICu* (SODH ") =HO, + lICu*(SOD) ; (20)
HO, + IICu* (SOD) = HO;, + IICu** (SOD) ; (21)

AG%; =+0.354 eV. AG%;3 =-0.39 eV. Sum: —0.036 eV.

It is natural to choose scheme 2 (20-21) as the model scheme for secondary transfer. Further, it should
be pointed out that the superoxide ion O, is no longer bound by the copper ion Cu™ in the trigonal environ-
ment that is stable for such a valence state, but elsewhere. According to the geometry optimization results,
O tends to the source of protons, in this case, to the N-H bond of the bridging ligand. This proton is split
off from the nitrogen atom and goes to the radical.

Table 2

Characteristics of secondary electron transfer at R =6 A

Parameter SOD1 Zn-deficient SOD1
AG?, eV —-0.390 —0.044
AG”, eV —0.449 -0.104
Atot, €V 1.603 1.672
AG?, eV 0.208 0.368
Hpa, €V 1.91-101 3.70-102
Ket, s° 1.49-101 1.08-107
Kpre”, M1 0.545 0.545
k, Mgt 8.12-10%° 5.86-10°

As can be seen, the effects mainly concern only the secondary electron transfer. This indicates that the
copper ion Cu* in the absence of Zn?* becomes less labile with respect to the loss of an electron with the for-
mation of Cu?*. The effect is on all quantities that determine the value of the rate constant. Significant differ-
ences in the rate constants, both of the first order and of the second order, indicate that zinc-deficient SOD1
copes much worse with the role of a catalyst. The frequency transfer factor in this case is less by five orders
of magnitude than for the “normal” SOD1.

The removal of the zinc ion increases the value of the isobaric-isothermal transfer potential AG® by
0.35eV. Let's write its value as:

AG® ZZ'F'(EO(SODZ%OU)‘EO(HO%OJJ 22)

where z — the number of transferred electrons; F — the Faraday constant, C/mol; E° — the standard elec-
trode potential, V.

It can be seen that the value of the standard electrode potential of the SOD active center increases. The
oxidizing properties of the center are enhanced and the reducing properties are weakened. The oxidizing
properties of the center are weakened and the reducing properties are enhanced. The reorganization energy
somewhat increases by 0.07 eV due to the structural component. The zinc ion in a tetrahedral environment
more stabilizes the system and limits the geometric transformations of the active center after electron trans-
fer. Thus, with a change in these parameters, the activation energy of the second transfer for the Zn-deficient
center increases by about 16 kJ/mol. Given that the rate constant has a quadratic dependence on Hpa, this
effect is more significant than the increase in the transfer activation energy.
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There is clear participation of the bridging histidine ligand in the formation of the donor MO of the ac-
tive site, which promotes electron transfer. When the zinc ion is removed, the ligand is no longer bridging
and becomes more independent, while it does not take part in the formation of the donor MO.

As for the primary transfer, let us analyze the attenuation coefficient of the orbital overlap for the sec-
ondary transfer. For SOD1 o = 0.047 A and Zn-deficient SOD1 a = 0.569 AL. Here, we observe a signifi-
cant difference in the values of the indicator. The extremely low value for SOD1 indicates that the attenua-
tion of the orbital overlap is extremely weak and can reach significant values for the implementation of elec-
tron transfer, even at large distances through ligands. The obtained molecular orbitals for SOD1 and zinc-
deficient SOD1 for secondary transfer show that the bridging ligand connecting copper and zinc ions is also
involved in the formation of the outer orbital. This indicates the low attenuation and the participation of lig-
ands in the transfer.

It is reasonable to trace the distribution of an atomic-molecular characteristic, such as atomic charge,
throughout the active center before and after electron transfer. Let us look at the changes in atomic charges
according to Lowdin during the transition from IICu*SOD to 11Cu?*SOD with secondary (I1) electron trans-
fer:

—“normal” SOD1: AqCu = +0.177; A¢Zn = +0.008. The contribution of zinc is 4.3 %.

— Zn-deficient SOD1: AqCu = +0.188.

The difference between the atomic charges according to Lowdin for the copper atom Cu in IICu*SOD
with and without the zinc ion Zn?* is A(Cu = (Cu — 4Cu(Zn) = +0.021 (increase by 45 %). Based on the above
results on the population, we can conclude that, in addition to the structural organization of the active site,
the zinc ion Zn?* contributes to the partial delocalization of the electron density, accepting part of it through
the ligand bridge together with the copper ion Cu*.

Let us now look at the changes in atomic charges according to Lowdin during the transition from
ICu?*SOD to ICu*SOD during the primary (I) electron transfer.

— “normal” SOD1: AqCu = —0.314; AqZn =—-0.007. The contribution of zinc is 2.2 %.

— Zn-deficient SOD1: AqCu =-0.321.

The difference between atomic charges according to Lowdin for copper atom Cu in ICu*SOD with and
without zinc ion Zn?* is AqCu = 4Cu — 4Cu(Zn) = 0.0006. This implies another proof of the fact that the zinc
ion Zn?* has a much greater influence only on the secondary electron transfer.

It has been experimentally established that the reaction catalyzed by Zn-deficient superoxide dismutase
becomes pH-dependent on secondary electron transfer [7]. We present the calculated values of AGP for the
processes of O, protonation from the N—H bond before the secondary electron transfer in SOD1 and Zn-
deficient SOD1: +0.354 eV and +0.712 eV, respectively. In the absence of zinc, the cost of protonation dou-
bles, which indicates the stabilization of the protonated form of the histidine ligand, which is free of both the
zinc ion Zn?* and the copper ion Cu*. Such an increase in energy creates certain difficulties for the prelimi-
nary formation of HO,; therefore, the presence of an external proton from the solvent molecules is required.
For example, its source can be the hydronium ion H3O*. This explains why the removal of zinc results in a
pH-dependent electron transfer.

Conclusions

All two-electron transfer processes are associated with proton transfer. The primary electron transfer
occurs somewhat earlier than the proton transfer. In the case of secondary transfer, the situation is reversed.
A proton from the N-H bond of the bridging ligand is able to attach to the superoxide ion to form HO,
which then readily accepts an electron. The zinc ion Zn?" has little effect on the primary electron transfer
from O to the copper ion Cu?*. Its presence in the active site creates a suitable conformation for efficient
overlapping of the donor and acceptor MOs and creates an additional minor electron density delocalization.
At the same time, the zinc ion Zn?* has a significant effect on the secondary electron transfer from Cu* to
HO,. When the zinc ion is removed, the transfer rate constant decreases by five times. This is due to a signif-
icant positive increase in the value of the transfer reaction potential, which in turn increases the activation
energy. Thus, the zinc ion, by its presence in the active center, stabilizes the structure in such a way that dur-
ing the secondary electron transfer from the active center, its redox potential increases and the reduction
properties decrease. According to the results obtained, it follows that the redox potential increases by 0.35 V.
The bridging ligand retained by the zinc ion is able to participate in the formation of orbital overlap during
transfer, in contrast to the case of zinc removal. The participation of the ligand reduces the degree of damp-
ing of the overlap integrals and promotes rapid electron transfer. In addition, the electron density distribution
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between copper and zinc ions makes it easier for the proton to break away from the ligand and then attach to
the oxygen-containing particle.
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A.B. Pa6r1x, O.A. Macnosa, C.A. Besnocrok, A.C. MacaaumoB

Mbic-MBIpBIII CYNIEPOKCH TMCMYTA3aChIHBIH
0eJiceH i OPTAJIBIFBIHAAFBI MbIPBIII HOHBIHBIH POJIi

PBE ¢yskiuonanein xone def2-SVP, def2-SVPD wmen def2-TZVPD  (yHKUHMsTApBIHBIH —0Ga3HCTIK
JKUBIHTBIKTAPbIH TalajgaHa OTBIPBIN, THIFBI3ABIK (YHKIMOHANB TeopHschiHBIH neHreiinae ORCA 5.0.2
HYCKAaCBIHBIH Oaf[apiaMaliblK ITaKeTiHIH KOMETiIMEH KOMIIBIOTEPIIK MoJeNnbaAey apKelibl Oz CymepOKCHITI
HOH-paanKanbHbH Cu, Zn-CynepoKCHINCMYTa3aHbIH OEICeH Il OPTANBIFEIMEH 03apa OpeKeTTeCyiHe 3epTTey
Kyprizinai. IoH-paauKanasl Ae3aKTHBALUSIIAYIbIH KaTaIWTUKAIBIK HUKIIHACTI 3JEKTPOH TachIMaliayJbIH
€Ki TpOIECIHiH Herisri cumartamanapsl aneiFaH: AGC peakiuss TOTeHIMANbI, Mot KANMBI KaiiTa Kypy
sHeprusicel, AG” akTHBTeHy 3Hepruscel, Hpa KabaTTacaTbld MaTpHIla JIEMEHTI xkoHe Mapkyc 6olibmma K
TachIMalliay KbUIJAMJIBIFBIHBIH ~TYPaKThICEL. Mogenbaey OapbichlHOarbl e3repMmeni (akTop peTiHze
(depMeHTTiH Gencenai OpHBIHAA Zn®* HMOHBIHBIH OpHAIACYbl AIbIHABL JIMTAHATAPABIH KOMETIMEH KOHE
KypamblHa OTTeri Gap OeJlIeK MEeH MBIC HOHBIHBIH JKaKblH OPHAJIACybl apKbUIBI XKy3€re achIpbUIATHIH
SIEKTPOH/IBI TACHIMAIAAY MEXAHHW3MiHIH €Ki HYCKAachl KapacThIpbULAbl. ZN?* HOHBIHBIH Gomybl Tek Cu*
WOHBIHAH HMOH-PaJUKAJbIHEIH HpoToHAamFaH ¢opmacsiHa — HO2 runmponepokcuy pagukaablHAa eKiHII
JJIEKTPOHHBIH OTyiHE FaHa YJKEH IopeXene BIKIal eTeTiHI aHBIKTAIAbl. ApHAHbl e3apa opeKeTTecyiep
apKBUTBI MBIPBII HOHBI, 0acka karmaimap Oipaeidt OoiFaHma 37I€KTPOHABI TaCBIMANIAY JKBUIIAMIIBIFBIHBIH
KOHCTAHTAaChIH Oec PeTTIiK [TaMara apTThIPaJbL.

Kinm ce30ep: Cu, ZNn-cynepoKCHITUCMYTa3a, CYNEPOKCHATI WOH-pajukall, (EpMEHT, PEaKTHUBTI OTTETi
TYpJepi, aHTHOKCHIAHTTApP, KOHICHCAIMSJIAHFaH KYUIiH (HU3UKa-XHUMHUSICHI, KOMITBIOTEPIIIK MOJICIBICY.

A.B. Pa6s1x, O.A. Macnosa, C.A. be3nocrok, A.C. MacanumoB

Posib HOHA IUHKA B AKTHBHOM IIEHTPEe MeTHO-IIHHKOBOI CyNMepOKCHITUCMYTa3bl

TIpoBeneHo m3yueHne B3aMMOJIEUCTBHE CYNEPOKCHAHOTO HOH-pamukana Oz ¢ akTuBHEIM IieHTpoM Cu, Zn-
CYHNEpOKCHAIUCMYTa3bl IIyTeM KOMITBIOTEPHOTO MOZIEINPOBAHHMS IIPH IOMOIIH porpammHoro makera ORCA
Bepcun 5.0.2 Ha ypoBHE TeopuH (yHKIMOHANA IUIOTHOCTH C HCIoNb3oBaHueM (yHkimoHana PBE u 0asuc-
HbIX HaOopoB ¢yHkuuil def2-SVP, def2-SVPD u def2-TZVPD. IlosydeHbl OCHOBHBIE XapAKTEPHUCTUKH JUIS
JBYX MPOLIECCOB MEPEHOCA JIEKTPOHA B KATATMTHYSCKOM IHKJIE Ne3aKTHBAIMK MOH-PAJHKaa: MOTCHIHA
peaximu AG?, TonHast SHEPTHS PEOPTAHU3AINH Atot, SHEPTUs akTHBAU AG?, MATPHYHBII SIEMEHT TIEPEKPHI-
Banus Hpa u koHcraHTa ckopoctu nepenoca k mo Mapkycy. IlepeMeHHBIM (AaKTOPOM MPH MOJETUPOBAHUN
ABJISAIOCH HANIMYKE MOHA Zn?* B akTMBHOM IEHTpe (epMenTa. BBUTM paccMOTpEHB! 1Ba BAPHAHTA MEXAHU3MA
HepeHoca AIEKTPOHA, OCYIIECTBILIFOIINXCS TIPH MOMOIIY JIMTaHJIOB M HETOCPEACTBEHHOW OJIM30CTH KUCIIO-
poJicosiepKalieil YaCTUIIB K MOHA MeJIH. Y CTAHOBJIEHO, YTO HAJIM4He HOHA Zn®* crocoOGCTBYET B 3HAUUTENLHOI
CTETEeHH TOJIBKO BTOPOMY IEPEHOCY 3JIeKTpoHa oT HoHa Cu* K MpOTOHMPOBAaHHOM (GOpMe HOH-pajuKaTa — K
ruapornepokcuaHoMy paaukary HO2. TTocpenctBom crieniuUuecKix B3aUMOACHCTBUIA HOH [HKA [IPU MPOYHX
PaBHBIX YCIOBHSX MOBBIIIAET KOHCTAHTY CKOPOCTH MEPEHOCA 3JIEKTPOHA Ha MATh MOPSIIKOB.

Knrouesvle crosa: CU, Zn-cynepokCHIIUCMyTa3a, CyNepOKCHAHBIN NOH-pauKall, (epMEHT, akKTHBHBIE (Hop-
MBI KHCJIOPOJa, aHTUOKCHAHTHI, (PU3MKOXUMUS KOHJICHCUPOBAHHOTO COCTOSIHUSI, KOMIIBIOTEPHOE MOJIEIIHPO-
BaHUE.
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