Quantum-mechanical calculation of the parameters of self-transfer of electron
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Oxygen is an integral part of the respiratory chain of cells in organisms living under aerobic conditions. The oxygen molecule O2  acts as an electron acceptor. However, in reactions involving oxygen, as a result of incomplete reduction, toxic compounds - reactive oxygen species (ROS) - can be formed. These include the superoxide ion O 2 -, which contains one unpaired electron. As a result, this radical ion exhibits extremely high destructive activity in relation to the components and structure of the cell. Under normal conditions, the body's antioxidant system is able to control and prevent the negative effects of ROS. However, when this system malfunctions or excessive formation of oxygen radicals, their accumulation occurs. Thus, the uncontrolled formation of ROS inside cells can provoke various diseases of the body, such as ischemic tissue damage, cancer, vascular disorders, atherosclerosis, and neurodegenerative diseases. This state of the body is called oxidative stress (OS).

However, the details of the mechanism of inactivation of O2 - superoxide ions are controversial. For example, the role of the dielectric constant of the solvent medium, the conformation of the active center during catalysis, and the specific behavior of the substrate in close proximity to it have not been unambiguously established for it.

The development of new models that more accurately mimic the behavior of the superoxide radical in the aquatic environment, as well as its interaction with enzymatic antioxidants, is an urgent problem. In particular, in order to develop effective antioxidants based on these models in order to prevent the development of diseases caused by oxidative stress in the future.

One of the body's barriers against the harmful effects of ROS is cytochrome c, desorbed into the intermembrane space of mitochondria from the outer surface of the inner mitochondrial membrane. It is an enzyme that contains an iron atom in its heme. Under the action of the oxidized form of cytochrome c, the superoxide ion is reoxidized into a neutral oxygen molecule.

Quantum-mechanical calculations were carried out within the framework of the density functional theory using the hybrid functional B3LYP [1] using the 6-31 + G (d) basis set for O2-, O2 molecules [2], in the ORCA software package [3] on a PC with configuration Windows 10 64-bit, Intel (R) Core (TM) i 3-4030 U CPU @ 1.98 GHz, RAM 4.0 GB. We used an approach to implicit modeling of dissolution processes within the framework of the well-known Conductor-like Polarizable Continuum Model (CPCM). Surface type - GEPOL SES. In this case, the cavity in the solvent is topologically assigned to the structure of the molecule [4]. To accelerate the hardware counting, the RIJCOSX approximation was additionally used in the calculation of structures with the participation of Fe (RIJ for Coulomb integrals and COSX for the numerical integration of the Hartree – Fock exchange) [5]. The media were selected: water (ε = 81, n2 = 1.777), helium (ε = 1, n2 = 1), protein (ε = 4, n2 = 2.5).

The results of calculations of electron self-transfer in different media (helium, water, protein) are shown in Table 1.
Table 1 - Activation characteristics of the reaction of self - transfer of an electron

	medium
	Helium
	Water
	Protein

	Self-transfer of an electron
	O2- + O2 = O2 + O2-  

	λtot , eV
	1,042
	3,086
	1,658

	λin , eV
	1,042
	1,105
	1,118

	λout , eV
	0
	1,980
	0,540

	∆Gtot≠, eV
	0,261
	0,771
	0,414

	Self-transfer of an electron
	[Fe(H2O)6]3+ + [Fe(H2O)6]2+ = [Fe(H2O)6]2++ [Fe(H2O)6]3+

	λtot , eV
	0,711
	16,527
	5,229

	λin , eV
	0,711
	1,205
	1,101

	λout eV
	0
	15,322
	4,128

	∆Gtot≠, eV
	0,178
	4,132
	1,307


The study has shown that the self -transfer of an electron is hindered by the transition to a more polar medium. In a protein medium, a decrease in the activation energy for electron transfer should lead to a significant increase in the efficiency of this process.
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