
THE CONJUGATED REDOX SYSTEM

Reactive oxygen species (ROS) are highly reactive

compounds that cause oxidative damage to biomolecules.

Aging is associated not only with accumulation of oxi-

dized products, but also with an increase in ROS genera-

tion that is called “oxidative stress” (OS). In particular,

OS develops in systemic age-related pathologies such as

atherosclerosis. A massive generation of ROS indicates a

disturbance in balances in the distribution of electrons

and protons where oxygen acts as the major acceptor.

Transition metals are donors of electrons, and reduced

compounds of carbon, nitrogen, and sulfur are donors of

protons. The essence of our hypothesis is the uniting of

donors and acceptors in a conjugated redox system. This

system is responsible for the steady distribution of protons

and electrons in the cell, maintains biosystem function-

ing, and influences its life duration. Thus, in

Caenorhabditis elegans a slight increase in ROS content in

mitochondria increases life duration, whereas a similar

increase in the cytoplasm decreases it [1]. The conjugat-

ed redox system was created during evolution as the union

of redox cycles of four atoms – carbon, nitrogen, sulfur,

and oxygen. In this work, a model is proposed of organi-

zation of such system and of its functioning (Fig. 1).

THE METHYL GROUP IS A SOURCE

OF FORMALDEHYDE

The methyl group relates to C1 compounds

(methane, methyl group, methanol, formaldehyde,

formic acid, carbon dioxide). These compounds partici-

pate in very different syntheses and a multiplicity of regu-
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Abstract—C1 compounds participate in various metabolic processes and regulations including DNA methylation.

Formaldehyde (FA), a product of methyl group oxidation, is highly cytotoxic. In the cell, there are two pathways of its uti-

lization: assimilation and oxidation. Formaldehyde displays cytotoxicity, and therefore its oxidation is considered as detox-

ification. The sensitivity to the threshold concentration of FA we regard as an indication of its major role in biosystem func-

tioning. A model of a three-component conjugated redox system is proposed in which the methyl group oxidation pathway

is an archaic and conservative donor of protons and electrons, the reduction of O2 serves as an acceptor, and the arginine

amino group is used for production of both urea and nitric oxide (the donor and acceptor, respectively). The fourth com-

ponent of the redox system is glutathione, which maintains redox balance. The three-level system of proton donors includes

the oxidation of a methyl group (first level), the oxidation of acetate in mitochondria (second level), and glucose catabolism

in the pentose phosphate pathway (third level). The whole redox system is united by the sulfhydryl groups of cysteines, glu-

tathione, thioredoxin, and α-lipoic acid. The central regulatory role in this redox system belongs to glutathione-dependent

formaldehyde dehydrogenase, which controls FA binding with tetrahydrofolic acid, arginine methylation, and denitrosation

of sulfhydryl groups. The conjugated redox system was formed during evolution as a union of separate redox cycles of car-

bon, nitrogen, sulfur, and oxygen.
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lations of metabolic processes. The main processes are as

follows: synthesis of purines and thymidine, pantothenic

acid, chlorophyll and heme, metabolism of amino acids

and biogenic amines, biogenesis of mitochondria and

chloroplasts [2], and continual methylation–demethyla-

tion of DNA [3].

In the majority of biosystems, donors of methyl

groups include methionine, serine, and glycine, whereas

tetrahydrofolic acid (THFA) and S-adenosyl-L-methio-

nine are carriers [4, 5]. In demethylation and trans-

methylation reactions, methyl groups are often oxidized

with production of formaldehyde (FA) [6-8].

Decarboxylation of glyoxylate [9] and oxidation of xeno-

biotics by P-450 oxidases [10] also are sources of FA. In

plants, FA is mainly generated by dissociation of 5,10-

methylene-THFA and oxidation of methanol produced

on demethylation of pectin [11]. Methanol and FA are

considered endogenous poisons; therefore, their oxida-

tion is usually considered as detoxification. The product

of oxidation of FA (formate) is not toxic [12]. Formate

causes a deceleration of Corynebacterium glutamicum

growth, whereas the molybdenum-containing formate

dehydrogenase (FDH) decreases this effect [1].

Functions of formate are well studied in plants, where it is

a product of degradation of glyoxylate.

Formaldehyde is generated in all biosystems: in

plants and animals, vertebrates and invertebrates, unicel-

lular and multicellular organisms, bacteria and archaea.

In the majority of biosystems, FA is bound with endoge-

nous nucleophiles, glutathione, and THFA [5, 13]. FA is

highly cytotoxic and, therefore, all organisms produce it

in low concentrations. Physiological concentrations of

FA in human blood and urine are 0.4-0.6 and 2.8-

4.0 µg/ml, respectively [14]. The effect of FA on a cell

depends on dose: at the concentration of 10 mM, it

induces necrosis of tumor and epithelial cells in culture,

at 1 mM it increases apoptosis and decreases mitosis, at

0.5 and 0.1 mM it increases proliferation [15]. The cyto-

toxicity manifests itself on overcoming a certain threshold

of free FA concentration. High cytotoxicity and a modu-

lating effect of FA on proliferation and apoptosis suggest

that it can be in a central regulatory junction of the main

processes functioning in a biosystem.

THE MOST ANCIENT DONORS OF PROTONS

Metabolism of C1 compounds was mastered by

methanogenic and methanotrophic archaea at the dawn

of evolution. Methanotrophic bacteria use methane as the

only source of carbon. Methylotrophic bacteria can oxi-

dize methane, methanol, methylated amines,

halomethanes, sulfur-containing methylated com-

pounds, and even methyl groups of such substrates as

choline. In all methano- and methylotrophic bacteria, FA

plays the central role in metabolism [16]. The metabolism

of these bacteria is organized and regulated to provide

non-limiting rate of FA utilization, because its accumula-

tion leads to the instantaneous death of the biosystem

[17]. During the oxidation of FA, protons and electrons

are produced, which are necessary for the activity of these

bacteria.

Methane is oxidized step-by-step in the chain

“methane − methanol − FA − formate − carbon dioxide”,

which results in the replacement of all hydrogen atoms by

oxygen atoms. In all methylotrophs, the first part of the

pathway to FA is realized, and they differ only in the

character of FA assimilation. Based on this feature, the

methylotrophs are combined in three groups: in type 1

bacteria, the cyclic ribulose monophosphate pathway is

realized [18, 19], the linear serine pathway is realized in

type 2 bacteria [20, 21], and in the X type bacteria, both

metabolic pathways are used. The methylotrophic yeast

Pichia pastoris uses the xylulose monophosphate pathway

of FA assimilation [22]. Low concentrations of methane

and a high content of O2 mainly promote the growth of

type 1 bacteria, whereas high concentrations of methane

Fig. 1. Three-component conjugated redox system: oxidation of

methyl group as a donor of protons, reduction of molecular oxy-

gen as an acceptor of protons, amino group as concurrent donor

and acceptor. The transfer of protons is controlled by the fourth

participant, glutathione, which receives protons from the pentose

phosphate pathway (PPP).
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and low content of O2 are favorable for type 2 bacteria

[23]. The methanotrophic bacteria are found to have two

methane monooxidases – soluble (sMMO) and mem-

brane-bound (mMMO). They are classic monooxygenas-

es. sMMO is found in type 2 and X methanotrophs; it

contains nonheme iron, flavin adenine nucleotide, and

iron–sulfur [Fe2S2] clusters and uses NADPH produced

by the oxidation of FA and formate as a donor of elec-

trons [24]. To start the oxidation of methane, these bacte-

ria have initially to oxidize FA. mMMO is expressed in

the case of the presence in the medium of a sufficient

amount of copper (0.85-1.0 mmol/g), because copper

induces synthesis of intracellular membranes. It seems

that the enzyme itself may contain copper [25]. When

mMMO is activated, the cells grow faster because they do

not require NADPH limited by the oxidation of FA [26].

However, the substrate specificity of sMMO is higher

than for other oxygenases.

In Gram-negative methanotrophs, methanol is oxi-

dized to FA as a MMO product or as an exogenous sub-

strate under the influence of periplasmic methanol dehy-

drogenase [27]. This enzyme is a tetramer with its sub-

units containing two moles of pyrrol quinoline quinone

and one mole of Ca2+. Cytochrome cL acts as a specific

acceptor of electrons [28]. In Gram-positive methano-

trophs, methanol is oxidized by methanol dehydrogenase,

which uses NAD+ as an acceptor of electrons [29]. In

methylotrophs, NADP+-bound aldehyde dehydrogenase,

which utilizes or does not utilize glutathione, oxidizes FA

to formate, and formate is oxidized by NAD+-dependent

FDH to carbon dioxide in virtually all methanotrophs

[30]. Reducing syntheses occur with expenditure of pro-

tons and electrons, which are mainly released on the oxi-

dation of FA.

Methylotrophs, which do not utilize methane, prefer

the ribulose monophosphate pathway of FA assimilation

associated with its concurrent oxidation to carbon diox-

ide. In this cycle, three moles of FA are assimilated. FA

interacts with ribulose-5-phosphate with production of

hexulose-6-phosphate, which isomerizes to fructose-6-

phosphate. The further oxidation produces three-carbon

compounds, a CO2 molecule is released, and ribulose-6-

phosphate is regenerated. NAD+ or NADP+ acts as elec-

tron acceptors at two stages of FA oxidation [31]. The

entrance of FA in the cycle is catalyzed by ribulose bis-

phosphate carboxylase [19], which promotes the assimi-

lation of CO2 in the Calvin–Benson cycle. However, dur-

ing the ribulose monophosphate cycle FA is oxidized to

CO2 and assimilated, whereas during the Calvin–Benson

cycle only CO2 is assimilated. However, the two cycles

result similarly in production of 3-phosphoglycerate.

In obligate methanotrophs, FA is assimilated

through the serine pathway. In this case, FA is oxidized

through a parallel pathway. For production of three-car-

bon compounds, two moles of FA and one mole of CO2

are necessary as well as reducing equivalents. Carbon

dioxide and NADH can be produced by FA oxidation

through the FA–formate–carbon dioxide pathway. Thus,

in this model FA occurs at the bifurcation into two path-

ways: through one pathway, FA is oxidized to carbon

dioxide, and through the other pathway, it is assimilated

for synthesis of three-carbon compounds. Therefore,

assimilation and oxidation of FA are separated.

The first reaction of the serine pathway catalyzed by

hydroxymethyl transferase is the interaction of FA with

glycine and generation of serine [20]. The back reaction,

the synthesis of glycine from serine, which has been

detected in Methylobacterium extorquens AM1 and in

Methylobacterium organophilum XX [21], exists in all

eukaryotes. Serine gives the amino group to glyoxylate

with production of glycine and hydroxypyruvate.

Resources of glyoxylate are renewed due to malate,

because facultative methylotrophs do not possess isoci-

trate lyase, which is a key enzyme of the glyoxylate cycle.

Malyl-CoA is produced in the reaction catalyzed by

malate thiokinase and cleaved by lyase. These enzymes

are present only in methylotrophs possessing the serine

pathway of FA assimilation. Malyl-CoA degrades to

acetate and glyoxylate. In connection with glyoxylate

regeneration, the serine pathway also can be considered

cyclic [21]. During the first stage of the evolution, glyoxy-

late could be a product of an immediate interaction of two

one-carbon compounds, e.g. of two formate molecules

[32]. Later, glyoxylate degradation to formate and CO2

was recorded. The evolution is characterized by reversal

of some key metabolic pathways, which is exemplified, in

particular, by the reversibility of the “glycine–serine”

reaction.

Dihydroacetone synthase catalyzes the first reaction

of FA uniting with D-xylulose-5-phosphate [33] in the

xylulose monophosphate pathway of FA assimilation. In

the methylotrophic yeast Hansenula polymorpha, the dis-

tribution of FA between oxidation and assimilation is reg-

ulated by the ATP/ADP ratio. Excess ATP stimulates

dihydroacetone kinase (DHAK) and inhibits formalde-

hyde dehydrogenase (FLD). When ADP is accumulated,

DHAK is inhibited and FLD is activated. If this mecha-

nism does not work, FA regulates its own production by

binding with methanol oxidase and decreasing its activity

[34].

The catabolism and assimilation of FA are well stud-

ied in the aerobic facultative methylotrophic α-pro-

teobacterium Methylobacillus flagellates KT, which can

grow on methane and methylamine. Methanol is oxidized

in the periplasm, and the resulting FA crosses the cyto-

plasmic membrane and interacts with two carriers: THFA

and tetrahydromethanopterin (THMP) [35, 36]. Note

that it interacts with THFA spontaneously and nonenzy-

matically even in vitro [37]. The reaction is regulated by

the concentrations of the substrates. This carrier is

involved in the oxidation of FA to CO2, which is associat-

ed with production of formyl derivatives participating in
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the biosynthesis of adenine and tRNA of formylmethion-

ine. The folate cycle includes both FA and formate. FA

interacts with THFA nonenzymatically, producing 5,10-

methylene-THFA. For interaction of formate with THFA

resulting in the production of 10-formyl-THFA, ATP is

needed. The production of 5,10-methylene-THFA puts

FA on the assimilation pathway.

The condensation of FA with THMP is catalyzed by

the protein Fae, which is one of major cytoplasmic pro-

teins of these bacteria with expression activated by FA

[38]. THMP is the major carrier of C1 compounds in

methanogenic and sulfate-reducing archaea and serves in

them for both oxidation of these compounds to CO2 and

their reduction to methane. THMP is also found in the

majority of methylotrophic and methanotrophic bacteria

[39]. The THMP-dependent oxidation of FA was

received by M. extorquens AM1 from a more ancient pre-

cursor by a horizontal transfer. The gene encoding Fae is

localized in the same cluster with enzymes oxidizing

methylene-THMP to CO2 [39]. In methanotrophs,

THMP is used only for oxidation of FA, whereas THFA

is used only for assimilation.

In prokaryotes, there are pathways for oxidation of

ammonia and hydrogen sulfide. Aminomonooxidase,

which oxidizes ammonia in autotrophic bacteria, has

many features in common with mMMO. The two

enzymes utilize copper, and cytochrome is used as a

reducer. Ammonia can be oxidized by both sMMO and

mMMO and is the main donor of protons and electrons.

Hydrogen sulfide can also be a donor of protons, whereas

sulfides can be donors of electrons. Sulfide is oxidized to

sulfur and sulfur to sulfate. A microbial community of

nitrate-reducing and sulfide-oxidizing bacteria with the

dominant Arcobacter sp. was found [40], as well as a com-

munity of anaerobic methanotrophs and sulfate-reducing

bacteria [41]. Under the influence of cytochrome c and

ferredoxin, plants can assimilate in light sulfate, which is

reduced and converted to sulfhydryl groups of cysteine.

Methionine is synthesized from cysteine through the

pathway “O-acetyl-L-serine–cystathionine–homocys-

teine–methionine”, which is the same in bacteria, plants,

and fungi. Cysteine with utilization of hydrogen sulfide

can be synthesized even by archaea [42].

Thus, biosystems use reduced compounds of carbon,

nitrogen, and sulfur as donors of protons and electrons.

In methylotrophs, FA plays the central role in the path-

ways of C1 oxidation and assimilation. FA is used for pro-

duction of C2 (acetate and glyoxylate) and C3 (phospho-

glycerate) compounds and for production of reducing

equivalents. We consider the methyl group oxidation

pathway, which exists in all biosystems, as the primary

donor of protons and electrons in the global redox cycle

of carbon. During evolution conjugated redox systems

were produced that combine redox cycles of nitrogen and

sulfur, carbon and nitrogen, and of carbon and sulfur. The

redox cycle of oxygen unites different biosystems. Thus,

aerobic organisms use the pathway of oxygen reduction,

whereas plants use photolysis of water. The redox cycles

of four elements – carbon, nitrogen, sulfur, and oxygen −

form the united conjugated redox system. The conjugated

redox system functions with participation of the tripep-

tide glutathione (GSH), which contains glutamate (a car-

rier of amino groups), cysteine (a carrier of sulfhydryl

groups), and glycine (a producer of methyl groups).

BRANCHED PATHWAY OF FORMALDEHYDE

Formaldehyde dehydrogenase. There are several path-

ways of FA oxidation, and two of them are direct – with

involvement of FLD and after the condensation of FA

with THMP. In some bacteria, e.g. in Pseudomonas puti-

da [43] and Rhodococcus erythropolis UPV-1 [44], FLD

does not use cofactors. In Escherichia coli [45], Bacillus

subtilis [46], Arabidopsis thaliana [47], and humans [48],

FLD uses glutathione as a cofactor, whereas in

Mycobacterium tuberculosis and M. smegmatis [49] the

cofactor is mycothiol (MSH). MSH is a functional ana-

log of glutathione, it is a cysteinyl pseudo-disaccharide

containing N-acetylcysteine, glucosamine, and myo-

inositol (AcCys-GlcN-Ins) [50]. MSH-dependent FLDs

are found not only in mycobacteria, but also in

Amycolatopsis methanolica [51], R. erythropolis [52], and

C. glutamicum [53]. The molecular weight and kinetic fea-

tures of FLDs isolated from animals, invertebrates,

plants, and microorganisms are virtually identical. The

universal distribution and conservativeness of this enzyme

suggest that FA oxidation is required in all biosystems.

Glutathione was not found in Gram-positive methy-

lotrophic bacteria, it can be absent in anaerobic microor-

ganisms, but it is present in virtually all aerobic organ-

isms. Glutathione is a cofactor of alcohol dehydrogenase

3 (ADH3), which is also FLD [54]. Seven different genes

encoding ADH isoforms (ADH1-ADH7) have been

found in humans. All ADHs are dimers consisting of two

units with the molecular weight of 40 kDa. Each dimer

contains two Zn2+ ions. ADH3 is phylogenetically the

most ancient form of ADH. The first duplication of the

gene encoding ADH3 occurred on the level of osseous

fishes (405-450 million years ago), which resulted in the

appearance of ADH of class 1 (the classic liver ADH)

[55]. ADH2, 4, and 5 are products of subsequent duplica-

tions. ADH2 oxidizes acetaldehyde in mitochondria and

is involved in metabolism of carbonyl compounds [56].

The equal probability of reduction and oxidation of a

FA molecule is its unique feature. The liver ADH1 oxi-

dizes methanol to FA in the presence of NAD+. FA can

be rapidly reduced by NADH to methanol or oxidized to

formate. Among these three reactions, the reduction of

FA is the fastest, and the rate of FA oxidation is higher

than the rate of methanol oxidation [57]. FA sponta-

neously interacts nonenzymatically with glutathione with



1190 TERESHINA et al.

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  9   2015

production of S-hydroxymethylglutathione. This reac-

tion is easily reversible. It becomes irreversible when glu-

tathione-dependent FLD (GSH-FLD) converts S-

hydroxymethylglutathione to S-formylglutathione. Then

a specific hydrolase hydrolyzes S-formylglutathione with

production of formate, glutathione, and NADH [58].

Thus, FLD concurrently presents formate for further

syntheses and NADH as a reducing equivalent. At high

pH values, the enzyme can utilize NADP+. FLD is spe-

cific to FA. This enzyme can have only methylglyoxal as

another substrate and S-pyruvylglutathione as a product.

In addition to the oxidation of FA, GSH-FLD actively

reduces S-nitrosoglutathione produced by the condensa-

tion of glutathione with nitric oxide [59].

GSH-FLD is well studied in A. thaliana and its DNA

has been cloned [47]. The enzyme is expressed similarly

in all organs of plants [47] and animals [60], whereas in A.

thaliana it is represented by a single copy of the gene on

chromosome 5 [61]. In Pichia methanolica, GSH-FLD is

also encoded only by one gene, and its expression is reg-

ulated by sources of carbon and nitrogen and by such

concentration of methanol that prevents an increase in

the FA level in the cell not to overcome the “desired”

value [62]. In baker’s yeast Saccharomyces cerevisiae,

GSH-FLD expression increases following an increase in

the contents of methylated compounds in the medium

[63]. Generally, the expression of the enzyme depends on

the amount of FA produced by the oxidation of substrates

containing methyl groups. Transcription of the GSH-FLD

gene is activated not only by FA, but also by compounds

involved in metabolic pathways of FA, such as THFA, and

by signals from reducing elements entering from the

region of the glutathione system action [64]. In different

biosystems, the oxidation of C1 compounds conjugated

with glutathione influences such processes as photosyn-

thesis, proliferation, and apoptosis [65, 66].

Thus, FA spontaneously nonenzymatically reacts

with both THFA (assimilation) and glutathione (oxida-

tion). The choice of pathway seems to depend on the

presence of reduced forms of THFA and glutathione.

GSH-FLD is activated at high concentrations of methy-

lated compounds.

Formate dehydrogenase. FDH catalyzes the two-

electron oxidation of formate to CO2. Different types of

this enzyme are found in aerobic and anaerobic organ-

isms. The enzyme of aerobic organisms contains two

identical subunits without metals and prosthetic groups,

and its molecular weight is lower. The amino acid

sequence in the catalytic center of all this type of dehy-

drogenases is very conservative. The enzyme of anaerobic

organisms contains many iron–sulfur clusters, other met-

als (molybdenum, tungsten, and selenium) are also pres-

ent, and its molecular weight is high.

The hydrogen molecule and formate can be electron

donors for E. coli. Formate is metabolized by three mem-

brane-bound FDHs: the first participates in production

of hydrogen (FDH H), the second is induced in the pres-

ence of nitrate, and the third is active under conditions of

anaerobic growth [67]. These three enzymes contain in

the active site selenocysteine, two molybdopterin guani-

dine nucleotides as cofactors, and Fe4S4 clusters [68].

FDH H is a component of the anaerobic formate-hydro-

gen lyase complex of E. coli. In the absence of exogenous

electron acceptors, this enzyme cleaves formate into H2

and CO2. Expression of the FDH H gene is induced by

formate and by the absence of electron acceptors and is

inhibited by nitrates, nitrites, trimethylamine, nitric

oxide, and oxygen [69]. The yeast S. cerevisiae lack alco-

hol dehydrogenase and do not oxidize methanol [70].

However, the yeast oxidizes FA to CO2 and contains

NAD+-dependent FDH. Under the influence of NAD+-

dependent FDH, formate is also oxidized in plant cells: at

pH > 6 in mitochondria and at lower pH values in peroxi-

somes. The higher the O2 content in the medium, the

higher is the activity of the enzyme [71].

In plants, FA enters into the folate cycle or is oxi-

dized to formate and CO2, which later is assimilated in

the Calvin–Benson cycle. Formate is utilized in synthesis

of glyoxylate catalyzed by glyoxylate synthase, which has

been found only in plants [72]. The oxidation of FA dom-

inates over its assimilation in the folate cycle of A.

thaliana, which is necessary for production of formate.

Formate can be also produced from methanol, glyoxylate,

and serine. In the plant cell, formate is oxidized by FDH

in mitochondria and by peroxidase in peroxisomes [73].

Under stress conditions, the amount of FDH reaches 9%

of all mitochondrial protein. Detailed studies on this

enzyme in A. thaliana revealed that it could be carried

from the cytoplasm into chloroplasts due to the presence

of a signaling peptide on the N-terminus [74]. Bacteria

and yeast do not possess the signaling peptide in FDH.

The gene of FDH was most intensively expressed in A.

thaliana when the plant was sprayed with methanol and

FA, and the lowest expression was under spraying with

formate and water [75], i.e. FDH was activated not by the

presence of the substrate but by the FA concentration.

The enzyme activity is regulated by phosphorylation,

which decreases on increase in concentrations of NAD+,

formate, and pyruvate [76]. The expression of FDH

increases under stress conditions, in particular drought

[77]. In transgenic potato with suppressed synthesis of the

enzyme, drought led to an increase in contents of proline

and glutamate [78]. In culture of the unicellular green

microalga Chlamydomonas reinhardtii under illumina-

tion, treatment with methanol caused a fourfold higher

increase in NADPH than in the dark. The total content of

amino acids also increased, and their ratio changed. The

amounts of glutamate, glutamine, alanine, serine, and

tyrosine increased, whereas the amounts of valine and

methionine decreased [79].

Thus, the oxidation of FA is associated with metab-

olism of C1 compounds, production of formate, the glu-
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tathione system, and metabolism of amino groups. The

main role in the regulation of these directions seems to

belong to fluctuations in the FA concentration.

THE AMINO GROUP

IS A DOUBLE-FACED JANUS

The amino group is another participant of the conju-

gated redox system: it can be reduced to ammonia or oxi-

dized to nitric oxide, nitrates, and nitrites. L-Arginine is

an amino acid whose guanidine group is a donor of urea

and NO. L-Arginine can bind one, two, and three FA

molecules (a very rapid reaction), and production of

mono-, di-, and trihydroxymethyl arginines is catalyzed

by trans-methylases. Methylated derivatives of arginine

are a reserve and transport form of FA, transmitting it into

the folate cycle [80].

NG-Hydroxymethyl arginine is a compound involved

in maintaining the “desired” endogenous concentration

of FA [81]. At the same time, the methylation of arginine

is a mode to control the free arginine content. L-Arginine

competes with L-lysine, because at physiological pH val-

ues lysine can be methylated on the ε-amino group with

production of mono-, di-, and trimethyl lysine [82].

Trimethyl lysine is a part of calmodulin [83], which is a

component of NO synthases. Arginine is a substrate for

arginase and NO-synthase (NOS).

On decarboxylation of glycine in mitochondria,

ammonia and carbon dioxide are released. In the mito-

chondrial matrix, ammonia binds with carbon anhydride

and ATP. The resulting carbamoyl phosphate enters the

urea cycle through binding with ornithine. The detach-

ment of the guanidine group of arginine with production

of urea and ornithine is catalyzed by arginase. The reac-

tion occurs in the cytoplasm, and then ornithine is trans-

ferred into mitochondria, where it is decarboxylated with

production of polyamines or again captures carbamoyl

phosphate. The elimination of ammonia is catalyzed by

arginase. The majority of mammals have two arginase iso-

mers. Arginase 1 is located in the cytoplasm, and arginase

2 in mitochondria, where it participates in the regulation

of the arginine/ornithine ratio. Arginase of mammals is a

trimer activated by Ca2+ and Mn2+, and in some bacteria,

it is a hexamer containing two Mn2+ ions. The third prod-

uct of glycine degradation is the methyl group. It binds

with THFA, but can also participate in the methylation of

arginine, decreasing the availability of this amino acid.

The oxidation of amino groups of arginine by molec-

ular O2 in the presence of NADPH with production of

nitric oxide and citrulline is catalyzed by three NOS iso-

forms: the neuronal NOS (type I; nNOS), the endothelial

NOS (type III; eNOS), and the inducible NOS (type II;

iNOS) [84]. The nNOS and eNOS are expressed con-

stantly, but to display activity they require Ca2+/calmod-

ulin. The iNOS is mainly expressed in macrophages in

response to stimulation by cytokines or endotoxin, and it

does not depend on Ca2+ [85]. The iNOS is localized in

the cytoplasm, and eNOS through palmitic or myristic

acid binds with caveolae, pits on the cytoplasmic mem-

brane with size of 60-80 nm that are involved in endocy-

tosis and transcytosis. The three isoforms are homod-

imers in which calmodulin is bound with a heme-con-

taining oxygenase and reductase being a flavin

cytochrome P-450. A tetrahydropterin (BH4) cofactor

activates the heme-bound O2 molecule and gives one

electron to it. The catalysis is maintained by the availabil-

ity of arginine and the presence of reduced BH4.

BH4 is the redox sensor of the enzyme. Under anaer-

obic conditions in protonated medium, it transforms to

7,8-dihydropterin (BH2), and at neutral pH in air it gives

up to 98% BH2 and small amounts of superoxide anion

and hydrogen peroxide [86]. The oxidation of BH4 into

BH2 is reversible. BH2 is reduced by glutathione and

ascorbate. On the inactivation of BH4, electrons in NOS

leave for O2, and instead of nitric oxide produce superox-

ide anion, which oxidizes BH4 and decreases more the

NOS activity, because oxidized pterin does not function.

Superoxide anion dismutates to hydrogen peroxide.

Nitric oxide competes with SOD for the binding of super-

oxide anion and reacts with it with a rate close to the dif-

fusion rate. Therefore, in many biosystems peroxide is

mainly produced under conditions of NO insufficiency.

At high concentrations, H2O2 reacts with BH4 with pro-

duction of the stable end product 7,8-dihydroxan-

thopterin. The inhibition of eNOS by hydrogen peroxide

seems to be caused by a direct interaction with BH4,

because in a culture of endothelial cells H2O2 does not

decrease the content of either mRNA or of the enzyme

protein. In the presence of H2O2 in vascular endothelium

cells, the expression of the gene of arginase 1 and its syn-

thesis increase [87], i.e. the inhibition of NOS activates

arginase. During the interaction of NO with H2O2, per-

oxynitrites (ONOO–) are produced, which also can oxi-

dize BH4, but in this case glutathione and ascorbate win

the competition for the substrate. The activity of NO syn-

thase is reversibly inhibited by the nitric oxide molecule

associated with nitrosation of the enzyme. A decrease in

NO production and an increase in superoxide anion gen-

eration are also caused by S-glutathionylation of NO syn-

thase. Concurrently, the level of BH4 and the ratio

BH4/7,8-dihydropterin are decreased [88].

The Km and Vmax values of arginase are approximate-

ly 1000 times higher than those of NOS [89]; therefore, it

binds the substrate preferentially. The availability of argi-

nine is a limiting stage in the production of NO. When the

amount of arginine is limited, iNOS transfers electrons

onto O2, generating superoxide anion, or onto the NO

molecule, that results in production of peroxynitrites.

The production of peroxynitrites was detected on the

combined activities of arginase 1 and iNOS [90].

However, a direct interaction of arginase 1 with iNOS or
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eNOS leads to its S-nitrosation. The intermediate prod-

uct of amino group oxidation in the NOS-catalyzed reac-

tion, NG-hydroxy-L-arginine (NOHA), inhibits the

activity of arginase co-expressed in macrophages. This

promotes increase in the production of NO [91]. NOHA

also has its own significance as an inhibitor of ornithine

decarboxylase and of polyamine production [92]. Thus,

NOS, and in particular eNOS, is a kind of “switch” con-

trolling the production of NO and H2O2, as well as elimi-

nation of ammonia. Interrelationships of arginase and

NOS must be considered as a regulation of the balance of

the nitrogen redox cycle in the oscillatory contour

“ammonia–amino group–nitric oxide”.

Asymmetric dimethylarginine (ADMA) inhibits NO

synthase [93]. ADMA is present in blood in very low con-

centrations, ∼0.5 µM [94]. It is metabolized by the

enzyme dimethylarginine dimethylaminohydrolase to L-

citrulline and dimethylamine [95]. At this level, the

methyl group and FA as its derivative is responsible for the

regulation. The availability of arginine determined by the

balance between binding with THFA of the methyl group

released on decarboxylation of glycine and its oxidation

to FA can be considered the first and main level of regu-

lation. The free arginine content is finally determined by

the glycine decarboxylation rate and by the presence of

THFA, because it determines the amount of methylated

arginine. In turn, the activity of FLD preventing the

methylation of arginine is associated with the presence of

reduced glutathione. Feedback type regulations are real-

ized when nitric oxide blocks FDH, ADMA inhibits

NOS, and NOHA inhibits arginase. The second level of

regulation also depends on reduced glutathione, which

maintains the reduced state of the redox sensor BH4 and

determines the NO/H2O2 ratio. These complicated regu-

lations are responsible for maintaining the balance of FA,

NO, and H2O2 concentrations. Glutathione binds nitric

oxide, reduces BH4, and is a cofactor of FLD. Moreover,

it also reduces α-lipoic acid (ALA), which is a compo-

nent of the catalytic center of the glycine decarboxylase

and pyruvate dehydrogenase complexes in mitochondria

and thus provides for the oxidation of both methyl group

and acetate, i.e. the production of NADH. Preincubation

of endothelial cells with ALA increased their ability to

generate nitric oxide [96]. Thus, glutathione connects

between themselves the pathways of methyl group oxida-

tion, hydrogen peroxide reduction, and the production of

ammonia and nitric oxide (Fig. 1).

Nitric oxide participates in the regulation of O2 con-

sumption in mitochondria because it can inhibit

cytochrome c. In the presence of high concentrations of

O2, the electron transport chain (ETC) electrons oxidize

NO to nitrites, whereas at low concentrations of oxygen

or in its absence they reduce nitrites to NO. Thus, mito-

chondria are involved not only in the production of

methyl groups and oxygen, but also in a component of the

nitrogen-including conjugated redox system. Nitric oxide

causes very rapid disorders in functioning of mitochon-

dria. It also influences the expression of peroxiredoxins

and sulforedoxins and the sensitivity of peroxiredoxins to

hyperoxidation [97]. The immediate participation of

molecular oxygen in the oxidation of amino groups and

production of hydrogen peroxide is responsible for the

active regulation of angiogenesis by nitric oxide. The

branched capillary network promotes improved supply of

oxygen to cells. Nitric oxide also participates in insulin

transport across the capillary wall in skeletal muscle,

which improves the consumption of glucose and energy

provision of myocytes [98].

Thus, in the conjugated redox system amino groups

compete with methyl groups as donors of protons. The

result of this competition depends on FLD activity, which

is determined by the presence of free arginine as a sub-

strate for production of urea and nitric oxide. It seems

that the NO/H2O2 ratio must be considered as a reflection

of competitive relationships between arginase and NOS.

Finally, methyl group oxidation regulates the mainte-

nance of balance in the oscillating contour

“ammonia–amino group–nitric oxide”. Disorders in this

complicated regulatory system are the cause of the accu-

mulation of peroxynitrites and of the development of

oxidative stress.

THE THIRD PARTICIPANT IS OXYGEN

C1 compounds are metabolized in all organisms

from archaea to humans. In cells, separate stages of

metabolism are compartmentalized. In the yeast Candida

boidinii growing on methanol, many peroxisomes appear,

which contain only two enzymes, alcohol oxidase and

catalase. Catalase neutralizes H2O2 produced on oxida-

tion of methanol to FA. The further oxidation of FA in C.

boidinii occurs in the cytoplasm [99]. Methanol is also

oxidized by peroxisomes in the retina of rats [100].

However, under the influence of H2O2, catalase also can

oxidize FA and formate. It seems that in peroxisomes

methyl groups released in the last stages of cholesterol

synthesis can be fully oxidized to CO2 with involvement of

hydrogen peroxide. It should be noted that insufficiency

of folic acid, biotin, pantothenic acid, riboflavin, and

vitamin A are considered alimentary factors decreasing

catalase activity. The activity of catalase decreases on

excess of methionine, tyrosine, cysteine, copper, and

zinc. This set of factors suggests that catalase can be a

participant of such processes as metabolism of C1 com-

pounds, fatty acids, catecholamines, glutathione, as well

of functioning of redox system components in the cyto-

plasm containing Cu/Zn-SOD.

In peroxisomes of liver cells, the amount of catalase

is up to 40% of the total protein. In the liver cells, catalase

reduces to water H2O2 that is produced in reactions cat-

alyzed by such oxidases as urate oxidase, D-amino acid
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oxidases, α-oxy-acid oxidases, and on the β-oxidation of

fatty acids. The flavoprotein glycine oxidase catalyzes in

peroxisomes oxidative deamination of glycine with pro-

duction of glyoxylate and H2O2. Then glyoxylate is oxi-

dized in mitochondria by carboligase of glyoxylic acid to

oxalate or formate and CO2 [101]. The reaction cofactor

is thiamine [102]. Formate is reduced with involvement of

NADPH and THFA to a formyl derivative of THFA. In

plants, from glyoxylate glycine is produced, which is

transferred into mitochondria. Serine is another source of

glycine and 5,10-methylene-THFA. The activity of serine

hydroxymethyl transferase is equally distributed between

the cytoplasm and mitochondria [103]. There is a THFA-

independent reaction of serine transformation into

glycine with the possible production of FA [104]. 5,10-

Methylene-THFA is mainly produced in mitochondria

by the glycine decarboxylase system, whose catalytic cen-

ter is localized in the P-peptide containing ALA. The

glycine decarboxylase system is present only in mito-

chondria. Serine and glycine are precursors in the synthe-

ses of chlorophyll, heme, glutathione, and tryptophan. In

E. coli, 15% of all carbon atoms assimilated on oxidation

of glucose goes through the serine–glycine pathway [105].

Peroxisomes and mitochondria are connected in

metabolism [106]. In peroxisomes, water is produced by

the enzymatic four-electron reduction of oxygen through

the stage of H2O2 production and in mitochondria

through the four-electron reduction of O2 in the ETC

without the production of H2O2. Hydrogen peroxide in

mitochondria is a product of dismutation of superoxide

anion produced in complexes 1 and 3 of the ETC. The

superoxide anion dismutation is the major source of H2O2

in cells. In mitochondria, the dismutation is catalyzed by

Mn-SOD and by Cu/Zn-SOD in the cytoplasm. In aero-

bic organisms, O2 receives electrons from iron of

cytochromes, flavin coenzymes, and semiquinones. Any

reaction of superoxide anion in aqueous solution com-

petes with SOD. In the absence of SOD, a spontaneous

dismutation occurs [107]. In aqueous solutions, O2 is

spontaneously protonated with production of H2O2 at low

pH values. This reaction is very slow, and it is accelerated

nearly 104 times in the presence of SOD [107]. Hydrogen

peroxide is a stable compound. As differentiated from

superoxide anion, it can diffuse across the cytoplasmic

membrane. SOD is considered to be an antioxidant pro-

tection element capable of leveling the toxic effect of

superoxide anion. However, hydrogen peroxide is neces-

sary for various processes, including proliferation and

apoptosis. It participates in the redox balance of

sulfhydryl groups. Therefore, the enzymatic dismutation

can be considered a producer of H2O2.

In membranes of the cytoplasmic reticulum, H2O2 is

produced by cytochromes P-450, which display features

of monooxygenases and participate in the degradation of

xenobiotics. NADPH-dependent oxidases bound with

the cytoplasmic membrane generate H2O2 in response to

stimulation by growth factors or cytokines. Although

microsomal enzymes and signals from growth factors are

not related, the redox system regulates the folding and

secretion of proteins in the endoplasmic reticulum [108].

Thus, the four-electron reduction of oxygen with

production of water is realized through two pathways:

first – without involvement of NADH through the stage of

hydrogen peroxide generation, and second – in the ETC

with involvement of NADH. The first pathway is realized

on methyl group oxidation in peroxisomes and, possibly,

in mitochondria (oxidation of methyl group produced on

glycine decarboxylation), and the second pathway is real-

ized on acetate oxidation in mitochondria. Methyl group

and acetate are sources of protons, whereas water and urea

are two forms of proton elimination from the biosystem.

The carbon atom of the methyl group and acetate is elim-

inated as carbon dioxide. As a result, oxygen eliminates

from the biosystem electrons, protons, and carbon atoms

that do not participate in reducing syntheses.

SULFHYDRYL GROUPS AND SULFUR REDOX

The nonenzymatic one-electron reduction of H2O2

in the presence of transition metal ions leads to genera-

tion of hydroxyl anion (the Fenton reaction), which has

destructive features. Antioxidant protection includes the

elimination of peroxidation products, whereas neutral-

ization of transition metal ions is a parameter of the reg-

ulation of superoxide anion production. This regulation is

also contributed to by ALA, which is capable of chelating

Cu2+ and Fe2+. The contents of other transition metals

(zinc, magnesium, nickel) are also regulated [109, 110].

Toxic properties of H2O2 are manifested if its con-

centration is higher than a certain concentration thresh-

old. At some concentrations, hydrogen peroxide performs

regulatory functions, whereas at other concentrations it

induces oxidative stress or is cytotoxic. The necessary

concentration of H2O2 in cells is maintained due to bal-

ance between its generation and reduction. Under condi-

tions of “soft” stress, H2O2 is reduced to water by glu-

tathione peroxidase (GPx), and under “severe” stress, it

is reduced by catalase. Nevertheless, at high rates of H2O2

generation in erythrocytes (10−10-10−9 mol H2O2 per mg

hemoglobin per min) the GPx activity dominates, where-

as catalase is more active at the low rates (<10−9 mol) of

H2O2 production [111]. Glutathione transferase also has

features of catalase: like catalase, it has only hydrogen

peroxide as a substrate. In cells, GPx is mainly localized

in the cytoplasm, whereas catalase is present only in per-

oxisomes. The affinity of GPx for H2O2 is one-two orders

of magnitude higher than the affinity of catalase.

Nevertheless, catalase is an enzyme with the highest

turnover and can degrade 44,000 molecules of H2O2 per

second, i.e. a small amount of the enzyme is sufficient for

cleavage of a great amount of hydrogen peroxide.



1194 TERESHINA et al.

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  9   2015

Similarly to the case of SOD, the reaction rate is deter-

mined by diffusion and does not require energy for acti-

vation. GPx contains selenocysteine in the active center

and specifically oxidizes reduced glutathione. A high level

of reduced glutathione is maintained by the NADPH-

dependent enzyme glutathione reductase. The activity of

enzymes responsible for functioning of the glutathione

system is regulated mainly in response to soft stress on the

transcriptional level [112]. The transcription factor Nrf2

binds with the antioxidant-responding element (ARE) in

the promoter of genes that encode, in particular, L-gluta-

mate:L-cysteine ligase and glutathione S-transferases

[113]. Nrf2 can be activated by homocysteine, which is a

component of the methyl group transporting system

[114].

Glutathione and proteins include cysteine whose

sulfhydryl groups are involved in the redox cycle of sulfur,

donating protons or being oxidized to sulfonylic acid.

Dihydrolipoic acid (DHALA) also contains sulfhydryl

groups. ALA is reduced to DHALA under the influence

of three enzymes associated with the oxidation of NADH

or NADPH: the mitochondrial NADH-dependent dihy-

drolipoamide dehydrogenase, NADPH-dependent

thioredoxin of the cytoplasm, and glutathione reductase.

Under the influence of NADPH, ALA is reduced twofold

faster due to involvement of thioredoxin reductase.

Thioredoxin reductase is a selenoprotein with a high

molecular weight. It controls the redox status of mam-

malian cells together with the glutathione–glutaredoxin

system (NADPH, glutathione reductase, glutathione,

glutaredoxin) with which it exchanges electrons. The

functioning of cytochrome P-450 and also transport of

electrons in mitochondria depend on the selenium con-

tent in the organism. Due to the strong negative redox

potential, DHALA can reduce glutathione and

ubiquinone [115]. The reduction of ubiquinone can block

the transfer of electrons from the NADH-dehydrogenase

complex of the ETC. The thioredoxin system regulates

the activity of many redox sensitive transcription factors

[116], supplies with electrons thiol-dependent peroxidas-

es (peroxiredoxins) to accelerate the neutralization of

active forms of nitrogen and oxygen, and reduces ribonu-

cleotide reductase and methionine sulforeductase [117,

118]. Bacteria lack the glutathione–glutaredoxin system,

thioredoxin reductase in them is a low molecular weight

protein, and the range of its activity is different [119].

ALA is associated with the glutathione system. In

low concentrations (25 and 100 µM), ALA increases the

glutathione content in cells, and in high concentrations

(2 mM) it can cause apoptosis. DHALA stimulates the

synthesis of glutathione because it promotes the utiliza-

tion of cysteine: it reduces cystine to cysteine [120]. In

many cells, the extracellular cysteine availability is a lim-

iting stage in the synthesis of glutathione [121]. ALA and

oxidized glutathione are reduced by NADPH, which is

generated during the pentose phosphate pathway (PPP).

Fig. 2. Three-level system of proton donors. The first level – methyl group oxidation; the second level – oxidation of acetate; the third level –

oxidation of glucose in the pentose phosphate pathway.
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Glucose donating protons and electrons in the PPP pro-

vides through ALA and glutathione the conjugation

between the oxidation of methyl groups and acetate: glu-

tathione is a cofactor of FLD, and ALA is a cofactor of

the pyruvate dehydrogenase and glycine decarboxylase

complexes (Fig. 2).

The redox system regulates signal transmission and

metabolic pathways. Nitric oxide regulates using two

pathways – through S-nitrosation of intracellular pro-

teins and directly because NO reversibly binds with met-

als in the active centers of enzymes, including iron of

heme and of iron–sulfur clusters [122]. In proteins,

tyrosines are nitrosated [123]. S-Nitrosation of cysteine

residues regulates the structure of proteins and their func-

tions [124]. For S-nitrosation, one-electron oxidation of

the primary complex between NO and thiols is required.

The presence in the medium of oxidizers, oxygen, or

transition metals is also necessary. S-Nitrosation can also

occur under anaerobic conditions [125]. In the presence

of oxygen, endogenous nitric oxide causes S-nitrosation

of thiols in proteins (SNO) and glutathione (GSNO) that

is mediated by production of such active forms, as N2O3,

NO2, and thiyl radicals [126]. GSNO is the richest source

of NO in the cell [127]. It induces direct generation of S-

nitrosothiols in proteins and realizes trans-nitrosation. S-

Nitrosothiols are stable at 37°C and pH 7.4. The presence

of transition metals destroys them to NO and disulfides,

and they are hydrolyzed with production of highly reac-

tive sulfonic acid, which, in turn, binds either with free

glutathione or with the nearest cysteine by disulfide bonds

[128]. Among proteins subjected to nitrosation, there are

enzymes participating in glycolysis and oxidative phos-

phorylation.

The degradation of nitrosothiols is catalyzed by

NADH-dependent GSNO reductase (GSNOR) which

denitrosates GSNO, by carbonyl reductase 1 (CBR1),

and thioredoxin reductase. GSNOR is the major enzyme

responsible for control of NO metabolism and S-nitrosa-

tion. An increase in its expression results in denitrosation

of many proteins. GSNOR is a FLD [129, 130]. FA pro-

motes the reduction of GSNO at low NADH/NAD+

ratio in the cytoplasm. GSNOR and NADPH-dependent

CBR1 catalyze the transfer of hydrogen from NADPH to

GSNO with production of GSNHOH, which sponta-

neously transforms to GSONH2 [131]. The reduction of

GSNO can result in production of sulfonamide and a

product of its hydrolysis, glutathione-sulfonylic acid,

which are inhibitors of glutathione transferase.

Three enzymes involved in the metabolism of cys-

teine, cystathione-synthase, cystathione-γ-lyase, and 3-

mercaptopyruvate sulfur transferase, together with cys-

teine aminotransferase can generate hydrogen sulfide,

which is another signaling molecule [132]. It modulates

the activity of neurons, contraction of smooth muscles,

and secretion of insulin [133]. An excess of NO inhibits

the activity of cystathione-synthase, and FA decreases the

expression of this enzyme, which lowers the production

of hydrogen sulfide [134]. The combined action of FA

and NO is confirmed by a significant influence of ADMA

on the effect caused by FA. Treatment of PC12 line cells

with FA causes production of nitric oxide, inhibits the

expression of cystathione-synthase, and decreases the

viability and endogenous production of hydrogen sulfide

[135].

Thus, sulfhydryl groups are involved in the regula-

tion of the intracellular content of hydrogen peroxide and

of water production in the ETC and are responsible for

the connection between the three levels of proton gener-

ation – methyl group oxidation, acetate oxidation, and

glucose degradation in the PPP, and together with nitric

oxide regulate the signal interactions in the cell.

ONE FOR ALL AND ALL FOR ONE

The redox cycle of carbon “methane – carbon diox-

ide – methane”, which is realized by methanotrophic

bacteria and methanogenic archaea, underlies the meta-

bolic pathways of C1 compounds. During this cycle, four

electrons and four protons are released and utilized. In

the center of the cycle there is a FA molecule that is

equally capable of being oxidized or reduced and is used

as a source of reducing equivalents and for assimilation.

The pathway of the successive oxidation of methane is the

most ancient donor of protons and electrons in biosys-

tems. Methane and oxygen present a balanced

donor–acceptor pair because methane as a donor gives

and O2 as an acceptor takes four protons and four elec-

trons. Carbon dioxide and water are products of this

interaction. In the next stage, water becomes a donor of

protons and reduces CO2 with production of glucose and

release of O2. This is the closing of oxygen turnover.

Glucose gives protons in the PPP and is oxidized to

acetate, which is a more capacious source of protons than

the methyl group. Finally, methyl group, acetate, and glu-

cose present a three-level system of proton donors (Fig.

2).

Ammonia, sulfur hydroxide, and water are the other

most ancient proton donors in addition to methane.

Methane forms with them a united system:

CH4–NH3–SH2–H2O. Nitrogen and sulfur have their

own redox cycles. In aerobic organisms, the redox cycles

of nitrogen and sulfur are components of the redox sys-

tem that joins carbon and oxygen. The basic conjugated

redox system consists of three main elements: the oxida-

tion of methyl group as the donor of protons and elec-

trons, molecular oxygen as an acceptor, whereas the

amino group is a donor and acceptor concurrently. The

redox balance of sulfhydryl groups of proteins, glu-

tathione, thioredoxin, and ALA makes possible the func-

tioning of the redox system and the general regulation of

the main physiological functions of the cell, such as sig-
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nal transmission, energy conversion, proliferation, and

apoptosis. The basic regulation in the redox system is

realized by GSH-FLD, which is also a GSNOR. Another

important junction of the regulation is localized in NOS.

The expression of GSH-FDH and the activity of NOS

depend on the FA concentration. In the conjugated redox

system, the balance of FA, H2O2, and NO concentrations

is maintained strictly, as well as the redox balance of sul-

fur. This is also contributed to by redox sensors – tran-

scriptional factors [136].

The glutathione system joins in a united whole not

only the three-component conjugated redox system but

also the three-level system of donors of protons.

Glutathione reduces in mitochondria ALA, which is

involved in the production of methyl groups (the glycine

decarboxylase complex) and acetate (the pyruvate dehy-

drogenase complex). Similarly to FA, acetate is oxidized

or assimilated. Acetate is oxidized by O2 in mitochondria

or is used for synthesis of fatty acids (hydrocarbons). The

oxidation of methyl groups and of amino groups is associ-

ated with the reduction of O2 to water through the stage of

hydrogen peroxide production, whereas the oxidation of

acetate is associated with the reduction of O2 to water in

the ETC of mitochondria. Energy released in the ETC

and stored in ATP is expended in particular for synthesis

of fatty acids from acetate. Fatty acids are the final accep-

tors of protons. The accumulation of fatty acids in the

biosystem leads to attenuation of functions of the conju-

gated redox system and to development of oxidative

stress.

The glutathione system is now considered as a com-

ponent of antioxidant protection. We think that glu-

tathione joins in the united complex the functioning of

the conjugated redox system, acetate oxidation in the

Krebs cycle, and glucose oxidation in PPP. In the model

of the conjugated redox system a new, not described ear-

lier, role of the methyl group is revealed as a donor of pro-

tons besides the THFA-dependent oxidation pathway.

This pathway is not related with energy production as

ATP, but exists for stabilizing pH value.
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