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Abstract—The appropriateness of verification of the possible antiviral effect of dinitrosyl iron complexes with
thiol-containing ligands as donors of nitrosonium cations (NO") is argued. There is reason to hope that treat-
ment of the human respiratory tract and lungs with sprayed solutions of dinitrosyl iron complexes with gluta-
thione or N-acetylcysteine (NAC) as NO™ donors during COVID-19 infection can initiate S-nitrosylation of

cellular proteases and thereby suppress viral infection.
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DINITROSYL IRON COMPLEXES
WITH THIOL-CONTAINING LIGANDS:
PHYSICOCHEMICAL AND BIOLOGICAL

CHARACTERISTICS

It has been established that all representatives of the
living world, that is, animals and humans, plants and
microorganisms, continuously produce the simple
compound nitric monoxide (or simply nitric oxide,
NO) using enzymes, which functions in living organ-
isms as one of the universal regulators of various met-
abolic and physiological processes [1—3]. In addition,
as a rule, at elevated concentrations (up to
100 umol/kg animal weight), nitric oxide acts as one
of the main effectors of the cellular immunity system.

There is reason to believe that the functioning of
NO as an autocrine and especially paracrine effector
in animals and humans is provided by its incorpora-
tion into dinitrosyl iron complexes (DNICs) with
thiol-containing (RS™) ligands [4—6]. These com-
plexes, which exist in mononuclear and binuclear
forms (M-DNICs and B-DNICs, respectively) and
are described by the formulas [(RS™),Fe(NO),] and
[(RS7),Fe,(NO),], respectively, arise in cells and tis-
sues of animals that produce NO and completely
mimic the biological activity of this agent [S—8]. Con-
cerning the latter, it seems appropriate to talk not only
about neutral NO molecules, but about the system of

Abbreviations: DNICs, dinitrosyl iron complexes; M-DNICs,
mononuclear dinitrosyl iron complexes; B-DNICs, binuclear
dinitrosyl iron complexes.
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their derivatives that are responsible for various meta-
bolic and physiological processes, i.c., about the bio-
logical system of nitric oxide. There is reason to
believe that M- and B-DNICs with thiol-containing
ligands act in living organisms as an essential compo-
nent of this system. This assumption is based on three
types of experimental data concerning these com-
plexes. The first is the large amount of data, which was
mentioned above, that indicate a diverse biological
effect of the chemically synthesized (exogenous) M-
and B-DNICs that mimic the biological activity of the
endogenous NO system [5—8]. The second type is evi-
dence that nitric oxide in animal tissues is almost
completely included in B-DNICs, which provides its
stabilization and, obviously, transfer of NO to targets
of its biological effect [9, 10]. The third type of data
demonstrates the ability of both forms of DNIC to ini-
tiate the conversion of neutral NO molecules included
in these complexes into nitrosonium (NO™) cations
[11—13]. As a result, dinitrosyl iron complexes with
thiol-containing ligands, as donors of these cations,
are capable of causing S-nitrosylation of high- and
low-molecular-weight thiol-containing compounds,
i.e., imitate one of the most important manifestations
of biological activity of the endogenous NO system:
initiation of the formation of S-nitrosothiols in living
organismes.

It should be noted that in contrast to the mononu-
clear paramagnetic form of DNICs with thiol-con-
taining ligands, as characterized by an electron para-
magnetic resonance signal with g, = 2.03 (the so-
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called 2.03 signal), B-DNICs with thiol-containing
ligands are diamagnetic, i.e., they are EPR-inactive
[14]. Nevertheless, their presence in animal tissues can
be detected by treating the tissues both in vivo and in
vitro with derivatives of dithiocarbamate (diethyldith-
iocarbamate or N-methyl-D-glucamine dithiocarba-
mate), which is capable of accepting mononitrosyl-
iron ([Fe(NO)]) fragments from iron dinitrosyl
([Fe(NO),]) groups of DNICs with the formation of
EPR-recorded mononitrosyl iron complexes with
dithiocarbamate derivatives [9, 10].

DNICs with thiol-containing ligands and another
form of NO stabilization in living organisms, S-nitro-
sothiols (general formula is RS—NO), are connected,
i.e., they define each other’s existence. This is mani-
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fested in the fact that both DNICs can arise from RS-
NO, and the latter can occur in living organisms as a
result of the release of nitrosonium cations from dini-
trosyl complexes, whose interaction with thiols leads
to the formation of RS—NO [5, 6].

In accordance with the ideas developed by our
group on the mechanisms of DNIC formation with
the participation of molecular NO or RS—NO, in both
cases these mechanisms are determined by the dispro-
portionation reaction of NO or RS—NO, i.e., the one-
electron mutual oxidation-reduction reaction of these
agents, which occurs after the binding of NO or RS—
NO with ferrous ions (two molecules per iron ion), see
diagrams 1 and 2:

RS‘\ /NO RS‘\ /No+ Rs;\ /NO+ RS‘\ /NO+
Fe2+ief = R = Fet  +HNO= Fét + 1/2(N,0 + H,0)
N N AN /N
RS~ NO RS~ NO- RS~ NO RS~ NO+
H* NO

Diagram 1. The proposed scheme for the formation of M-DNICs with thiol-containing ligands in the reaction of ferrous
iron, thiols, and gaseous NO [4—6, 15—17].

RSC NOt—RS~ RS~ NO'"+ RS® RSC NO*
S| o ANIA + N/ .
Fe ie —_— F62+ —_— Fe+ + RS + SR
7oN L _ /N SON
RS NO™—RS RS~ NO + RS- RS~ NO

Diagram 2. The alleged mechanism of the formation of M-DNICs with thiol-containing ligands in the reaction of Fe2+,
thiols, and RS—NO [15—18].

The mechanisms of the formation of M-DNICs
with thiol-containing ligands presented in Diagrams 1
and 2 were considered in detail in our previous publi-
cations [15—18]. It should be noted here that in both
cases complexes with the same electronic and spatial
structures are formed, as characterized by the elec-
tronic configuration of iron d’ with the corresponding
resonant structure [(RS™),Fe*(NO"),]*.

For the binuclear form of DNIC (B-DNICs) with
thiol-containing ligands, it has been shown that it is
formed by the condensation of two mononuclear
forms of these complexes [14], regardless of the meth-
ods of synthesis of the latter with a decrease in the con-
tent of thiol-containing ligands in the solution in

accordance with the reversible interconversion
scheme M- and B-DNICs (Diagram 3) and is charac-
terized by a resonant structure that is similar to the

structure of M-DNIC, that is [(RS™),Fe; (NO™),]*:

M-DNIC % B-DNIC

Diagram 3. Reversible interconversion of M-
and B-DNICs with thiol-containing ligands [14].

Based on the above resonance structure of M-
DNICs, the chemical equilibrium between these com-
plexes and their constituent components can be repre-
sented in accordance with Diagram 4 as

[(RS),Fe"(NO™),] &——Fe2* + NO + RS™+ NO" + RS~

RS—NO

Diagram 4. Chemical equilibrium between M-DNICs with thiol-containing ligands
and their constituent components [15—18].

Exactly the same components of this set of constit-
uent parts of M-DNIC components, that is, Fe?*,

BIOPHYSICS Vol.65 No.4 2020

NO, RS—NO, and thiols (RS™), can be released from
these complexes depending on the mechanism of their
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decomposition. Thus, during decomposition caused
by the removal of ferrous iron from M-DNICs under
the action of the corresponding iron chelators, mole-
cules of NO and nitrosonium cations should obviously
be transferred into the solution in a free state, whose
hydrolysis is prevented by their inclusion in RS—NO.
This assumption is consistent with the results of the
studies of our group regarding the interaction of
DNICs with dithiocarbamate derivatives that inter-
cept iron-mononitrosyl fragments from these com-
plexes [19]. On the other hand, during decomposition
caused by the removal of NO molecules from the com-
plexes [20] as a result of their incorporation into more
stable nitrosyl complexes of heme iron or as a result of
the binding of NO molecules to superoxide anions
[21], Fe?* ions and nitrosonium cations (more pre-
cisely, RS—NO) should obviously go into solution in a
free state.

How M- and B-DNICs with Thiol-Containing Ligands
Can Suppress Virus Replication in Tissues and Cells
of a Host

In the 1980—1990s, immediately after establishing
the role of NO as one of the main effectors of the cel-
lular immunity system, an intensive study of the effect
of this agent and its donors on the development of var-
ious infectious pathologies, including those of viral
origin, began. Hundreds of articles and many reviews
have been published, in which it was shown that most
pathologies caused by viral infection in animals and
humans are characterized by a sharp increase in the
level of nitric oxide in the host cells and tissues (mainly
as a result of activation of synthesis of the inducible
NO synthase: iNOS or NOS2), reactive oxygen spe-
cies (ROS), as well as a sharp increase in the concen-
tration of various cytokines [22—32]. It has been estab-
lished that an increase in the level of NO suppresses
the replication of viral RNA and DNA in host cells,
leading to the deactivation of the most important viral
proteins that are necessary for the reproduction of
viruses, such as viral proteases, reverse transcriptases,
and transcription factors; this deactivation is
initiated by S-nitrosylation of functionally important
thiol groups in these proteins. A similar result was
obtained in experiments using exogenous NO donors,
that is, S-nitroso-N-acetylpenicillamine (SNAP),
NONOates, sodium nitroprusside, and even nitro-
glycerin.

It is possible that during some viral infections,
S-nitrosylation of nonviral proteins, the host proteins,
for example, proteinases, can suppress the initial stage
of infection. The latter can occur during viral infec-
tions in which contact and subsequent fusion of
viruses and host cells can occur with the participation
of the corresponding host proteins.

In 2006 a study was published [33] in which it was
shown that M-DNICs with cysteine alone and espe-
cially that attached to the cysteine residue of the tetra-
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peptide Leu—Ser—Tre—Cis selectively bind to the pro-
tease 2A of Coxsackie B virus and completely inhibit
the activity of this enzyme. This inhibition, observed
in experiments on isolated protease A, as well as on
protease A included in cell cultures, was due to
S-nitrosylation of one of the thiol groups of this
enzyme and was completely reversible. When
S-nitrosylated protease 2A was treated with dithioth-
reitol intercepting nitrosonium cations that were part
of protein S-nitrosothiols to its thiol groups, the activ-
ity of protease A was completely restored. Similarly,
M-DNICs with cysteine alone initiated S-nitrosyla-
tion of intracellular caspase 3.

It was noted that S-nitrosylation of protease 2A in
murine myocardial tissues significantly attenuated
viral infection [34].

As the authors of [33] suggested, the ability of M-
DNICs with cysteine to cause S-nitrosylation of pro-
tease 2A was due to the existence of both nitrosyl
ligands in the iron-dinitrosyl groups of these com-
plexes in the form of nitrosonium cations, which initi-
ated the formation of S-nitrosothiols as a part of pro-
tease 2A and caspase 3. This assumption is only par-
tially true. In accordance with the results of our studies
of DNICs with thiol-containing ligands, these com-
plexes can act not only as donors of nitrosonium cat-
ions that provide S-nitrosylation of thiols, but also as
donors of neutral NO molecules; as a rule, these mol-
ecules are released from DNICs in an amount approx-
imately equal to the amount of released nitrosonium
cations [5—8, 15—18]. This phenomenon is provided
by the transfer of an electron from an iron atom to
one of the nitrosyl ligands in the resonance structure
of M-DNICs, [(RS7),Fe*(NO™),]*, and its transition

to the structure [(RS™),Fe?"(NO*)(NO)]*.

How can S-nitrosylation of viral proteins in host
cells during a viral infection be carried out when low-
molecular-weight DNICs with thiol-containing
ligands are included in these cells? Some of these
ligands (M-DNICs with cysteine) were used by the
authors of [33]. The results of many studies of the
behavior of low-molecular-weight DNICs with thiol-
containing ligands, as they were introduced into pro-
tein-containing solutions, in cell cultures or in the ani-
mal organism, show that in these systems a rapid
transfer of iron-dinitrosyl groups from these com-
plexes to thiol groups of proteins occurs with the for-
mation of protein DNICs. These complexes can
incorporate not only two thiol-containing (protein)
ligands, two cysteine residues, but also include only
one of these residues as a thiol-containing ligand,
whereas, a second, a nitrogen-containing ligand, his-
tidine residues, for example, can be included in pro-
tein DNICs [35, 36]. Nevertheless, a single cysteine
residue may be sufficient for S-nitrosylation of this
protein. How will this transformation be carried out,
that is, the transition, for example, of a viral protease,
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a protein containing DNA associated with it, into a
protein with S-nitrosylated cysteine residues?

As mentioned in the previous section, S-nitrosyla-
tion of thiols caused by the release of nitrosonium cat-
ions from DNICs with thiol-containing ligands can be
due to the decomposition of these complexes either as
a result of the removal of iron from these complexes
under the action of appropriate iron chelators, or as a
result of the binding to superoxide anion of half
nitrosyl ligands represented in DNICs in the form of
neutral molecules. This type of breakdown of protein
DNICs can occur naturally in cells infected with
viruses without the addition of exogenous iron chela-
tors or donors of superoxide radicals. First, under con-
ditions of intensive replication of viruses in host cells,
it becomes necessary to deliver iron to these cells,
which can be achieved by the production of endoge-
nous iron chelators that are capable of destroying pro-
tein DNICs. Secondly, superoxide anions in host cells
can occur as a reaction to the inflammatory processes
caused by a viral infection. In addition, superoxide
radicals can occur as a result of oxygen oxidation of
ferrous ions released from DNICs by positive feedback
mechanism (by the “explosive” mechanism).

There is reason to believe that the use of low-
molecular-weight DNICs with thiol-containing
ligands in the treatment of coronavirus can provide the
greatest positive effect when inhaled as sprayed
(passed through a nebulizer) aqueous DNIC solu-
tions. The greatest effect, naturally, is expected from
complexes that most effectively penetrate into epithe-
lial cells of tissues of the respiratory tract and lungs.
DNICs with N-acetyl-L-cysteine can be recom-
mended as such complexes, which relatively easily
penetrate the cells [13].

In conclusion, it should be noted that the use of
gaseous NO, as well as agents that release NO, that is,
S-nitrosothiols or NONOates, can lead to the forma-
tion of, first, DNICs with low-molecular-weight
thiol-containing ligands (primarily with glutathione)
and then with protein thiols in epithelial cells and lung
cells affected by coronavirus (in accordance with Dia-
grams 1 and 2 with the participation of loosely bonded
intracellular iron and endogenous thiols). The mech-
anism of S-nitrosylation of viral proteins can then be
carried out according to the mechanism described
above.

Thus, DNICs with thiol-containing ligands as
donors of nitrosonium cations that are capable of ini-
tiating S-nitrosylation of viral and host proteins can
suppress viral infection both at its initial stage and at
the stage of intracellular replication of viruses. For
blockade of viral infection by neutral NO molecules
released from DNICs under the action of, for exam-
ple, iron chelators on them, in contrast to NO* cat-
ions, which weakly affect the host cells [22—32], NO
molecules that turn into very toxic peroxynitrite in the
reactions with superoxide can have a toxic effect on
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host cells more efficiently than on pathogenic viruses
[37—45].
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