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Abstract The overview demonstrates how the use of only
one physico-chemical approach, viz., the electron para-
magnetic resonance method, allowed detection and identi-
fication of dinitrosyl iron complexes with thiol-containing
ligands in various animal and bacterial cells. These com-
plexes are formed in biological objects in the paramagnetic
(electron paramagnetic resonance-active) mononuclear and
diamagnetic (electron paramagnetic resonance-silent)
binuclear forms and control the activity of nitrogen mon-
oxide, one of the most universal regulators of metabolic
processes in the organism. The analysis of electronic and
spatial structures of dinitrosyl iron complex sheds additional
light on the mechanism whereby dinitrosyl iron complex
with thiol-containing ligands function in human and animal
cells as donors of nitrogen monoxide and its ionized form,
viz., nitrosonium ions (NO™).
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In 1963, Dr Robert Nalbandyan and I undertook an electron
paramagnetic resonance (EPR) study in order to investigate
the ability of baker’s yeast (Saccharomyces cerevisiae) cells
to generate free radicals. Incidentally, we discovered in their
EPR spectra a weak EPR signal with a top at g =2.04
corresponding to a downfield shift of 50 Gauss from the
EPR signal of free radicals (g =2.0) [1].

Further experiments showed that this peak corresponded
to the low-field component of the EPR signal: its shape and
position in the magnetic field are shown in Fig. 1 [2]. The
amplitude of the EPR signal recorded in dried yeast cells at
30 °C decreased with the increase in the registration tem-
perature from 150 to 360-370 K in full conformity with the
Curie-Weiss law for paramagnetic compounds. At higher
temperatures, this EPR signal declined gradually to the
point of irreversible disappearance and was not accom-
panied by significant changes in the signal shape (Fig. 1).

From these data, we concluded that the low- and high-
field components of the EPR signal corresponded to two
different parts of the same signal with the following char-
acteristics of the g-factor: g, =2.04, gy =2.014, guyer. =
2.03 (Fig. 1). Based on the mean value of the g-factor, we
defined this signal as a 2.03 signal. As this EPR signal
represented the first derivative of the EPR absorption curve
and contained five turns characteristic of EPR signals of
polycrystalline paramagnetic centers with an axial spatial
structure, we conjectured that it had only two values of the
g-factor [2, 3].

The disappearance of the 2.03 signal from the EPR
spectra of dried yeast cells at 80-90 °C prompted another

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-017-0811-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-017-0811-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-017-0811-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12013-017-0811-8&domain=pdf
mailto:vanin@polymer.chph.ras.ru

Cell Biochem Biophys (2018) 76:3-17

Fig. 1 A The first derivative of
the EPR absorption curve

recorded on an EPR A

radiospectrometer at ambient
temperature a and the shape of
the EPR absorption curve of the
2.03 signal (first integral of the
curve a) b. B The temperature- g=2.014 2.04
dependent changes in the I |
intensity of the 2.3 signal
recorded in dried yeast cells
placed into open a and
hermetically sealed b ampoules
[2]. Abscissa: registration
temperature; ordinate: EPR
signal intensity a

Fig. 2 A The 2.03 signal
recorded in wet a and b dried
yeast cells at ambient A
temperature. The EPR signal at
g ="2.0 is due to free radicals
localized in yeast cells. B
Microwave saturation of the
2.03 signal in dried yeast cells at
77 K. Z—The intensity ratio
between the 2.03 signal and the
EPR signal of a Cu*" salt
unsaturable with the increase in
the detector microwave power
normalized to unity. Abscissa:
microwave detector current
(mA) [4]

g =2.04

conclusion, viz., the paramagnetic centers responsible for
this signal were bound to proteins denaturing at this parti-
cular temperature. Supporting evidence was obtained in
experiments where wet yeast samples generated a 2.03 sig-
nal at ambient temperature; its shape was identical to the
shape of the 2.03 signals recorded in dried yeast cells at
ambient temperature and in wet yeast samples at liquid
nitrogen temperature (Fig. 2) [4].

This finding provided strong evidence for the protein
origin of the paramagnetic centers responsible for the
2.03 signal. If in wet yeast cells the latter was generated by
low-molecular centers, the increase in temperature from 77
K to ambient temperature would inevitably result in the
averaging of the g-factor anisotropy by virtue of high
mobility of paramagnetic centers at ambient temperature
concomitant with a decrease in the 2.03 signal width.

Moreover, in our study the amplitude of the 2.03 signal
in dried yeast cells decreased with the increase in the
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microwave power of the EPR radiospectrometer resonator
due to microwave saturation of the 2.03 signal at 77K
(Fig. 2). The fact that this effect was unaccompanied by
changes in the signal shape led us to hypothesize that the
2.03 signal was generated by the same paramagnetic centers
and the widths of the spin packets in the 2.03 signal were
significantly smaller than the width of the total signal, i.e.,
the broadening of the 2.03 signal might be qualified as non-
homogenous.

The aforecited data first appeared in open press in
1964-1966 [1, 2, 4]. The significant deviation of the mean
values of the g-factor of the 2.03 signal from the purely spin
value (2.0024) described therein led us to conjecture that the
paramagnetic centers responsible for this signal might
contain “heavy” atoms. Judging from the principal values of
their g-factor (2.04 and 2.014), these might be sulfur atoms
[2, 4], since the ability of sulfur-containing paramagnetic
centers to generate EPR signals in biological objects after
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Fig. 3 The first records of the g=20 &20

2.03 signal in yeast cells A [1, 2] J A

and rat liver carcinoma induced a Lancaster,Hibbs
PNAS USA, 1990

by butter yellow (p-
dimethylaminoazobenzene) (B
spectrum b) or a EPR spectra of
normal liver [6]; pigeon and
rabbit liver (C, spectra a and b), a
respectively [7]; D, livers from pigeon liver
rats kept on a diet supplemented b
with butter yellow for 7, 14, 21,
35, and 45 days [5]. Right panel:
The 2.03 signal recorded in 1990
in activated animal macrophages
in the presence of L-arginine, L-
arginine + NOS inhibitor N-
methyl-L-arginine, in the
absence of L-arginine and N-
methyl-L-arginine and in the
presence of N-methyl-L-arginine
alone [8]

rabbit liver

radiation treatment was already established by that time.
The principal values of the g-tensor for such signals lie in
the same range as those for the 2.03 signal. Treatment of
yeast cells with thiol group blockers and complete dis-
appearance of the 2.03 signal provided additional evidence
in favor of this hypothesis [4].

Simultaneously and independently with our studies, a
group of U.S. investigators led by Barry Commoner, who,
parallel to the Soviet biophysicist Lev Blyumenfeld, was a
pioneer in the use of the EPR method in biological research,
published a paper [S] describing the detection of the
2.03 signal (or, more exactly, of its weak component, g =
2.035) in the EPR spectra of rat liver cells treated with
hepatocarcinogenic agents (Fig. 3). This EPR signal was
recorded in liver tissue 2 weeks after treatment of animals
with hepatocarcinogenic reagents and gradually disappeared
within a course of 1 month. In 1964, a 2.03 signal of even
lower intensity was found in rat liver samples by the British
investigators J. Mallard and M. Kent [6] (Fig. 3). However,
further reports from these authors are absent in the litera-
ture, while Commoner and coworkers gave their discovery
considerable attention: studies in this field continued most
vigorously.

According to Commoner et al. [5], the discovery of the
2.03 signal in the livers of rats treated with hepatocarcino-
genic agents should be regarded as a marker of malignant
growth. However, our data [7] fully refuted this argument,
since in our studies the 2.03 signal of high intensity was
repeatedly recorded in rabbit and pigeon liver cells in the
absence of malignant growth (Fig. 3).

Thirty years after the discovery of the ability of animal
cells and tissues to produce nitrogen monoxide (NO), one of
the most universal regulators of metabolic processes, NO
was generated by NO-synthase isozymes from L-arginine.

Vanin et al. USSR
Biofizika, 1965-67
—t i

Treatment

D Mallard&Kent +L-Arg
UK, Nature
1964
days 7 weNwsv
v\' Nt +L-Arg
“ +NMMA
u ,\/V\--
No addition
15 o
Commoner
—remr et al, USA +NMMA
2o 1965, Nature
g=2.03; activated macrophages

rat liver carcinoma

The 2.03 signal was recorded in various biological objects,
mostly, in cultured cells able to synthesize NO by enzy-
matic route.

The 2.03 signal recorded by D. Lancaster and D. Hibbs
in cultured activated macrophages (Fig. 3) [8] is an illus-
trative example. As can be seen, the inhibition of the
inducible form of NO-synthase (iNOS) by N-methylargi-
nine responsible for NO synthesis in these cells strongly
attenuated the 2.03 signal, while the addition of the NO-
synthase substrate (L-arginine) to the cultural medium
enhanced it.

At this point, Commoner and coworkers and the mem-
bers of our research team went different ways. The U.S.
investigators used a standard biochemical approach to
establish the nature of the paramagnetic centers responsible
for the 2.03 signal in living objects, for example, frag-
mentation of tissues with subsequent determination of
paramagnetic centers by the intensity of the 2.03 signal
generated in different protein fractions [9]. These studies
culminated in identification of the protein fraction able to
generate a 2.03 signal of high intensity (as calculated per
protein content in this fraction). However, the content of the
paramagnetic centers in the fraction responsible for the
2.03 signal appeared to be as low as 5% of that in the
original preparations. With this in mind, we chose a dif-
ferent, more venturesome approach, which consisted in a
search for alternative paramagnetic compounds able to
generate the 2.03 signal. And our ventures were crowned
with success!

To our luck, in 1965 three U.S. chemists—C. McDonald,
W. Phillips, and H. Mower published a paper in which they
described the synthesis of EPR-active dinitrosyl iron com-
plexes (DNIC) with various thiol-containing anionic ligands
including L-cysteine [10]. However, the EPR signals of
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these DNIC were recorded at ambient temperature and
represented symmetric singlets with the half-widths of
about 0.7 mT. For us, the most striking result of this study
was full correspondence of g-factor characteristics of the
singlet EPR signal of DNIC with cysteine to the mean EPR
value, viz., 2.03.

This and the presence in DNIC of thiol groups of L-
cysteine prompted the idea to examine whether the centers
responsible for the 2.03 signal in biological objects repre-
sent DNIC with thiol-containing ligands. In our opinion, the
lack of the difference between the widths of the EPR signals
at both 77K and ambient temperature (Fig. 2) might be
attributed to the protein nature of the centers responsible for
the 2.03 signal in biological objects: low mobility of the
protein globule at ambient temperature could hardly be the
reason for the averaging of the anisotropy of the g-factor as
was the case with low-molecular DNIC, e.g., DNIC with
cysteine ligands.

In order to obtain conclusive evidence for the hypothesis
on the ability of protein-bound DNIC with thiol-containing
ligands to generate the 2.03 signal, it seemed important to
investigate possible coincidence of the EPR signal of low-
molecular DNIC in frozen solutions and the 2.03 signal
characteristic of biological objects. By some miracle, the
EPR signals of frozen solutions of DNIC with L-cysteine
recorded at liquid nitrogen temperature (77 K) showed a full
coincidence between the 2.03 signals recorded in cells and
tissues at ambient temperature and 77 K (Fig. 4d’ and
Fig. 2A) [11]. In contrast, the shape of the EPR signals
recorded in frozen solutions of DNIC with hydroxyl ions,
water, or phosphate differed notably from that of the
2.03 signal (Fig. 4a’'—").

The similarity of the 2.03 signals recorded in biological
objects to the EPR signal of DNIC with L-cysteine used as a
model compound enabled us to develop a directional
approach to establishing the nature of the centers respon-
sible for the 2.03 signal in living organisms. Treatment of
these centers and model compounds able to react selectively
with bivalent iron (iron chelators), thiol groups (heavy
metals), and compounds endowed with the ability to sub-
stitute for thiol ligands (xanthogenate derivatives) initiated
similar changes in the shape of the 2.03 signal, while the
EPR signals of the model compounds changed in a similar
way (Fig. 5) [7].

After treatment of yeast extracts with ethyl xanthogenate
(Fig. 5d), the 2.03 signal converted into a EPR signal with a
triplet hyperfine structure (HFS), evidently as a result of
interaction of the unpaired electron with the nitrogen
nucleus "N (nuclear spin /= 1) within the composition of
mononitrosyl iron complexes (MNIC) with ethyl xantho-
genate [7]. The changes in the shape of the 2.03 signal after
treatment of yeast extracts with p-chloromercuribenzoate
(PCMB) might be attributed to the substitution of thiol
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Fig. 4 The EPR spectra of DNIC with hydroxyl (pH 12.0) a, a’ water
(pH 7.0) b, b’ phosphate ¢, ¢/, and cysteine d, d' recorded at ambient
temperature a—d or at 77 K a’—d'[11]

ligands for phosphate in DNIC after addition of PCMB to
the yeast extracts (Fig. 5e). A similar substitution of thiol
groups in DNIC for o-phenanthroline changed the shape of
2.03 and EPR signals of model compounds after treatment
with iron chelators (Fig. 5b, h).

The results of these studies demonstrated full identity of
the changes in the model compound and the paramagnetic
centers responsible for the 2.03 signal in yeast cells. For
simplicity sake, let us term them as 2.03 complexes. Again,
I will call your attention to the fact that in biological objects
these complexes exist predominantly in the form of protein-
bound DNIC, while the role of thiol-containing ligands is
played by protein-bound L-cysteine residues.

In animal tissues, the formation of 2.03 complexes was
induced by treatment of animal tissues with gaseous NO, or
by addition of the NO donor nitrite or particularly nitrite
together with Fe-citrate to the drinking water of experi-
mental animals (mice) [12, 13]. Simultaneous addition of
sodium nitrite and *’Fe-citrate instead of *°Fe-citrate to the
drinking diet of mice increased the width of the 2.03 signal
recorded in mouse liver due to HFS from the °’Fe nucleus
(nuclear spin /=1/2) (Fig. 6a, b). Similar changes were
found in the EPR signal recorded in frozen solutions of
DNIC with cysteine, the S6pe (I=0) atom in which was
substituted for >"Fe (Fig. 6¢, d). At ambient temperature, the
EPR signal of the model compound was characterized by
doublet hyperfine splitting instead of the singlet signal
characteristic of the complex with e (Fig. 6f, g) [14].

Identification of the nature of 2.3 complexes in biological
objects (yeasts and animals tissues) as DNIC with thiol-
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Fig. 5 The changes in the
shapes of the EPR signals
recorded in yeast cells a (left and
central panels) and DNIC with
cysteine g (right panel) treated
with various reagents: o-
phenanthroline b, h, dithiazone
¢, ethyl xanthogenate d, p-
chloromercuribenzoate e,
sodium dithionite f. The
measurements were performed
5 min after addition of the
reagents [7]

2.3mT
$1F,
a c f
A P
4.0 mT 14 mT
—_—
JFe
b d !f\ B
DNIC.¢ys, 193K
DNIC lUrer, 37K DNIC~ys, 77X

Fig. 6 The 2.03 signals recorded in the livers of mice kept on a
drinking diet containing nitrite + Fe®” with citrate a or nitrite + Fe>®
with citrate b. c¢—g The EPR signals of DNIC with cysteine containing
Fe’’ ¢, f, or Fe*°d, g. All EPR spectra were recorded at 77 K a—d or at
ambient temperature f, g [14]

containing ligands and the EPR analysis of low-molecular
DNIC with the same ligands shed additional light on their
electron and spatial structures. Our first remarkable
achievement was determination of the composition of the
2.03 complexes using HFS analysis of EPR spectra of low-
molecular model compounds recorded at ambient
temperature.

Figure 7a (right panel) depicts the 13-component HFS of
the EPR signal of DNIC recorded at ambient temperature.
The five-component HFS appearing in the EPR spectrum as
a result of interaction of the unpaired electron with two
atoms of "*N (I= 1) unambiguously indicates the presence
in DNIC of two equivalent nitrosyl (**NO) ligands. Addi-
tional splitting of each of these five HFS —components into
additive five HFS components might be attributed to the

interaction of the unpaired electron with four protons (/
=12) from two methylene groups adjacent to the sulfur
atom in two cysteine ligands. The final 13-component HFS
formed there upon explicitly suggests the presence of two
cysteine ligands in this DNIC. After substitution of '“NO
for ">NO in nitrosyl ligands with the nuclear spin of >N (I
=12), the interaction of the unpaired electron with two
equivalent nitrosyl ligands yields only triplet HFS (Fig. 7b,
right panel). Subsequent interaction of the unpaired electron
with four protons from two methylene groups in two
cysteine ligands gives a final nine-component HFS. In the
absence of protons in the vicinity of thiol sulfur atoms in
thiol-containing ligands (e.g., mercaptotriazole), the HES is
made up of five components formed as a result of interac-
tion of the unpaired electron with two nitrosyl (**NO)
ligands (Fig. 7c, right panel). The EPR signal of this DNIC
recorded at 77 K (Fig. 7c, left panel) differs essentially from
the EPR signal characteristic of biological objects (espe-
cially, its central part). The latter shows complete coin-
cidence only with the EPR signal of DNIC with cysteine
and '"*NO ligands (Fig. 7a, left panel). And, finally, the
doublet splitting in the EPR spectra of this model compound
resulting from substitution of Fe for *'Fe I=")
unequivocally suggests the presence of only one iron atom
in DNIC with cysteine (Fig. 7d, right panel).

All these data gave us substantial reason to hypothesize
that paramagnetic DNIC with thiol-containing ligands
responsible for the 2.03 signal in biological objects repre-
sent mononuclear dinitrosyl iron complexes (M-DNIC) with
two thiol-containing (RS) ligands (their chemical formula
appears as [(RS),Fe(NO),]) and that RS ligands in these
DNIC are bound to positively charged iron ions (in the
anionic form), i.e., to negatively charged sulfur atoms.
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Fig. 7 The EPR spectra of
DNIC-L-cysteine solutions
containing '*NO a or '*NO b,
DNIC with mercaptotriazole ¢
and DNIC with cysteine
containing *’Fe d recorded at 77
K (left) or at ambient
temperature (right) [15]

g=2.03
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Similar conclusions were made in the aforecited paper by
McDonald, Philips, and Mower [10] viz., in the absence of
negatively charged (anionic) ligands DNIC pass from the
mononuclear to the binuclear state characterized by the
presence of thiol-containing ligands (B-DNIC, formula
(RS"),Fe5(NO)y), i.e., these complexes represent Roussin’s
red salt thioethers [15, 16].

This conversion is reversible, being determined by the
chemical equilibrium between binuclear and mononuclear
forms of B- and M-DNIC in accordance with Scheme 1:
[14]

It is particularly M-DNIC with thiol-containing ligands
that generate the 2.03 signal. B-DNIC represent diamag-
netic, EPR-inactive complexes; their diamagnetism is con-
ditioned by spin pairing of two iron-dinitrosyl (Fe(NO),)
fragments of B-DNIC (the so-called “antiferromagnetic”
interaction). If L-cysteine as a thiol-containing ligand is used
at concentrations markedly exceeding the concentration of
iron used in the synthesis of DNIC with cysteine at “phy-
siological” pH, no <30% of iron binds to M-DNIC, while
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Scheme 1 The interconversion of M- and B-DNIC with thiol-
containing ligands

the remainder incorporates into B-DNIC. As regards M-
DNIC with glutathione, no >10% of iron incorporates into
these complexes at the same values of the glutathione: iron
ratio and at “physiological” pH, i.e., in this case DNIC
represent predominantly diamagnetic B-DNIC. With the
increase in pH to 11.0-11.5, the concentration of M-DNIC
with glutathione reaches ~100% of the total amount of
DNIC due to transition of thiol groups of glutathione into
the ionized (anionic) state [15, 17]. This transition is
accompanied by considerable enhancement of the char-
acteristic 2.03 signal of M-DNIC with thiol-containing
ligands along with changes in the optical absorption spectra
of the test solution manifested in the appearance of a single
absorption band at 390 nm instead of two distinct optical



Cell Biochem Biophys (2018) 76:3-17

0 /NO+ Z/NO' {NO+
Fe' §e > Fe’* - Fe* +HNO - Fe'  +12(N;0+H,0)
\NO WO \No \NoO*
H' NO

Scheme 2 The mechanism of Fe(NO), fragment formation during the
reaction of Fe(Il) with neutral NO molecules

absorption bands at 310 and 360 nm characteristic of B-
DNIC [15, 17, 18].

Studies by McDonald, Phillips, and Mower also
demonstrated that DNIC with thiol-containing ligands can
be easily generated upon mixing aqueous solutions of thiols
and bivalent iron at neutral pH in the presence of gaseous
NO [10]. A question arises: what is the mechanism whereby
the interaction of two NO molecules with bivalent iron
(both with the even total number of unpaired electrons, viz.,
two from NO and four from Fe*") yields paramagnetic iron-
dinitrosyl fragments with the odd number of unpaired
electrons? One of such hypothetical mechanisms is as fol-
lows (Scheme 2):[14, 19-22].

According to this Scheme, the nitroxyl ion generated in
DNIC during the electron transfer from one NO molecule to
the other as a result of disproportionation (mutual oxidation-
reduction) of two NO molecules bound to bivalent iron,
undergoes protonation and leaves the coordination sphere of
iron in the form of the nitroxyl molecule. Subsequent dis-
proportionation of nitroxyl molecules yields nitrous oxide
(N,O) and water. The vacant place in the coordination
sphere of iron is immediately occupied by the other NO
molecule resulting in the formation of paramagnetic iron-
dinitrosyl fragments of DNIC with the d’electronic con-
figuration of iron and, as a consequence, the distribution of
the electron spin density described by the formula
(Fe"(NO™),.

In aqueous solutions, nitrosonium ions (NO™) undergo
instantaneous hydrolysis. As result, (Fe"™(NO™), fragments,
which cannot exist in aqueous media, are expected to
undergo rapid decomposition with the release of nitrite
anions at neutral pH. However, depending on the nature of
the thiol-containing ligands, these fragments can be pre-
served within the composition of DNIC for sufficiently long
periods of time. Such stability of DNIC with thiol-
containing ligands is determined by the transfer of the
electron density from thiol sulfur atoms in DNIC char-
acterized by high m-donor electronic activity to nitrosyl
(NO™) ligands able to accept it. As a result, the positive
charge on nitrosyl ligands of DNIC diminishes, which
strongly attenuates the interaction of these ligands with
hydroxyl ions initiating the hydrolysis of NO™ cations [22].

After establishing of the chemical equilibrium between
M-DNIC with thiol-containing ligands and their constituent
components when the ligands leave the coordination sphere

Fe*(NO*); <= Fe?* + NO + NO*

Scheme 3 The reversible equilibrium between Fe(NO), fragments and
their constituent components (Fe(II), NO, NO™)

(RS), Fe'(NO*),&== Fe**+ NO + RS + NO* + RS’
RS-NO

Scheme 4 The chemical equilibrium between M-DNIC and their
constituent components (Fe(Il), RS™, NO, NO+)

Fe*(NO*)2 <= Fe** + NO + NO*

Scheme 5 The reversible equilibrium between Fe(NO), fragments
and their constituent components (Fe(II), NO~, NO™)

of iron, the chemical equilibrium for the iron-dinitrosyl
fragments (the electron transfer from iron to NO™) is
described by Scheme 3 as: [17-22]

For M-DNIC, this transfer is described by Scheme 4: [14,
19-22]

A similar equilibrium seems to be characteristic of B-
DNIC under the stipulation that the distribution of spin
density in their two iron-dinitrosyl fragments is the same as
that in the corresponding fragments of M-DNIC.

The ability of DNIC with thiol-containing ligands to
donate neutral NO molecules and nitrosonium ions (NO™)
in living systems is easily explained in the paradigm of the
hypothetical distribution of spin density in iron-dinitrosyl
fragments. These complexes manifest high stability, which
is further enhanced by the transfer of iron-dinitrosyl frag-
ments from low-molecular DNIC to protein-bound thiol
groups (cysteine residues) resulting in the formation of
appropriate protein-bound M- and B-DNIC. The latter play
the role of NO and NO™ depots and are responsible for
long-term persistence of DNIC in biological objects [19-
22]. As regards the transfer of NO and NO™ to their bio-
logical targets, this role is played by DNIC with low-
molecular thiol-containing ligands [19, 20, 23]. It is the
concentration of these ligands (for the most part, glutathione
and cysteine) in body cells and tissues that determines the
concentration of low-molecular DNIC and the efficiency of
the transfer of NO and NO™ to their biological targets.
Under these conditions, neutral molecules of NO bind to
heme-containing proteins, e.g., guanylatecyclase, while
NO " cations bind to thiol groups of proteins. In both cases,
the transfer of NO and NO™ to their biological targets is
provided by higher (in comparison with iron) affinity of the
latter for NO and NO™ in DNIC.

In addition to the Scheme 3, two types of the chemical
equilibrium can also exist for the transfer of two electrons
from Fe* to NO" in iron-dinitrosyl fragments of DNIC
(Schemes 5 and 6):
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Fe'(NO™): &= Fe** +2 NO

Scheme 6 The reversible equilibrium between Fe(NO), fragments and
their constituent components (Fe(IlI), NO)

Under these conditions, DNIC with thiol-containing
ligands act as NO, NO™ and NO~donors.

A comparison of HES values for the splitting on the >’Fe
nucleus in M-DNIC, on nitrogen nuclei of nitrosyl ligands
and on methylene group protons of cysteine ligands char-
acteristic of EPR signals of DNIC with thiol-containing
ligands at ambient temperature (Figs. 6 and 7) showed that
the bulk of unpaired electronic density is localized on the d-
orbital of iron or, more exactly, on the molecular orbital
(MO) with the main contribution of the d-orbital of iron.
Which of the five d-orbitals in M-DNIC is responsible for
localization of the unpaired electron? The clue to this
question can be found in the theoretical paper by B
McGarvey [24] devoted to the calculation of the ratio
between the values of the g-factor and the HFS tensor
components for Co** nuclei [24]. This ratio is characteristic
of the EPR signal of low-spin (S = 1/2) Co*" complexes
with phthalocyanins or porphyrins. These complexes have a
d’-electronic configuration of the central atom and the
planar-square spatial characteristics also inherent in DNIC
with thiol-containing ligands [24].

Our calculations of the values of the g-factor and HFS
tensor components of >’Fe in the EPR signals of M-DNIC
with thiol-containing ligands (cysteine, glutathione, ethyl
xanthogenate, and thiosulfate) showed that their g-factors
were characterized by only two main values, viz., g,and gy,
suggesting that the paramagnetic centers have an axial
spatial structure at g, >g;>2.0023 and |A,C"Fe)|
> |4;°"Fe)|[22]. For example, for the EPR signal of DNIC
with cysteine these values were found to be identical, viz.,
g, =2.04, gy=2.014 (gaer. =2.03) and A,(""Fe) = —1.7
mT, Aj(°'Fe) = —0.25 mT, A;s,. = —1.22 mT. According to
McGarvey et al. [24], such ratios between the values of the
g-factor and the HFS tensor components for >'Fe point to
localization of the unpaired electron in DNIC on the d
orbital of iron or, more specifically, on the molecular orbital
(MO) with the main contribution of the d orbital of iron,
viz., MO(dp). It is of note that the localization of the
unpaired electron on this orbital determines the formation of
only one type of HFS, viz., anisotropic HFS. In its turn, the
formation of isotropic HFS is determined by spin polar-
ization of the electrons on the s-orbitals of iron due to
localization of the unpaired electron on the d> orbital of the
iron atom [22].

This hypothesis is fully consistent with the diagram of
the antibinding MO for DNIC with thiol-containing ligands
characterized by low-spin d’-electronic configuration of the
iron atom, localization of the unpaired electron on the d.
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orbital of iron and the planar-square spatial structure
established in our laboratory as early as 1971 [25].

According to the Feltham-Enemark classification [26],
which takes into account the total number of electrons on
the d-orbitals of iron and the upper w-orbitals of the nitrosyl
ligands in the Fe®'-dinitrosyl fragments of DNIC, the
electronic structure of DNIC with thiol-containing ligands is
described by the formula {Fe(NO),}’. However, many
investigators hold the opinion that the total number of
electrons on the d-orbitals of iron and the upper n-orbitals of
nitrosyl ligands is nine instead of seven and that DNIC with
nitrosyl ligands should, therefore, be classified as {Fe
(NO),}° [27-30]. However, taking into consideration the
spatial proximity of the m-orbitals of nitrosyl ligands to the
d-orbitals of iron [31], the electronic structure of Fe(NO),
fragments can be finally presented as follows (Scheme7-9)
[32]:

The hypothesis on the d° electronic configuration of the
iron atom in DNIC with thiol-containing ligands based on
the results of X-ray diffraction analysis suggests that in the
crystal state the B-DNIC molecule has a tetrahedral struc-
ture where the iron atom is surrounded by four (two thiol
and two nitrosyl) ligands. Judging from the distribution of
energy between the d-orbitals in the tetrahedron (dyy.dy,,
dy,) > (dy. d_yp), three out of seven electrons with the d’
configuration of the iron atom are localized on the upper
(dy, dy,, and d,,) orbitals. Moreover, according to the Hund
rule, these electrons are arranged in parallel to one another
in order to provide energy for high-spin DNIC at S =3/2
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n-orbitals of nitrosyl ligands in [Fe(NO)2]9 fragment of M-DNIC with
tetrahedral structure and d’ electron configuration of iron

(Scheme 8). These DNIC are characterized by high spin-
lattice relaxation; therefore, their EPR signals are detectable
only at low temperatures. In actual fact, this is not the case,
since EPR signals of these DNIC can just as well be mea-
sured at ambient temperature. To find a way out of this
tricky situation, our worthy opponents supposed that the
low-spin state of DNIC at S=1/2 and the d’ electronic
configuration of the iron atom are due to the ability of upper
dyy, dy, and dy, orbitals to accept five (instead of three)
electrons (Scheme 9). Similarly, their low-spin state (S = ¥2)
can be attained if m-orbitals of nitrosyl ligands are able to
accept at least four out of nine electrons (Scheme 7).

Needless to say, the reference to d-orbitals of iron
without regard for molecular orbitals (MO) involving
atomic orbitals of iron is a simplified approach to char-
acterization of Fe(NO), fragments, which is warranted only
if the contribution of d-orbitals of iron to MO of Fe(NO),
fragments is taken into consideration.

A question arises to what extent the results of X-ray
diffraction analysis of DNIC in the crystal state [27-30] are
applicable to soluble DNIC present in biological objects.
We are prone to think that dissolution of crystalline DNIC
strongly affects their electronic and spatial characteristics as
a result of which DNIC (or at least M-DNIC) acquire a
planar-square structure and the electronic configuration
proposed in ref. [25]. This structure offers a convenient
paradigm for interpreting certain peculiarities of the EPR
signal and some physico-chemical characteristics of M-
DNIC. The views of our colleagues on this issue are dia-
metrically opposite, viz., after dissolution DNIC fully pre-
serve their tetrahedral structure and the d° electronic
configuration of the iron atom, while the distribution of spin
density within M-DNIC is described as Fe ™ '(NO™),.

What, then, are the pros and cons of our opponents’
hypothesis? It is obvious that the increase in the electron

[Fe'l (NOY),J°
4

+

Y/ 5¥5) ro

4t

S=172
& Fel

Scheme 9 Electron distribution on the d-orbitals of iron and the upper
n-orbitals of nitrosyl ligands in [Fe(NO),]° fragment of M-DNIC with
tetrahedral structure and d° electron configuration of iron

density on the iron atom on going from the d’ (Fe™) to the
d’ (Fe™") configuration can hardly influence the ability of
DNIC to release NO or NO*, since the latter is initially
present in DNIC, while NO is generated during the transfer
of electronic density from Fe ' to NO'. Our more recent
findings suggest that the ratio between the values of the g,
and g characteristic of the EPR signal of M-DNIC (g, > g
>2.0) can be also valid for M-DNIC with the tetrahedral
structure and the d° electronic configuration of the iron
atom. The difference between the values of g, and g for M-
DNIC having the d’ electronic configuration of the iron
atom may result from the minor distortions in their tetra-
hedral structure and, as a consequence, from separation of
MO (dyy) from MO (d,,) and MO (dy,) and the subsequent
transfer of the unpaired electron to MO (dyy). Under these
conditions, the energies of nine d-electrons will increase in
the following order: MO (d,»), MO (d,>_») (four electrons)
<MO (d,,), MO (dy,) (four electrons) < MO (d,y) (1 elec-
tron). The values of the EPR signal, g, and g, for this
system of levels, which reflect their deviation from purely
spin values, are determined by the transitions between MO
(dyy), MO (dy,), and MO(dy,) (AExy)-(xzyz) as well as
between MO (dyy) and MO (dyo_y2) (AExy)-(x2-y2)). Since
the value of the transition energy for MO (d4,) on the one
hand, and for MO (dy,) and MO (dy,), on the other hand, is
appreciably smaller than for MO (d,y) and MO (d>_,2), g, >
gy [22].

The applicability of the 14, (°’Fe)l > IAl(>’Fe)l ratio to the
EPR signals of M-DNIC with the d° electronic
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configuration of the iron atom [24] and the ability of M-
DNIC with thiol-containing ligands to accept two electrons
[15, 18, 33] are still open to question and demand further
verification and analysis. In the framework of the Enemark-
Feltham {Fe(NO),}’ classification, the acceptance of two
electrons by M-DNIC with thiol-containing ligands is pre-
requisite to the transition of their iron-dinitrosyl fragments
into the paramagnetic state {Fe(NO),}’ characterized by the
EPR signal with the following characteristics of the g-fac-
tor: g, =2.01, gy=1.97, gaver. =2.0 [15, 18, 33]. Our
analysis of the EPR spectra of two-electron reduction pro-
ducts of M-DNIC established that the accepted electrons
were predominantly localized on the d-orbitals of iron as
could be evidenced from the drastic (nearly threefold)
increase in the width of the singlet EPR signal at g =2.0
characteristic of doubly reduced M-DNIC with glutathione
the >°Fe atom in which was substituted for °'Fe (Fig. 8b, d).
Such broadening was related to the HES of >’Fe nuclei and
was much more pronounced than that observed during the
interaction of the unpaired electron with other magnetic
nuclei, such as "N in nitrosyl ligands or protons in thiol-
containing ligands. A similar effect was established during
the analysis of the EPR signal generated by the product of
two-electron reduction of B-DNIC with glutathione. In
addition, at ambient temperature this compound produced a
singlet EPR signal at g = 2.0 (Fig. 8e).

If additional electrons are indeed predominantly loca-
lized on the d-orbitals of iron (which is really the case
judging from the characteristics of the EPR signal of >’Fe-
M-DNIC reduced by a two-electron mechanism (Fig. 8), the
acceptance of the second electron by the iron atom in the
original, d’ configuration (Scheme 9) is impossible because
of the inability of iron d-orbitals to accept more than ten
electrons.

So, the use of only one approach, viz., EPR, allowed us
not only to detect and to identify the paramagnetic centers
responsible for the 2.03 signal of DNIC with thiol-
containing ligands (predominantly, protein-bound ones) in
biological objects, but also to establish their electronic and
spatial structures responsible for their ability to act as NO
and NO™ donors.

More recent studies aimed at quantitative estimation of
paramagnetic forms of DNIC with thiol-containing ligands
(M-DNIC) in cultured cells carried out by a group of U.S.
investigators established that DNIC synthesis is controlled
by the weakly bound form of non-heme iron (the so-called
labile iron pool). Under these conditions, the concentration
of M-DNIC with thiol-containing ligands markedly exceeds
the concentrations of other compounds whose synthesis is
mediated by endogenous metabolites of NO, such as S-
nitrosothiols and related nitroso- and nitro-compounds [34].

The first studies designed to investigate the role of the
labile iron pool (“free” iron) in the synthesis of M-DNIC
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Fig. 8 The changes in the EPR spectra of 1 mM M->°Fe-DNIC a and
1 mM M-""Fe-DNIC (line ¢) with glutathione in 15 mM HEPES buffer
(pH 7.4) induced by treatment of the complexes with sodium dithionite
(b and d, respectively). e The changes in the EPR spectra of 1 mM
B->°Fe-DNIC with glutathione dissolved in 15mM HEPES pH 7.4
induced by sodium dithionite treatment. All EPR spectra were recor-
ded at ambient temperature [15]. The narrow EPR signal at g = 2.008
was generated by free-radical decomposition products of sodium
dithionite

able to generate the 2.03 signal in animal tissues were
carried out in our laboratory as early as the 1970’s. In these
studies, the dialysis of tissue samples was accompanied by
elimination of “free” iron and a drastic decrease in the
concentration of M-DNIC generated after treatment of
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tissue extracts with gaseous NO or its water-soluble pro-
ducers [35].

Our more recent EPR studies, established that in animal
tissues the bulk of DNIC with thiol-containing ligands
exists in the EPR-silent (diamagnetic) B-form of DNIC
rather than in the EPR-active M-form. It was found also that
the former is generated in large amounts in animal tissues
in vivo in the presence of NO [36, 37].

These data were obtained in experiments where the
dithiocarbamate derivative diethyldithiocarbamate (DETC)
was used as acceptor of iron-mononitrosyl group. Its
interaction with M- and B-DNIC with thiol-containing
ligands (both low-molecular and protein-bound ones) and
the further transfer of Fe"NO™ groups from iron-dinitrosyl
fragments to thiocarbonyl groups of DETC gave para-
magnetic MNIC with DETC (MNIC-DETC) (Fig. 9) [36,
37]. The use of this approach permitted us to detect dia-
magnetic (EPR-inactive) B-DNIC with thiol-containing
ligands in animal tissues. As regards, the concentration of
the paramagnetic form of DNIC (M-DNIC), it was estab-
lished by the characteristic 2.03 signal of the EPR-active
form in the absence of DETC. The EPR signals of MNIC-
DETC containing *°Fe or *’Fe are shown in Fig. 10.

Our early studies aimed at establishing the spatial and
electronic structures of MNIC-DETC were begun as early
as the 1960’s [38—43]. It was found that these complexes
have a distorted square-pyramidal structure the two dithio-
carbamate ligands in which are localized at the base of the
pyramid, while the NO molecule occupies the axial position
on its vertex. The unpaired electron is predominantly
localized on the dZ2 orbital of the iron atom [42]; therefore,
the distribution of spin density in MNIC-DETC can be
described as Fe™-NO™-(dithiocarbamate),. The electronic
structure of MNIC with dithiocarbamate ligands thus
appears to be identical to that of M-DNIC with thiol-
containing ligands.

In 1984, we called the attention of practitioners in the
field to the use of Fe>*-DETC in animal studies in vivo as
efficient spin traps of NO allowing subsequent EPR detec-
tion of MNIC-DETC [44]. The practical utility of this
approach is in that the hydrophobic nature of Fe?"-DETC,
their specific localization and the ability to be accumulated
in hydrophobic compartments of animal tissues prevent
their release into circulating blood. The intensity of the EPR
signal of MNIC-DETC enables monitoring the rate of NO
accumulation in various body cells and tissues at definite
periods of time. This approach has already won worldwide
recognition among practitioners in the field: the number of
publications devoted to their applications is steadily
increasing with every passing year [45—48].

The high efficiency of this approach in determining NO
concentration in animal tissues in vivo led us to hypothesize
that in the absence of DETC NO bind to its endogenous

s
KRFN.C” ): Fe'NO'
N
S 2

mononitrosyl iron complex
with dithiocarbamate

M- and B-DNIC + dithiocarbamate

Fig. 9 The hypothetical mechanism of formation of paramagnetic
MNIC-DETC by interaction of DETC with M- or B-DNIC with thiol-
containing ligands [36]
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Fig. 10 The EPR signals of *°Fe-MNIC-DETC a, b, and >’Fe-MNIC-
DETC ¢, d recorded at 77 K a, ¢ or at ambient temperature b, d [38]

traps, in the first place, to free iron and thiol-containing
compounds to give endogenous DNIC with thiol-containing
ligands [36, 37]. As stated above, the mononuclear form of
these DNIC was easily detectable by the characteristic
2.03 signal. As regards EPR-inactive B-DNIC, they might
be converted into paramagnetic MNIC-DETC by simple
treatment with DETC even in experiments with isolated
tissues in vitro. Therefore, the concentration of original B-
DNIC was determined by the characteristic EPR signal of
MNIC-DETC.

The totality of our experimental data provides conclusive
evidence in favor of this hypothesis [36, 37]. A distinct
2.03 signal of protein-bound M-DNIC was found in the
EPR spectra of isolated mouse livers after 30-min intra-
peritoneal treatment of animals with B-DNIC with glu-
tathione (0.5ml of SmM DNIC); its intensity did not
change after perfusion of liver tissues with 15 mM HEPES
pH 7.4 (Fig. 11a). However, after perfusion of tissue sam-
ples with the same solution at pH 13.0, the EPR signal
increased by ~30% (Fig. 11b), most probably at the expense
of thiol groups ionized at the sulfur atom, which initiated
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Fig. 11 The EPR spectra recorded in mouse liver 30-min after i/p
treatment of animals with B-DNIC with glutathione and subsequent
perfusion of isolated livers with 15 mM HEPES pH 7.4 a, pH 13.0 b
and pH 7.4 +200mM DETC c. All EPR spectra were recorded at
77 K. The figures on the right indicate amplification of the radio-
spectrometer (in arb. units). The EPR signals recorded at g = 2.04 and
2.014, 2.0, and 1.94 were generated by M-DNIC with thiol-containing
ligands, free radicals and reduced iron-sulfur proteins, respectively
(36]

partial conversion of B-DNIC into paramagnetic M-DNIC
(Scheme 1).

The EPR spectra recorded after perfusion of mouse livers
with 200 mM DETC in 15 mM HEPES pH 7.4 contained an
EPR signal of MNIC-DETC with triplet HFS instead of the
2.03 signal (Fig. 11c). Judging from its intensity, the con-
centration of MNIC-DETC exceeded that of the original
complexes more than fivefold, which might be attributed to
the conversion of B-DNIC into MNIC-DETC by the
mechanism depicted in Fig. 9.

It would appear natural if both protein-bound B-DNIC
and added low-molecular B-DNIC with glutathione were
involved in this process. With this in mind, in the next series
of our experiments we set ourselves the task to investigate
the ability of DETC to detect B-DNIC with thiol-containing
ligands in animal tissues. In one of these studies, treatment
of mice with bacterial lipopolysaccharide (LPS) for 4 h
initiated the synthesis of inducible forms of NO synthase
(iNOS), resulting in enhanced production of NO in animal
tissues. Judging from the EPR signal, the concentration of
MNIC-DETC in mouse liver amounted to 90+30 pmoles
per kg wet liver mass (as calculated per one iron atom in
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Fig. 12 The EPR spectra recorded in the livers of mice treated with
LPS for 4 h followed by 30-min infusion of DETC + Fe®" a or pure
iron (Fe®") and in vitro perfusion of liver tissues with DETC b or pure
DETC c. d The EPR spectra recorded in isolated liver tissues of mice
treated with LPS (4 h) and perfused with DETC in vitro. All EPR
spectra were recorded at 77 K. The figures on the right designate the
amplification of the radiospectrometer (in arb. units). The EPR signals
recorded at g = 2.035 and 2.02 were generated by MNIC-DETC; those
recorded at g = 2.0, 1.97, and 1.94 were produced by endogenous free
radicals, molybdenum complexes, and reduced iron-sulfur proteins,
respectively [36]

MNIC-DETC) (Fig. 12a). To detect NO, the animals
underwent 30-min treatment with DETC (500 mg/kg of
body mass) and the Fe*" complex (50 mg of FeSO, per kg
of body mass) with citrate (250 mg/kg body mass). After
treatment with DETC alone, the concentration of MNIC-
DETC in mouse liver remained at a level of 18+7 pmoles
per kg wet liver mass (as calculated per one iron atom in
MNIC-DETC) as could be evidenced from the intensity of
their EPR signal (Fig. 12c).

MNIC-DETC were also found in the livers of LPS-
treated mice 30 min after administration of Fe** + citrate or
DETC. After killing of mice, liver tissues were extracted
and perfused in vitro with 200 mM DETC. Judging from the
intensity of the EPR signals (Fig. 12b, d), the concentration
of MNIC-DETC varied from 18+4 to 8+3 pmoles per kg of
wet tissue (as calculated per one atom iron in MNIC-
DETC). The lack, in the EPR spectra of LPS-treated mice,
of the characteristic 2.03 signal of M-DNIC with thiol-
containing ligands led us to conjecture that in liver tissues
of DETC-treated mice MNIC-DETC were formed during
the interaction of DETC with B-DNIC in the presence of
endogenous NO whose synthesis was initiated by inducible
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NOS. The concentration of MNIC-DETC was supposed to
increase after treatment of animals with Fe®".

Considering that the formation of one Fe*"-dinitrosyl [Fe
(NO),] fragment of B-DNIC requires three molecules of
NO (Scheme 2), the concentration of MNIC-DETC (~18
pmoles/kg) formed in liver tissues of mice after treatment
with LPS and Fe’" and subsequent treatment of tissue
samples with DETC must correspond to 54 pmoles/kg of
NO formed in the liver by iNOS and included into B-DNIC.
This concentration constitutes 60% of the whole amount of
NO in MNIC-DETC (90 pmoles/kg) generated in liver
tissues as a result of binding of NO to Fe-DETC in vivo.
Presumably, the rest (40%) of MNIC-DETC are produced
by S-nitrosothiols able to generate MNIC-DETC during
their interaction with Fe-DETC [38].

Conclusive Remarks

The totality of the experimental data unequivocally suggest
that the EPR method is an adequate and all-sufficient pro-
cedure for detecting and identifying paramagnetic (mono-
nuclear) and diamagnetic (binuclear) forms of DNIC with
thiol-containing ligands (M- and B-DNIC, respectively) in
animal and bacterial cells and tissues. The full identity of
the major characteristics of the 2.03 signal recorded in
living systems to those of the EPR signal recorded in frozen
solutions of low-molecular (model) DNIC with thiol-
containing ligands established in our laboratory as early
as the 1960’s was a crucial factor in the discovery and
identification of M-DNIC (so-called 2.03 complexes) [7,
11]. Moreover, it allowed a conclusion that in living sys-
tems 2.03 complexes are represented by M-DNIC with low-
molecular or protein-bound thiol-containing ligands. Our
EPR analysis of various characteristics of model M-DNIC
shed additional light on the electronic structure of 2.03
complexes responsible for their biological activity as NO
and NO™ donors. As regards B-DNIC with thiol-containing
ligands, their recent discovery in animal tissues by the EPR
method [36] was determined by their ability to be converted
into EPR-detectable MNIC-DETC after treatment with
DETC.

The ability of DNIC with thiol-containing ligands to act
as NO donors (Schemes 3 and 4) was confirmed by the
results of chemical and biological studies [17-23, 32-37].
As regards their ability to generate S-nitrosothiols (RS-NO)
by Scheme 4, it demands more investigation and analysis.
The generation of RS-NO easily detectable in acid solutions
by optical methods during decomposition of DNIC failed to
be established in aqueous media at neutral pH [17]. It is not
improbable that the formation of nitrite anions instead of
RS-NO in the course of hydrolysis is related to the inability
of thiols (e.g., glutathione) to compete with hydroxyl ions

for nitrosonium ions released from DNIC (Scheme 4). After
acidification of the medium, which diminishes the con-
centration of hydroxyl ions by several orders of magnitude,
the competitive activity of thiols increases as a result of
their interaction with nitrosonium ions culminating in the
appearance of RS-NO.

The ability of DNIC with thiol-containing ligands to
initiate the formation of RS-NO in animal cells in vivo was
established in earlier studies [49, 50]. The mechanism
responsible for the predominance of thiols over hydroxyl
anions during the interaction of the former with NO™ is still
unclear and demands further verification and analysis. It is
not excluded that in living systems this interaction is
determined by the specific characteristics of thiols and the
composition of the reaction medium. Special mention
should be made of the recently established ability of N-
methyl-p-glucaminedithiocarbamate (MGD) to produce
simultaneously MNIC-MGD and the corresponding S-
nitrosothiol during the interaction of the former with B-
DNIC with glutathione [17]. One should not rule out the
possibility that this phenomenon can be due to the higher
(in comparison with hydroxyl anions) affinity of thiol
groups of MGD for NO™.

The high biological activity of M- and B-DNIC with
thiol-containing ligands as donors of NO, one of the most
universal regulators of biological processes [18-21, 27],
and their wide occurrence in living systems [27, 36]
strongly suggest that these complexes have every reason to
be regarded as a “working form” of NO [27].
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