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ABSTRACT 

Iron tetranitrosyl complex bearing the thiosul-
fate ligand (TNIC) is an efficient nitrogen mon- 
oxide donor (NO). He shows antitumor proper- 
ties and may be used as an original drug for the 
therapy of acute coronary syndrome. In this work, 
the reaction of the TNIC with adenosine triphos-
phoric acid (ATP) was studied. Formation of the 
products for the reaction of ATP with TNIC was 
shown by electronic microscopy. The kinetics of 
the reaction was controlled by spectrofluoro-
metric method, and the complexation constant 
was measured. The mechanism of interaction of 
ATP with TNIC was proposed, and the relevant 
kinetic model satisfactorily described the ex-
perimental data, which permitted to calculate the 
rate constants for these process stages. NMR, IR, 
and Mössbauer studies were used for determi- 
nation of the reaction product structure. NMR 
study showed TNIC interaction only with ade- 
nine part of ATP. The method of IR spectroscopy 
identified both the absence NO in the reaction 
products and the occurrence of new Fe-S and 
Fe-N bonds. Mössbauer study showed that iron 
in the reaction products was presented by two 
forms: Fe(II) and Fe(III). Thus, the structures for 
the [ATP-Fe2+S] and [ATP-Fe3+S] complexes were 
proposed. 
 
Keywords: Adenosine Triphosphoric Acid;  
Thiosulfate-Nitrosyl Iron Complex; Nitrogen  
Monoxide Donors; Fluorescence; Kinetic model; 
Reaction Rate Constants; Iron(II) Complexes; 
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1. INTRODUCTION 

It is known that adenosine triphosphoric acid (ATP) is  

of vital importance in the energy and substance metabo- 
lism in organisms: the molecule of ATP contains two 
high energy bonds and serves as a universal energy source 
for a great number of energetically expensive biochemi- 
cal and physiological processes [1]. 

Such an important role, ATP in an organism predeter- 
mines attention to this nucleotide from biologists and 
physicians. In recent years, the development of cellular 
and molecular biology favored deeper insight into the 
essence of myocardial trophic processes upon chronic 
cardiac insufficiency. These studies show that the mecha-
nisms of cardiac dysfunction involve structural and func- 
tional remodeling not only of all compartments of the 
cardiovascular system (heart, arteries, and veins) but also 
of all tissue and cellular levels and elements (cardio- 
myocytes, smooth muscle cells, endothelium, extracellu- 
lar matrix, membrane proteins, intracellular organelles, 
messenger systems, etc.) [2]. In particular, the study of 
the regulation mechanisms of energy metabolism and 
stabilization of the ATP level in cells upon different 
forms of cardiovascular, lung, and blood diseases, as well 
as the study of the ageing and other processes are of cur- 
rent interest for modern biology and medicine [3-7]. 

Interest in the iron complexes is caused by the fact that 
many of them (e.g., Fe(III) complexes with nicotinamide) 
are drugs [8] or potential drugs [9-11]. In the present 
work, we studied the nitrosyl iron complex with sodium 
thiosulfate Na2[Fe2(S2O3)2(NO)4]·4H2O (TNIC) (1). This 
complex is an efficient donor of nitrogen monoxide [11, 
12] and exhibits potential therapeutic activity [10,11]. 
For example, it has been shown ex vivo and in vivo for 
the models of the myocardial ischemic and reperfusion 
injury of the Wistar rats [10] that 1 possesses a vasodi- 
lating effect, which is manifested in an efficient recovery 
of coronary flow and a decrease in the systolic blood 
pressure. This complex improves recovery, metabolism 
(in this case, the ATP level is 1.7-fold higher than that in 
the control), and cardiac function after ischemia and de- 
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creases the size of myocardial infarction without arryth-
mogenic action, which can result in the death of experi-
mental animals. The obtained data allow one to consider 
that this complex can be used as an original drug for the 
therapy of acute coronary syndrome. 

It was established, in particular, that complex 1 has 
antitumor properties [11,13]. 

When energy metabolism is violated by newly formed 
oncological changes, ATP blocking should favor cancer 
cell decay. Thus, it is very important to know how the 
potential drug (complex 1 or its intermediates) interacts 
with ATP. The study of the complex formation of these 
substances makes it possible to obtain additional infor- 
mation about the ability of 1 to inhibit the energy com- 
ponent of uncontrolled oncological cell division and 
mechanisms of action of the nitrosyl iron complexes. 

It is known [14] that the Fe(III) complexes are able to 
form stable chemical bonds with ATP. All these facts 
cause fundamental interest in the behavior of 1 towards 
the major macroergic compound, “key unit” of energy 
metabolism, viz., ATP, and in the study of intermediates 
produced. 

The purpose of this work is to study the reaction of 
ATP with TNIC, which is promising nitrogen monoxide 
donor, to reveal the mechanism of this reaction, and to 
identify the reaction products. 

2. MATERIAL AND METHODS 

2.1. Used Substances, Concentrations and 
Replicates 

The commercially available ATP, Na2S2O3·5H2O, and 
FeSO4·7H2O (99% purity, Sigma) were used as pur-
chased. 

Complex Na2[Fe2(S2O3)2(NO)4]·4H2O (TNIC) (1) was 
synthesized according to a published procedure [15]. 

All experiments were carried out in a buffer with pH 
6.8 (0.025 М), and the latter was prepared using Tris·HCl 
(Sigma). 

The reaction products of ATP with complex 1 provided 
for the subsequent physicochemical analyses were ob- 
tained by pouring together solutions of ATP and complex 
1 ([ATP] = [1] = 0.96 × 10−4 mol·L−1, T = 25˚C). The 
mother liquor was poured from the precipitate formed in 
the reaction. Then the precipitate was washed with water 
and dried at T ≤ 30˚C - 35˚C. 

2.2. Investigation of the Kinetic Regularities 

Spectrofluorometric measurements were carried out on 
a Perkin-Elmer LS-55 spectrofluorimeter. A known pro-
cedure [14] was used for the study of the reaction of ATP 
with the nitrosyl iron complex. The fluorescence excita-
tion wavelength was λex = 290 nm, 3 - 3.5 mL quartz 

cells were used, the optical path length was 1 cm, and the 
temperature was 20˚C. The fluorescence emission maxi- 
mum was at λ = 388 nm. The range of working concen- 
trations of ATP was determined experimentally. The lin- 
ear variation in the fluorescence emission intensity is in 
the range of ATP concentrations from 2.0 × 10−4 to 0.1 × 
10−4 mol·L−1. 

The studied compounds Na2S2O3·5H2O, FeSO4·7H2O, 
and 1 have no intrinsic fluorescence.  

The effects of Na2S2O3, 1, and FeSO4 on the change in 
the fluorescence of ATP were studied by continuous 
spectrofluorimetric titration. Titration of a solution (3 mL) 
of ATP with a solution of the compound under study was 
performed in a measuring cell, and the value of fluores- 
cence emission was measured in the wavelength range of 
λ = 380 - 390 nm. A fluorescence spectrum was recorded 
after the addition of each subsequent portion of a quench- 
ing agent. The time from the addition of a quencher to 
spectrum recording was not longer than 10 - 15 s. The 
time of recording the fluorescence value in the emission 
wavelength range of λ = 380 - 390 nm was also not 
longer than 10 - 15 s. The starting concentration of ATP 
was 0.959 × 10−4 mol·L−1. The starting concentration of 
Na2S2O3 was 0.887 × 10−2 mol·L−1. The starting concen- 
tration of FeSO4 was 0.953 × 10−2 mol·L−1. The starting 
concentration of 1 was 1.019 × 10−2 mol·L−1. A solution 
of a quencher was added by portions of 0.05 mL. 

The change in the fluorescence intensity of ATP under 
the action of 1 was measured at each initial time point at 
different starting concentrations of 1. Eight cells con- 
taining a solution (3 mL) of ATP with a concentration of 
0.901 × 10−4 mol·L−1 were used in the experiments. Dif- 
ferent volumes of a solution of 1 with the starting con- 
centration 1.007 × 10−2 mol·L−1 were added successively 
to each cell. After the addition of 1, the fluorescence 
value was recorded at λ = 380 - 390 nm. Then, another 
portion of 1 was added to the next cell, the fluorescence 
intensity was recorded, etc. The time from the prepara- 
tion of a working solution of 1 to its addition to a solu- 
tion of ATP did not exceed 1 min. The time between the 
measurements in different cells did not exceed 40 - 60 s. 

2.3. Spectrometric Measurements 

2.3.1. Electronic Absorption Spectra 
Electronic absorption spectra were recorded on a 

Perkin-Elmer UV-VIS Spectrometer Lambda EZ 210 
spectrophotometer. Absorption spectra at different con- 
centration of ATP were recorded with compensation, us- 
ing the Tris·HCl (pH 6.8) buffer for compensation. 

2.3.2. NMR Spectra 
1H, 13C, and 31P NMR spectra were recorded on a 

high-resolution AVANCE III 500 MHz spectrometer  
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(Bruker, Germany). Samples of ATP, complex 1, and 
complex [ATP-1] were studied. Deuterated water (D2O), 
DMSO, and CCl4 were used for the dissolution of the 
samples. 1D, 1H (working frequency 500 MHz), 13C 
(working frequency 126 MHz), and 31P NMR (working 
frequency 202 MHz) spectra were recorded at ambient 
temperature. The concentrations of solutions were 1.8 × 
10−1 (ATP) and 1.7 × 10−1 mol·L−1 (1). 

1H NMR of ATP (D2O), δ: 8.48 (s, 1H, -N-CH = N), 
8.33 (s, 1H, -N-CH = N), 6.00 (d, 1H, -N-CH-O-, J = 5.2 
Hz), 4.57 (m, 1H, -CH-OH), 4.46 (m, 1H, -CH-OH), 
4.35 (m, 1H, -CH-O-), 4.26 (m, 2H, -CH2-O-). 

31P NMR of ATP (D2O), δ: −10.56 (1P, O = P-(OH)2), 
−11.13 (1P, O = P-(O)-OH), −22.57 (1P, O = P-(OH)2). 

1H NMR of ATP + 1 (D2O), δ: 8.37 (br.s, 2H, -N- CH 
= N), 5.97 (br.s, 1H, -N-CH-O-), 4.65 (br.s, 5H, -CH-, 
-CH2-). 

31P NMR of ATP + 1 (D2O), δ: −10.72 (2P, O = 
P-(OH)2, O = P-(O)-OH)), −22.57 (1P, O = P-(OH)2). 

2.3.3. Mössbauer Spectra 
Mössbauer absorption spectra were recorded on a 

WissElsetup instrument (Germany) operating in the con- 
stant acceleration mode. The radiation source was 57Co in 
the Rh matrix at ambient temperature. Measurements   
at low temperatures were carried out using a tempera- 
ture-controlled CF-506 flow-type helium cryostat (Ox- 
ford Instruments, Great Britain). The Mössbauer spectra 
were processed by the least-squares method under the 
assumption of the Lorentz shape of the absorption com- 
ponents. 

2.3.4. Infrared Spectra 
IR spectra in the range from 100 to 4000 cm−1 were 

recorded on a Nicolet Magna 750 FT-IR spectropho-
tometer (Nicolet, USA). Pellets with KBr were studied in 
the range from 4000 to 400 cm−1. Suspensions in Nujol 
were studied in the range from 600 to 100 cm−1. The 
spectrum of ATP and band assignment corresponded to 
the published data [16]. The absorption bands of com-
plex 1 and the reaction products were assigned using the 
literature data [17-19]. 

The iron content was determined by atomic absorption 
spectrophotometry in the flame of an acetylene-air mix- 
ture using the deuterium corrector of the background on 
an AAS-3 atomic absorption spectrophotometer (Carl 
Zeiss Jena, Germany). A lamp with a hollow cathode was 
used. Iron was determined at the resonance line λ = 248.3 
nm. 

2.4. The Elemental Analysis 

The contents of carbon, hydrogen, nitrogen, and sulfur 
were determined on a Vario MICRO cube CHNS/O ele- 

mental analyzer (Elementar GmbH, Germany). This ana- 
lyzer makes it possible to simultaneously determine the 
contents of C, H, N, and S in substances by the combus- 
tion method at 1150˚C in the presence of neat oxygen 
followed by the reduction of oxides and their separation 
on a chromatographic column. The signal from each 
component was detected by a thermal conductivity de- 
tector. The oxygen content was determined with the same 
instrument by the pyrolysis method followed by CO de- 
termination. 

Phosphorus in the form of a phosphorus-vanadium- 
molybdenum complex was determined spectrophotomet-
rically after the sample was dissolved in a mixture of 
HCl, HNO3, and HClO4 acids. The light absorption of the 
complex was measured at λ = 400 nm on a LAMBDA 45 
spectrophotometer (Perkin Elmer, USA). 

3. KINETIC STUDY OF THE  
INTERACTION OF ATP WITH TNIC 

3.1. Preliminary Measurements 

Preliminary studies were carried out to prove that ATP 
is a single fluorescent compound in the system and to 
prove the purity of working solutions of the fluorescing 
agent. For this purpose, the absorption spectra and fluo- 
rescence excitation spectra of ATP were recorded (Fig-
ure 1). The absorption spectrum of ATP has a maximum 
at λ = 275 nm and its fluorescence excitation spectrum 
has a maximum at λ = 280 nm. Since these spectra are 
very close to each other, it is possible to claim that, under 
the experimental conditions, the change in the fluores- 
cence intensity corresponds to that of the ATP fluores- 
cence, and ATP is a single fluorescing compound present 
in the solution. 

3.2. Interaction of TNIC with ATP 

Figure 2 shows the typical fluorescence spectra of 
ATP. As can be seen, the position of the fluorescence 
maximum does not change with a decrease in the 1 con- 
centration in a solution. In this case, the decrease in the 
fluorescence emission intensity is related to a decrease in 
the concentration of the luminous substance, viz., ATP. 

The effects of 1, sodium thiosulfate (Na2S2O3), and 
iron (II) sulfate (FeSO4) (the starting compounds for the 
synthesis of the complex) on the fluorescence intensity 
of ATP were studied. It was shown that all compounds 
under study decrease the fluorescence intensity of ATP 
(Figure 3). It is obvious that, in all cases under consid- 
eration, due to low working concentrations of the com- 
pounds under study (~10−4 mol·L−1), the decrease in the 
fluorescence intensity of ATP is a result of the chemical 
reaction of the compound with ATP. This leads to a de- 
crease in the concentration of free ATP molecules in the  
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Figure 1. The absorption (1) and fluorescence excitation (2) 
spectra of ATP (c = 0.9014 × 10−4 mol·L−1) in the Tris·HCl 
buffer (pH 6.8). 

 

 
Figure 2. The fluorescence spectra of ATP in the Tris·HCl 
buffer (pH 6.8) at the excitation wavelength λex = 290 nm at 
the concentrations: 1.66 × 10−2 (1), 8.33 × 10−3 (2), 1.52 × 10−4 
(3), 7.61 × 10−5 (4), 6.84 × 10−5 (5), 6.08 × 10−5 (6), 5.067 × 
10−5 (7), 3.55 × 10−5 (8), and 2.53 × 10−5 mol·L−1 (9). 

 

 
Figure 3. Changes in the fluorescence intensity of ATP de-
pending on the concentrations of TNIC (1), FeSO4 (2), and 
Na2S2O3 (3). The points are experimental data and the curves 
are calculation data. The experimental conditions are given in 
Experimental. 

excited state. The change in the fluorescence for the 
other reasons (for example, via the mechanism described 
by the Stern-Volmer equation [20]) is unlikely since re-
quires higher concentrations of a quenching agent (1 - 
0.1 mol·L−1). 

It follows from the experimental conditions that the 
reactions of the compounds under study with ATP occur 
more rapidly than within 10 s. A stable equilibrium is 
reached between the components of the system. It is seen 
from Figure 3, curves 2 and 3, that the starting com- 
pounds decrease the fluorescence intensity of ATP to a 
lesser extent than complex 1 does. Based on the data 
obtained, one can assume that ATP reacts with 1 and/or 
its dissociation products. 

3.3. Electronic Spectra of the System 

To confirm additionally the formation of new chemical 
compounds upon the reaction of ATP with 1, we studied 
the components of the system by electronic absorption 
spectroscopy. The absorption maximum of ATP (Figure 
4, curve 1) is observed at 275 nm. The absorption spec-
trum of 1 has two well-defined separate maxima at 310 
and 360 nm (Figure 4, curve 2). 

The absorption spectrum of a mixture of ATP and 1 
(see Figure 4, curve 3), similarly to the spectrum of pure 
1, displays maxima at 310 and 360 nm. However, in con- 
trast to the spectrum of ATP, the spectrum of the mixture 
exhibits a bathochromic shift of the maximum at 275 nm, 
which is typical of ATP, by about 20 nm. Thus, according 
to the changes in the electronic spectra, one can assume 
that 1 reacts with ATP. 

3.4. Determination of Complexing Constants 

An analysis of the obtained experimental data was 
based on the available research data [11] indicating that 
the binuclear complex 1 undergoes the primary cleavage 
in protic media to form mononuclear dinitrosyl iron 
complexes [Fe(S2O3)NO2]

− (DNICthio) (2). Then, 2 de- 
 

 

Figure 4. Absorption spectra of the complex of ATP (1), TNIC 
(2), and a mixture of ATP and TNIC (3). 
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composes to the mononitrosyl complex and other hy- 
drolysis products to evolve nitrogen monoxide into a 
solution. The structures of these intermediates were con- 
firmed by mass spectroscopy [21] (Scheme 1). 

The measurement of the decomplexation rate of 2 
showed that its lifetime is significantly longer than the 
reaction time for the interaction of ATP with 2 found by 
spectrofluorimetry. Consequently, the reaction between 
ATP and 2 can be expressed as the kinetic equation: 

1

1
thioATP DNIC P

k

k
   

where P is the reaction product, viz., complex [ATP-2], k1 
and k−1 are the rate constants of the forward and reverse 
reactions, respectively, and K = k1/k−1 is the equilibrium 
constant or complexation constant of the complex [ATP-2]. 

The data from spectrofluorimetric titration allowed us 
to calculate the complexation constants (K) of 1, Na2S2O3, 
and FeSO4 with ATP, i.e., to determine the stability of 
their complexes with ATP presented in Table 1. 

The highest K value was found for 1. The stability of 
its complex with ATP is by one order of magnitude 
higher than that for ferric sulfate and by four orders of 
magnitude higher than that for sodium thiosulfate. From 
the K values obtained, the theoretical curves given in 
Figure 2 were calculated. As it is seen, the calculated 
constant is in good agreement with the experimental re- 
sults. 

Obviously, the resulted difference in the K values re- 
flects the chemical structures of the compounds. In the 
molecule of sodium thiosulfate, the sulfur and sodium 
atoms have no free valences for additional bonding. The 
dissociation of the S-S bond in a solution results in the 
formation of Na2S and (SO3)

−. Probably, the former can 
form an ionic compound with the hydrogen atom of the 
terminal NH2 group of adenine. In a solution, FeSO4 
dissociates also. Certainly, the degree of its dissociation 
is higher than that of Na2S2O3. The ability of iron to form 
coordination bonds is manifested in the reaction of ATP  

 

Fe
S

Fe
S
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O3S

NO

ON NO

ON Fe
S
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NO

NO2

 
TNIC = сomplex 1                 DNICthio = сomplex 2 

Scheme 1. Dissociation of complex TNIC to DNICthio. 
 

Table 1. Data on the complexation constants (K). 

№ Compound K, mol·L−1 

1. Na2S2O3 (2.69 ± 0.04) × 102 

2. Fe(SO)4 (2.18 ± 0.09) × 103 

3. 
Na2[Fe2(S2O3)2(NO)4] 

TNIC − complex 1 
(9.20 ± 0.70) × 104 

with 1. The three-order-of-magnitude difference in the K 
values for FeSO4 and 1 suggests the formation of a coor- 
dination compound. 

3.5. Kinetic Measurements 

The reaction kinetics was monitored by a change in 
the concentration of the starting substance ATP. The ki- 
netic curves of ATP transformation at different initial 
concentrations of complex 1 are presented in Figure 5. 
At any initial concentration of complex 1, the shapes of 
the kinetic curves are identical: after the second reaction 
component (1) was introduced into the system, the fluo- 
rescence intensity decreased sharply. This indicates a 
rash decrease in the concentration of free ATP at the ini- 
tial moment. The further behavior of the kinetic curves 
indicates a complicated mechanism of the interaction of 
ATP and complex 1. 

As stated above, this is compound 2 that reacts with an 
ATP molecule. This interaction is reversible with a high 
rate, which is indicated by a sharp decrease in the ATP 
concentration at the initial moment (see Figure 5). 

The formed complex [ATP-2] and the starting sub- 
stances undergo further chemical transformations. As a 
result, a multicomponent system is formed in the solution. 

3.6. Mathematical Model of the Process 

Taking into account the qualitative behavior of the 
 

 
Figure 5. Kinetic curves of ATP fluorescence changing at dif-
ferent initial concentrations of complex 1. Points are experi-
ment, lines are the calculation from the found values of the 
reaction rate constants. Conditions: buffer 0.025 mol·L−1 Tris- 
HCl with pH 6.8; initial ATP concentration 0.90 × 10−4 mol·L−1; 
initial concentrations of complex 1 in cells, mol·L−1: 0.17 × 
10−4 (1), 0.34 × 10−4 (2), 0.51 × 10−4 (3), 0.68 × 10−4 (4), 0.84 × 
10−4 (5), 1.01 × 10−4 (6), 1.18 × 10−4 (7), and 1.34 × 10−4 (8). 
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experimental curves [ATP](t), the kinetic model for the 
interaction of complex 2 with ATP can be presented in 
the first approximation by the following reactions: 

of reactions (0)-(−4) with allowance for the detailed 
equilibrium in reaction (0) takes the form of Eqs.5-12: 

    0 A D ADK               (5) 
0A D ADK                 (0) 

   

          
   

3 3 4 4

1

d A
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A B AB A C AC

D
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k k k k

t k
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1
1D D Nk                 (1) 

2
1D Bk                  (2) 

3A B ABk                  (3) 

 

            
    
3 3 4 4

1

d D
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A B AB A C AC

1 D

t

t k k k k

t k





     

  

 (7) 

3AB A Bk                (−3) 

4A C ACk                 (4) 

4AC A Ck                (−4) 

where A is adenosine triphosphoric acid (ATP); D is 
mononuclear dinitrosyl iron complex 2; and D1, B, and C 
are the hydrolysis products of complex 1. 

     1
1 2

d D
D D

d
k k

t
  1             (8) 

The kinetic model (0)-(−4) does not describe all de-
tails of the interaction of ATP with complex 2. In par-
ticular, the model ignores possible transformations of the 
product of the direct interaction of the starting substances 
(AD). A more detailed elaboration of the reaction mecha-
nisms requires additional experimental data. 

      2 1 3

d B
D A

d
k k

t
  B           (9) 

      2 1 4

d C
D A

d
k k

t
  C          (10) 

      3 3

d AB
A B AB

d
k k

t          (11) The main purpose of the consideration of the pre-
sented kinetic model is to explain the qualitative behav-
ior of the experimental curves [ATP](t). Reactions (0)- 
(−4) are related to the shape of the experimental curves 
as follows: 

      4 4

d AC
A C AC

d
k k

t          (12) 

where         0 0 0A 1 A Dt K K K    ;  1) an instantly established equilibrium in reaction (0) 
results in a sharp decrease in the initial ATP concentra-
tion at the initial moment;  

and         0 0 0D 1 A Dt K K K    . 
The initial conditions are: 

2) a decrease in the concentration of mononuclear di-
nitrosyl iron complex D due to decomposition (reaction 
(1)) shifts the established equilibrium to the left, leading 
to an increase in the ATP concentration;  

[D1](0) = [B](0) = [C](0) = [AB](0) = [AC](0) = 0, 
[A](0) = (−(1 + K0[D]0 − K0[A]0) + ((1 + K0[D]0 − 
K0[A]0)

2 + 4K0[A]0)
0.5)/(2K0), and [D](0) = [D]0/(1 + 

K0[A]0), where [A]0 is the initial ATP concentration, and 
[D]0 = 2[1]0 is the initial concentration of complex 2. 3) as a result of the reaction of ATP with the products 

of decomposition of complexes B and C (reactions (3) 
and (4)), the ATP concentration again begins to decrease 
in some time; 

The values of reaction rate constants were estimated 
for each entry by the numerical solution of the system of 
Eqs.5-12. The calculations were performed at a specified 
value of equilibrium constant K0 = 9.2 × 104 mol−1·L. 4) reactions (−3) and (−4) provide the non-zero value 

of the final, stationary ATP concentration. The values of reaction rate constants (1)-(−4) calcu-
lated from the experimental data are given in Table 2. It  The system of equations corresponding to the scheme  

 
Table 2. Reaction rate constants in the kinetic model (0)-(−4) that describe the reaction of ATP with complex 1. 

[ATP]0 × 105 mol·L−1 [1]0 × 105 mol·L−1 k1 × 103 s−1 k2 × 103 s−1 k3 L·mol−1·s−1 k−3 × 104 s−1 k4 L·mol−1·s−1 k−4 × 104 s−1 
8.999 1.696 8.2 1.0 5.5 2.8 1.6 0.1 
8.984 3.386 3.0 1.2 29 3.0 1.2 0.1 
8.969 5.071 3.5 0.9 16 3.0 1.2 0.1 
8.954 6.749 3.0 1.0 25 3.0 1.1 0.1 
8.939 8.423 3.1 1.0 26 3.5 0.8 0.5 
8.925 10.09 2.5 1.4 30 4.0 0.5 0.5 
8.910 11.75 2.5 1.4 30 3.5 0.5 0.5 
8.895 13.41 3.0 1.5 30 4.0 0.5 0.5 

Average 3.6 ± 0.7 1.2 ± 0.1 24 ± 3 3.4 ± 0.5 0.93 ± 0.15 0.30 ± 0.08 
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is seen that there is a small scatter of numerical values of 
constants found from different experiments, and inaccu-
racies of their average values do not exceed 10% - 20%. 
It follows from Figure 5 that the scheme of reactions 
(0)-(−4) satisfactorily describes the corresponding ex-
perimental kinetic curves with a change in the initial 
concentration of complex 1 in a range of (1.7 − 13.4) × 
10−5 mol·L−1. 

The results obtained allow one to consider the scheme 
of reactions (0)-(−4) as a kinetic model of the reaction of 
ATP with complex 1, from which it follows, in particular, 
that this interaction affords several different products. 

4. STUDY OF THE REACTION  
PRODUCTS 

Based on the chemical structures of molecules of ATP 
and complex 2, we may assume that molecule 2 can po- 
tentially bind with either the triphosphoric acid residue 
or the adenine fragment in the component of ATP.  

4.1. NMR Data 

To answer this question, we studied ATP, complex 1, 
and the reaction products by NMR spectroscopy. 

All obtained spectra of ATP correspond to its molecu-
lar formula. 

The addition of complex 1 to a solution of ATP results 
in the strong broadening of the 1H signals of ATP, and 
three broad signals remain instead of nine resolved lines 
corresponding to the signals in the spectrum of pure ATP 
in the same regions of the 1H NMR spectrum as those for 
ATP. The strong broadening of signals is also observed in 
the 31P NMR spectra. Similarly to the 1H NMR spectra, 
the broad signals from the 31P nuclei in the NMR spec- 
trum of a mixture of complex 1 and ATP lie in the same 
frequency range as for pure ATP. This indicates the ab- 
sence of a chemical interaction between complex 1 and 
the -(PO2H)3 fragment. 

All signals gradually broadened during next three days 
and nearly completely disappeared, and a precipitate was 
formed. The observed effects suggest the interaction of 
ATP with complex 1. The complete decoding of the mo- 
lecular structures of the solid reaction products is impos- 
sible, because the precipitate is insoluble in accessible 
solvents, viz., D2O, DMSO, and CCl4. 

Thus, an analysis of the 31P NMR spectra shows that 
no interaction occurs between complex 1 and the phos- 
phorus “tail” of ATP. Therefore, complex 2 adds to the 
adenine part of the ATP molecule. A similar interaction 
with this nucleotide fragment has earlier [14] been de- 
cribed: the interaction occurred due to the 3d electrons of 
iron using the [FeL2] complex (L is 3,6-dichloropi- 
calinic acid) as an example, as well as for pyridine, 2,2- 
bipyridine, and nicotinamide [8]. 

4.2. Iron States and Its Ligand Surrounding 
in the Reaction Products 

The addition of complex 2 to an ATP molecule is due 
to the change in the environment and valent state of the 
iron atom. Gamma-resonance spectroscopy was used to 
determine the electron state of iron. The obtained Möss- 
bauer spectrum shows that NO is completely absent from 
the reaction product. The character of the spectrum indi- 
cates the presence of two compounds. The former con-
tains iron in the oxidation state +2 with the isomeric shift 
δFe2+ = 1.351(1) mm·s−1 and quadrupole splitting ΔEFe2+ = 
2.798(1) mm·s−1. The latter contains iron in the oxidation 
state +2 with the isomeric shift δFe3+ = 0.537(2) mm·s−1 
and quadrupole splitting ΔEFe3+ = 0.457(2) mm·s−1. The 
content of Fe2+ and Fe3+ in the mixture is 13 - 15 and 
85% - 87%, respectively. The spectral shape indicates 
that the reaction product contains two complexes with 
the octahedral coordination of the iron atom. 

We carried out spectroscopic studies in the IR region 
to reveal the ligand environment of the iron atom in the 
reaction product (complex 3). The IR spectra recorded in 
the wave number ranges from 4000 to 500− and from 600 
to 100 cm−1 are shown in Figures 6 and 7, respectively.  

The broadened stretching vibration bands at ν = 3340 
cm−1 taking into account the bands at 1710, 1496, 1253, 
and 966 - 901 cm−1 in the spectrum of the initial ATP 
show that the triphosphoric part (“tail”) of the acid 
molecule exists in the form of dimers (Figure 6, curve 1). 
In the spectrum of complex 3 (Figure 6, curve 3), the 
stretching vibration bands ν = 3199 − 2993, 1403, and 
911 cm−1 are also attributed to vibrations of coordinated 
ν(OH) and ν(P = O) groups. This indicates that ATP ex-
ists in the dimeric form due to hydrogen bonds of the 
phosphoric residues both after dissolution in a buffer 
solution and in the course of the reaction with complex 2.  

An analysis of the IR spectra shows that bands indi-
cating the formation of new nitrogen-iron and nitrogen- 
sulfur bonds appear in the spectrum of complex 3 (Fig- 
ure 6, curve 3), unlike the spectra of the starting sub- 
stances (Figure 6, curves 1 and 2). 

The strong bands of stretching vibrations at 1790 and 
1742 cm−1, observed in the spectrum of complex 1 (Fig- 
ure 6, curve 2) and belonging to the ν(-NO) group, dis-
appear in the spectrum of the reaction product. The fol-
lowing bands also disappear: ν 538 with a shoulder at 
553 cm−1 belonging to νas(SO3) and (or) δ(O-S-O) and 
the band at 467 cm−1 (Figure 7, curve 3) attributed by us 
to vibrations of the Fe-N bond related to ν(N-O). 

New bands appear in the spectrum of complex 3: ν = 
598, 395, 277, and 245 cm−1, which are absent in the 
spectrum of complex 1 and can be assigned to vibrations 
of iron included in the ring. The bands at ν = 377 and 263 
cm−1 simultaneously disappear in the initial spectrum of  
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Figure 6. IR spectra in the range from 4000 to 500 cm−1: 1, ATP; 2, DNICthio = complex 2; 3, complex 3. 
 

 

Figure 7. IR spectra in the range from 500 to 100 cm−1: 1, ATP; 2, DNICthio = complex 2; 3, complex 3. 
 

complex 1. This indicates that the new band, namely, 
Fe-N, is formed in the product. 

Vibrations observed in the spectrum of complex 1 at ν 
= 377 cm−1 ν(M-S); ν = 263 cm−1 δ(N-M-N); ν = 196 
cm−1 δ(M-S); ν = 165 cm−1 δ(M-S) cm−1 (Figure 7) were 

assigned to stretching and bending vibrations of the Fe-S 
bond. In the spectrum of complex 3, these bands of 
stretching vibrations of the Fe-S bond are strongly 
shifted: ν = 395 cm−1 ν(Fe-S); ν = 277 cm−1 δ(N-Fe-N); ν 
= 245 cm−1 δ(N-Fe-N); ν = 128 cm−1 δ(Fe-S); and ν = 96 
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cm−1 δ(Fe-S). 
Therefore, the reaction product contains the Fe-S and 

Fe-N bands. 
Thus, the IR spectroscopic data are consistent with the 

NMR results and indicate that the phosphoric residues of 
ATP in an aqueous solution are bound into a dimeric 
form both before and after the interaction with 2. The 
solid reaction product (complex 3) contains neither NO, 
nor SO3 groups. It follows from the IR spectra that the 
compound under study contains Fe-S and Fe-N bonds. 

Therefore, the reaction occurs due to the sulfur and ni- 
trogen atoms of the adenine ring of ATP and the iron 
atom of 2. 

The solid reaction product contains neither NO, nor 
SO3 groups. The shape of the IR spectra indicates that 
the studied compound includes Fe-S and Fe-N bonds. 
Therefore, the reaction involves the nitrogen atoms of the 
adenine ring of ATP and the iron and sulfur atoms of 
complex 2. 

5. DISCUSSION 

Based on the obtained experimental data, we may 
propose the following sequence of the process. 1) Binu-
clear thiosulfate-nitrosyl iron complex 1 in a solution 
dissociates to two mononuclear dinitrosyl iron com- 
plexes 2 according to Scheme 1. The reaction occurs 
with a high rate; 2) Mononuclear complex 2 reacts with 
the adenine part of nucleotide of ATP. The iron atom co- 
ordinates the N(7) atom of the adenine heterocycle, and 
the sulfur atom coordinates the nitrogen atom of the ter- 
minal NH2 group of ATP. A stable six-membered ring is 
formed (Scheme 2). This reaction is fast and results in  

quenching of ATP fluorescence; 3) NO molecules are 
eliminated from molecules of complexes 2 and 3 within 
20 - 40 min [13,21]; 4) The SO3 group can be eliminated. 
A reason can be the long S-S bond in thiosulfate, viz., 
2.01 A, compared to an S-O bond length of 1.47 A. 

As a result, complex [ATP-Fe2+S] (3) is formed con- 
taining the Fe2+ ion in the octahedral coordination. The 
intermediates formed during the reaction can interact 
with ATP. 

The formation of complex [ATP-Fe3+S] (4) in which 
iron exists in the oxidation state +3 can be due to the fact 
that water of the solvent enters into the coordination 
sphere of iron (Scheme 3). This changes the coordination 
mode of the metal. The coordination mode of this type is 
characteristic of biological systems, porphyrins, and he-
moglobin. The prolonged process is completed by pre-
cipitation. However, this is the sample that is used as a 
washed and dried precipitate for recording Mössbauer 
and IR spectra. 

The results of determination of elements in the com- 
position of complex 4 are given in Table 3. The diver- 
gences between the elemental analysis data and those 
calculated per ATP molecule with three phosphoric resi- 
dues also suggest that the reaction product (complex 4) 
further (in vitro) continues to undergo chemical changes. 
In particular, the phosphorus-ester bonds of the phos- 
phorus residues of the ATP residues are hydrolyzed dur- 
ing purification and drying of the sample, which corre- 
sponds to the described [22] mechanism. The calcula- 
tions performed under the assumption that R has not 
three phosphoric residues but two residues as in ADP are 
satisfactorily consistent with the elemental analysis data 
and assumed structures of the reaction products. 
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Table 3. Elemental analysis data for the [ATP-1] complex. 

Content (%) 

Calculated for R Element 
Found 

ATP ADP 

C 33.90 29.77 33.98 

N 12.13 10.85 12.39 

O 23.00 27.29 22.65 

H 4.52 4.03 4.42 

P 10.45 14.41 10.97 

S 5.92 4.96 5.66 

Fe 9.54 8.68 9.91 

6. CONCLUSIONS 

Thus, in the present work, we establish that ATP reacts 
with thiosulfate-nitrosyl iron complex, which is a donor 
of nitrogen monoxide. The proposed kinetic model al-
lows one to calculate the complexation constants. 

Thus, the kinetic model of the process that takes into 
account the formation of several products of the reaction 
of ATP and complex TNIC and satisfactorily describes 
the kinetic curves of ATP consumption is presented. It is 
found on the basis of the data of fluorimetry and IR and 
NMR spectroscopy that complex TNIC interacts with the 
adenine part of the ATP molecule. An analysis of the 
Mössbauer spectra indicates that the reaction products 
contain two compounds: Fe2+ and Fe3+ complexes. 
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