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Abstract: The formation of fibrin clots determines the characteristics of blood plasma coagulation. It
is known that small molecules like nitrogen and carbon monoxides have a toxic effect at high
concentrations due to the competitive binding to hemoglobin, preventing further oxygen transfer. The
mechanisms of intoxication with these gases have been extensively studied in the literature, but there is
little information on their effects on other vital processes. In particular, blood coagulation parameters
have not been studied, although prolonged exposure to relatively low concentrations of gases can cause
significant pathological changes. In this paper, the characteristics of the fibrin-polymer after coagulation
of a blood plasma sample under conditions of pretreatment with gases were studied using FTIR-
spectroscopy. The changes in the vibrations of individual bonds and fragments in the Amide | and
Amide B regions are shown and analyzed. It was established that at concentrations of CO exceeding
the endogenous levels, the connector a-helix unfolds and B-structures form, leading to the loss of part
of the hydrate shell, the formation of a fibrin clot with a disordered structure of higher density due to
an increase in its hydrophobicity. For cases where samples were treated with NO gas, the degree of
aggregation of the fibrin clot from plasma incubated with nitroglycerin was one-quarter less than the
original, the proportion of a-helices was not reduced, and there were no disordered structures in the
clot. This may indicate a lower clot density and probably easier lysis of the one.
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1. Introduction

It is well known that certain small molecules can regulate enzyme activity in vivo and
in vitro by direct protein intermolecular contacts or by changing the structure of the hydration
shell [1]. Both carbon monoxide (CO) and nitrogen monoxide (NO) form in the human body,
regulate many processes and act similarly as vasodilators, anti-inflammatory, and
cytoprotective agents [2-5]. However, there are little data on the effect of these substances on
the process of vascular-platelet and coagulation hemostasis [6,7].

The mechanism of the regulatory action of CO at physiological concentrations is based
on the interaction with heme groups of proteins. In particular, CO activates guanylate cyclase
and regulates the level of cyclic guanosine monophosphate in the cell [8,9]. Still, there are
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several ways of the non-endogenous appearance of CO in the blood plasma, like inhalation of
tobacco smoke and anthropogenic carbon monoxide poisoning. Therefore, no less important is
its toxic effect due to the formation of carboxyhemoglobin [10-16]. In these cases, the
processes of oxygen transport and cellular respiration are blocked, which can have lethal
consequences for a living organism [17].

Another toxic action of CO is based on its redox properties. It has been proven that CO
affects the redox potential of biological systems. The rate and direction of electron transfer
between CO and proteins are strongly related to monoxide concentration and accompanied by
a change in the activity of proteins and the cell as a whole [18,19].

Currently, fluorescence spectroscopy and infrared Fourier spectroscopy methods are
actively used to analyze the structure of biomolecules [20], aggregation, intermolecular
interactions in proteins, changes in the secondary structure, and spatial orientation of protein
biomolecules at a quantitative level. The latter is especially important for blood coagulation,
both at the stage of fibrin formation (from fibrinogen, coagulation factor I) and lysis [21,22],
and directly related to changes in the secondary structure and orientation of fibrin fibers [23].
Traditionally, several separate groups of bands are distinguished in the IR spectra of proteins:
amide A, amide B, amides I, II, I11. It is believed that the characteristic regions of amide B and
amides | and 11 are the most sensitive to protein conformational changes and enzymatic activity.

In this work, we studied the effect of nitrogen and carbon monoxides on human blood
plasma coagulation and the effect of small molecule additions on the possibility of thrombus
formation [24].

2. Materials and Methods

In this work, a drainage platelet-free citrate blood plasma from the Regional Vascular
Center of Ivanovo was used [25].

The influence of CO on the supramolecular structure of fibrin was studied by passing
carbon monoxide through the platelet-free human citrate plasma. The gas was obtained by the
reaction between formic acid (chemically pure, Khimmed, Russia) and sulfuric acid (98%,
Khimmed). The gas bubbling rate was 1.2 ml/min; the studied flow times were 5 and 30 min.

It 1s known that endogenous production of CO in the human body averages 16.4 pmol
/ h, reaching 500 umol (12 ml) per day, which corresponds to an average of 0.01 umol / ml of
plasma. The solubility of the gas in the investigated biological liquid was assessed by the
absorption coefficient (coefficient of solubility) — the value that indicates the volume of gas
that can be dissolved at 700 mmHg (0.921 atm, 0.0933 MPa) in 1 ml of liquid at O °C. The
absorption coefficient is directly proportional to the gas pressure and inversely proportional to
the temperature and the amount of substances dissolved in the biological fluid. Considering
that the coefficient of dissolution of carbon monoxide in human blood plasma is 0.17 ml / (ml
- kPa) [26], the maximum concentration of CO in the blood plasma will be 0.12 umol / ml after
5 minutes and 0.72 umol / ml after 30 minutes of bubbling, which, respectively, is 10 and 60
times higher than the physiological concentration. In clinical practice, a 10-fold increase in the
concentration of carbon monoxide in the inhaled air causes headache, nausea, impaired
coordination of movements, dizziness. A 60-fold increase in the concentration of carbon
monoxide in the inhaled air causes an intense headache, confusion, short-term loss of
consciousness (lipothymia), shortness of breath during exertion, and vomiting [27].

The effect of NO was studied in platelet-free human citrate plasma, incubated for 30
min with nitroglycerin (c = 1.09 umol/ml) at 37 °C.
https://biointerfaceresearch.com/ 7103
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The FTIR method (infrared spectroscopy with Fourier distribution) was used to register
changes in the secondary structure and orientation of the initial fibrin and fibrin treated with
carbon and nitrogen monoxides. IR spectra were recorded on the TENSOR-27 Bruker Optics
Fourier spectrometer (Germany). Normalization by reduction to the baseline and processing of
the spectra was performed using the OPUS-6 software (Bruker, Germany).

The IR spectra were obtained using undeformed human fibrin clots made by
coagulation of human platelet-free plasma. The coagulation was controlled by absorption
spectra using the CM-2203 spectrofluorometer (SOLAR, Belarus) [28]. The fibrin clots were
laid out on KRS glass and dried at room temperature to a dry film.

3. Results and Discussion

It is known that the characteristic peaks of Amide I at 1620-1624 cm™ and 1690-1696
cm correspond to antiparallel B-layers [18]. Parallel B-layers result in peaks at 1628-1635 cm’
1 and 1680-1690 cm™. The o-helices and the disordered structures have close spectral
wavelengths of 1650-1655 cm™ and 1645-1652 cm™, respectively. It is also known that
extensive formation of additional antiparallel B-layers is most often observed in protein
aggregation [29,30].

In this work, the measured IR spectra indicate that the initial fibrin in the frequency
range of Amide | has an asymmetric vibration band at 1653 cm™. The band's position indicates
that the clot is formed by polymeric fibrin filaments, which a-helical connectors form
monomers. The presence of a lower intensity band at 1626 cm™ indicates a small number of
antiparallel B-layers. The pronounced changes in IR spectra of fibrin clots from plasma samples
saturated with carbon monoxide and nitroglycerin may be seen in Figure 1.

1710 1680 1650 1620 1590
Figure 1. FT IR - spectra of fibrin in the region of Amide I. 1 - initial fibrin; 2- fibrin obtained from plasma

incubated with nitroglycerin 100 pg / ml; 3 - fibrin obtained from plasma bubbled with CO for 5 min; 4- fibrin
obtained from plasma bubbled with CO for 30 min.

The treatment of blood plasma with NO and CO gases leads to a decrease in the
intensity of vibrations in the Amide | region, broadening of the bands of individual vibrations,
and general destructuring of the spectrum. In the case of CO treatment, the a-helix protein
chain vibration band decreases most intensively, and the vibration intensities are redistributed
in favor of antiparallel B-layers. Changes in the spectra are due to a violation of the secondary
structure of the protein associated with the formation of fibrin clots.
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FTIR was used to determine the quantitative content of different types of secondary
structure in fibrin (Figure 2, Table 1, Table 2) [31].

1750 1720 1690 1660 1630 1600
Wavenumber, cm™

Figure 2. Decomposition of the FTIR — spectral Amide | peak of the initial fibrin into elements of the secondary
structure.

Table 1. Content of different types of secondary structure in fibrin [18,31].

Position, cm™ Intensity, a.u. Width, cm? . Integrated Secondary structure
intensity, a.u. type
Initial fibrin

1625.18 1.58 17.22 42.72 antiparallel B-layers
1638.17 0.49 14.37 10.98 parallel B-layers
1653.33 2.61 10.93 44.79 a-helix
1668.47 0.95 20.58 30.64 B-turn

1683.68 0.51 20.30 16.11 B-turn

Local residual standard deviation: 0.073
Fibrin obtained from plasma bubbled with CO for 5 min

1625.25 0.64 24.75 24.92 antiparallel B-layers
1650.11 0.48 36.70 27.81 unordered structures
1669.14 0.28 28.57 12.39 B-turn
1686.02 0.13 24.06 4,78 B-turn

Local residual standard deviation: 0.033
Fibrin obtained from plasma bubbled with CO for 30 mi

in
1626.06 154 26.69 64.57 antiparallel B-layers
1650.09 1.66 32.94 85.99 unordered structures
1670.53 0.67 29.31 30.92 B-turn
1685.54 0.35 27.94 14.78 B-turn

Local residual standard deviation: 0.089
Fibrin obtained from plasma incubated with nitroglycerin 100 pug / ml

1622.51 0.61 34.89 33.22 antiparallel B-layers
1633.12 0.21 22.25 7.42 parallel B-layers
1653.74 0.95 37.88 56.80 a-helix
1678.37 0.55 50.74 44.12 B-turn

Local residual standard deviation: 0.053

Table 2. Percentages of the main types of secondary structures in the fibrin clot.

antiparallel parallel unordered .
a-helix
p-layers B-layers structures
Initial fibrin | 29.41 \ 7.56 | 0 | 30.84
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The data in Tables 1 and 2 let us conclude that fibrin clots obtained during the
coagulation of plasma saturated with CO and in the presence of nitroglycerin are protein
aggregates, which supramolecular structures are significantly different from the initial fibrin.
It is clear that investigated gases have different mechanisms of action on the samples.

The number of disordered structures increases upon the coagulation of CO-saturated
plasma as well as the number of antiparallel p-layers. This is a result of polymeric fibrin
aggregation and the unwinding of a-helical connectors [18]. Protein aggregation is usually
accompanied by the emergence of hydrophobic amino acid radicals on the surface. This is the
reason why the aggregation of B-structures formed during the deployment of a-helices in fibrin
leads to a decrease in the volume of the deformed clot [32]. Hydrophobic interactions can
displace water from the near- and interprotein space, decreasing the volume and increasing the
density of the protein clot.

The aggregation degree of a fibrin clot incubated from nitroglycerin-doped plasma is
25% less than the initial one. The proportion of a-helices does not decrease, and there are no
disordered structures in the clot. This may indicate a lower density of the clot and, probably,
its easier lysis [33].

The structure of fibrinogen determines the structural properties of fibrin [32,34]. It is
known that fibrinogen is a dimeric protein of blood plasma weighing 340 kDa, consisting of
three pairs of polypeptide chains: Aa, BB, and vy, connected by disulfide bonds. Two distant
globular parts of fibrinogen are connected to the central globular part by two 17 nm long
supercoils formed by three (or four) a-helices. Its polymerization into fibrin begins with
fibrinopeptides A and B cleavage from the N-terminal part of the Aa and Bp chains of
fibrinogen under the action of thrombin. In this case, the fibrinogen monomer is transformed
into a fibrin monomer with the same structural properties. The monomeric fibrin then
polymerizes to form a network of fibrin filaments in which the monomers bind both covalently
and non-covalently. In our experiment, we treated not a clot of fibrin, but platelet-free plasma,
in which an external mechanism then triggered the coagulation process. The observed changes
in the supramolecular structure of fibrin are due to changes in the structure of fibrinogen. It is
known that the process of enzymatic catalysis is extremely sensitive to the steric and hydration
factors; therefore, changes in the supramolecular structure of fibrinogen as a result of exposure
to a low molecular weight compound will undoubtedly lead to a change in the Kinetic
characteristics of the coagulation process both at the stage of thrombus formation and at the
stage of its lysis [35].

The spectra of the initial fibrin and fibrin obtained from plasma incubated with NO are
identical in the frequency range of Amide B and reveal 5 bands of different intensities: the
strong bifurcated band with maxima at 2930 and 2960 cm™%, the weak forked band with maxima
at 2873 and 2854 cm, and the weak band with a maximum at 3067 cm™™.

Changes in the IR spectra of fibrin treated with carbon monoxide in the frequency range
of Amide B are very significant and prove the conclusions drawn from the analysis of changes
in characteristic peaks in Amide I.
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Figure 3. FTIR - spectra of fibrin in the region of Amide B. 1 - initial fibrin; 2 - fibrin obtained from plasma
incubated with nitroglycerin 100 ug / ml; 3 - fibrin obtained from plasma bubbled with CO for 5 min; 4 - fibrin

obtained from plasma bubbled with CO for 30 min.

3120 3090

As it can be seen in Figure 3, the band at 3067—3065 cm™ is assigned to the first
overtone vibration of Amide B, which is responsible for conformational changes in protein
macromolecules. But on the other side, the data of IR spectroscopy and computer simulation
[36] of IR spectra of water and aqueous solutions of ethanol indicate that there is a band in the
same range (3000 - 3100 cm™) caused by stretching vibrations of OH - groups, which form
very strong hydrogen bonds and connected to each other in associates. It can be concluded that
the band at 3067-3065 cm™ is assigned to the first overtone vibration of Amide B and is
responsible for conformational changes. This band is also associated with stretching vibrations
of OH groups of water molecules, which stabilize a-helical connections. A decrease in the
band's intensity indicates a weakening of hydrogen bonds between the OH groups of water
molecules surrounded by the fibrin backbone. This confirms the earlier assumptions about the
violation of the protein structure due to the interaction with gas molecules.

The group of bands in the IR spectra, localized in the region of 2750-3000 cm™,
corresponds to the C — H bonds vibrations in the acid alkyl radicals. The band with maxima at
2930 and 2960 cm ! is responsible for stretching vibrations of C — H in alkyl radicals [18].

FTIR spectra of fibrin incubated with carbon monoxide show a band formation at 2997
cm® (which refers to asymmetric stretching vibrations of C - H alkyl groups), a synchronous
decrease in the band at 3067 cm™, and a bathochromic shift of the band from 2930 to 2917 cm"
! These changes may indicate that the water molecules move away from the peptide backbone
due to the o - helix — B - the structure of monomeric fibrin units. An increase in the intensity
of the band of asymmetric vibrations of the C-H in alkyl groups may indicate the unfolding of
radicals and the emergence of hydrophobic radicals on the surface, which will inevitably lead
to a change in the enzymatic activity of fibrinogen and fibrin.

Thus, our data indicate that in the presence of CO (at 10 times higher concentration
than the endogenous in blood plasma), irreversible destructive processes begin in fibrin and,
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consequently, fibrinogen. These processes are primarily due to the deployment of the a-helical
connector and the formation of B-structures. The following loss of a part of the hydration shell
and increase in its hydrophobicity leads to the formation of a clot of the disordered structure of
higher density.

4. Conclusions

The characteristics of fibrin-polymer after coagulation of blood plasma samples under
conditions of their pretreatment with NO and CO were studied using FTIR spectroscopy
methods. Changes in the vibrations of individual bonds and fragments in the Amide | and
Amide B region were shown and analyzed. It was found that at CO concentrations exceeding
endogenous parameters, the supramolecular structure of fibrin changes. First of all, the a-
helical connector deploys, and the B-structures form. That led to the loss of a part of the
hydration shell and was followed by forming a fibrin clot of a disordered structure of higher
density due to an increase in its hydrophobicity. The degree of aggregation of a fibrin clot from
plasma incubated with nitroglycerin dating NO is one-fourth less than the initial one, while the
proportion of a-helices does not decrease, and there are no disordered structures in the clot.
This may indicate a lower density of the clot and, probably, its easier lysis.

For the first time, the effect of carbon monoxide (11) excess on the mechanism of blood
coagulation has been shown. It was found that toxic CO concentrations lead to an irreversible
change in the structure of fibrin and fibrinogen. In turn, this leads to a change in the nature of
blood coagulation. The information obtained is of interest both for studying the effect of carbon
monoxide on the human body and diagnosing pathological conditions against the background
of carbon monoxide poisoning.
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