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Abstract—Fibrinogen (FG) is a high molecular weight soluble plasma protein responsible for the formation
of fibrin. Being an extremely vulnerable target for oxidants, FG undergoes post-translational modifications
that disrupt the structure and function of the protein. Thermal denaturation of FG during its induced oxida-
tion by hypochlorite and hydrogen peroxide is studied for the first time using differential scanning calorime-
try (DSC). The D and E regions of FG are shown to undergo structural changes in the oxidized protein mol-
ecule. The thermodynamic parameters of denaturation—temperature and calorimetric enthalpy—are deter-
mined. The consequences of the effect of oxidative modification of FG on its thermal stability and
disturbance of the structure of the D and E regions of the protein are discussed.
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INTRODUCTION

Fibrinogen (FG) is a high molecular weight (MW =
340 kDa) soluble plasma protein, which is mainly
responsible for the formation of insoluble fibrin gel in
the presence of thrombin. An FG molecule can be
approximated by a rod-shaped particle 45 nm in length
with the degree of asymmetry close to two [1]. As a
homodimer, the FG molecule contains two sets of
three nonidentical polypeptide chains, Ao, BB, and v,
which are linked together by 29 disulfide bonds. In
turn, the polypeptide chains are composed of 610, 461,
and 411 amino acid residues, respectively [2]. The FG
molecule is divided into several structurally and func-
tionally important regions: the central region E formed
by the NH,-terminal sections of all three pairs of poly-
peptide chains; two peripheral regions D, consisting of
COOH-terminal sections of polypeptide chains B_
and vy, which form the so-called - and y-nodules,
respectively; two areas BBN, which are composed of
NH,-terminal sections of chains Bf; and two regions
of aC, including a significant part of the COOH-ter-
minal regions of the chains Aa (amino acid residues
221-610) [1, 3]. We note that in order to provide the
rod-like shape of the FG molecule required for the
formation of long fibrin fibrils, regions E and D are
significantly distant from each other and are held
together by coiled-coil strands. In addition, each of
the two 0/C regions is formed by coC-domains that are
in contact with each other and with the central region

E and covalently linked to the main part of the FG
molecule by flexible aC-connectors [4, 5].

FG occupies a special place among other plasma
proteins, due to at least three distinctive properties.
First, being a key protein in blood coagulation, FG is
simultaneously a marker of the acute phase of diseases
[6—8]. Second, the structure of FG is composed of
both typical globular domains and includes coiled-coil
structures characteristic of fibrillar proteins [1].
Finally, the FG molecule exhibits the maximal vulner-
ability to oxidation in comparison with other blood
plasma proteins [9]. The latter property is of particular
importance, since the oxidation of FG in vivo during
the development of oxidative stress in the body causes
damage to the structure and function of the protein,
contributing to the development of a wide range of dis-
eases [10]. All of this is due to the extremely intensive
and multidisciplinary studies of the FG structure and
the mechanism of its damage.

It is known that the oxidation of proteins is accom-
panied by the modification of amino acid residues
localized both on the surface and inside the protein
globule. In the latter case, such modified residues tend
to migrate to the surface of the protein. This causes a
partial violation of the structure of the protein globule
and an increase in its hydrophobicity. Since the oxida-
tion of amino acid residues (with the exception of cys-
teine) in plasma proteins is an irreversible process, we
can consider the irreversible process of denaturation of
the protein microstructure. Since FG does not con-
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tain any free cysteine group, the oxidation of this pro-
tein is a completely irreversible process.

The method of differential scanning calorimetry
(DSC) of a protein provides a fairly complete thermo-
dynamic characteristic of the process of its thermal
denaturation. However, understanding the energy
effects related to the structural disturbances of a pro-
tein during its oxidation requires knowledge of oxida-
tive sites in each of the individual structural regions. In
recent years, DSC has become a new tool for charac-
terizing the thermodynamic properties of basic
serum/plasma proteins and establishing calorimetric
markers in various diseases [11].

Using the DSC method, the phenomenon of a
decrease in the resistance of many proteins, including
albumin and myoglobin, to thermal denaturation
under in vitro conditions during induced oxidation
[12—14] or in vivo in various diseases related to oxida-
tive stress [15, 16] was revealed.

Earlier, when studying the effect of the oxidative
modification of ozonized FG on its thermal stability, a
decrease in the enthalpy of denaturation for all struc-
tural regions of oxidized FG was shown, which is a
consequence of the modification of its molecular
structure during oxidation [17]. In this study, the DSC
method is used to assess the effects of FG oxidation
induced by hydrogen peroxide and hypochlorite on
the stability of the structure of its individual regions to
thermal denaturation. Together with the obtained
results of mass spectrometry on the identification of
oxidative sites in a protein during its treatment with
the aforementioned oxidants [18, 19], this will allow a
deeper understanding of the mechanism of damage to
the structure and function of the modified protein.

EXPERIMENTAL

Fibrinogen was isolated from the citrated blood
plasma of donors by glycine precipitation [20] and dis-
solved in a 50 mM phosphate buffer (0.15 M NaCl,
pH 7.4). FG oxidation was induced by adding a solu-
tion of hydrogen peroxide (Sigma-Aldrich, United
States) or sodium hypochlorite (Sigma-Aldrich,
United States) [21, 22] at concentrations of 50, 150,
and 300 uM. After FG oxidation, electrophoresis of
the reduced protein samples and its covalently cross-
linked polypeptide chains under the action of the acti-
vated coagulation factor XIII (FXIIIa) was performed
[21]. Coomassie brilliant blue dye R-250 manufac-
tured by Thermo Fisher Scientific (United States) was
used to stain the protein gels.

The thermodynamic parameters of FG denatur-
ation (6.5 mg/mL) in the absence and in the presence
of oxidants at different concentrations were deter-
mined using a highly sensitive DSC on a DASM-4
microcalorimeter (Pushchino, Russia). The sample
volume was 0.5 mL in a closed cell. The measurements
were carried out in the temperature range 10—110°C at

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 15

1037

a constant pressure of 2.5 MPa and a heating rate of
1°C/min. The scale of excess heat capacity for each
experiment was calibrated using the Joule—Lenz
effect. A 50 mM phosphate buffer was used as the ref-
erence solution for the measurement (see above).

The average values of the thermodynamic parame-
ters of denaturation were determined from at least
three parallel measurements. The denaturation tem-
perature value corresponded to the maximum of the
heat capacity peak on the thermogram. The experi-
mental denaturation enthalpy corresponded to the
area under the peak of the excess heat capacity curve
as a function of temperature. The molar enthalpy of
denaturation (A H) was calculated on 1 mol of FG
(340 kDa).

RESULTS AND DISCUSSION

Figure 1 shows the results of electrophoresis of
polypeptide chains of native and oxidized FG (either
with hydrogen peroxide or hypochlorite), which indi-
cate that, regardless of the chosen concentration of the
oxidant, neither protein fragmentation nor the forma-
tion of covalent crosslinks of its chains was observed.
In the presence of FXIIla, fibrin polypeptide chains
are involved in covalent crosslinking, which manifests
itself in the formation of y—y dimers and o.—o poly-
mers [23, 24]. With an increase in the concentration of
the oxidizing agent, the amount of c—ot polymers and
v—Y dimers formed decreases, which is also indicated
by an increase in the content of the initial Ao- and
v-chains (Fig. 1). Obviously, this is a consequence of
the oxidative modification of the structure of the FG
molecule.

Figure 2 shows thermograms of FG denaturation in
the absence and in the presence of sodium hypochlo-
rite and hydrogen peroxide in various concentrations.
The values of thermodynamic parameters of FG dena-
turation both in the absence and in the presence of
oxidants (HOCI/~OCl and H,0,) are given in Table 1.

From the DSC thermograms shown in Fig. 2, it can
be seen that the melting curves of FG have two peaks:
a low-temperature one in the region of 51 to 52°C and
the high temperature in the region of 95°C. The pres-
ence of two peaks on the DSC thermogram is cor-
related with the published data [25]. The low-tem-
perature peak is related to the unfolding of the periph-
eral regions D of the FG molecule, and the high-
temperature peak is related to the unfolding of the
central region E of the FG molecule. The process of
protein denaturation under the studied conditions is
irreversible for both transitions, which is reflected in
the DSC thermogram of the repeated scanning of the
FG solution (Fig. 2, curve 2), where there are no tran-
sitions at all. It should be noted that a reversible high-
temperature transition of FG was observed in the
50 mM glycine buffer at pH 8.5 [26].
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Fig. 1. Electrophoresis of various FG samples: (a) electrophoresis of FG polypeptide chains in polyacrylamide gel (5%, concen-
trating gel; 12%, separating gel) in the presence of sodium dodecyl sulfate; (/) unoxidized FG; (2) oxidized with 50 uM H,0, or
HOCI1/~0OCl; (3) oxidized with 150 uM H,0, or HOCl/~OCI; (4) oxidized with 300 uM H,0, or HOCl/~OCIl. (b) Polyacryl-
amide gel electrophoresis of FG crosslinking reaction products with factor XIIla (4%, concentrating gel; 8%, separating gel) in
the presence of sodium dodecyl sulfate: (5) the reaction products of FXIIla with unoxidized FG; (6) FG, oxidized with 50 uM
H,0, or HOCI/~OCI; (7) 150 uM H,0, or HOCI1/~OCI; and (&) 300 uM H,0, or HOCl/~OCl.

When FG is oxidized by sodium hypochlorite at a
concentration of 50 UM, the values of the temperature
and enthalpy of the low-temperature transition (i.e.,
for the D region of FG molecules) are close to the cor-
responding values for unoxidized FG. With an increase
in the concentration of the oxidant to 300 uM, the low-
temperature peak broadens, which is accompanied by
a decrease in the temperature and enthalpy of the tran-
sition. The values of these parameters in the case of a
high-temperature peak (i.e., for region E of FG mole-
cules) decrease with an increase in the concentration
of the oxidant. It is obvious that the oxidative modifi-
cation of FG by sodium hypochlorite is accompanied
by disturbances in the native structure of the protein,
since its oxidized forms are more easily denatured.

When FG is oxidized with hydrogen peroxide at
concentrations of 50 and 150 uM, the values of tem-
perature and enthalpy of denaturation for the low-
temperature transition decrease in comparison with
the corresponding values for unoxidized FG. At the
same time, the values of the thermodynamic parame-
ters of denaturation for the low-temperature peak oxi-
dized by hydrogen peroxide of FG are quite close to
each other. The value of the enthalpy of denaturation
for the high-temperature peak of FG oxidized by
hydrogen peroxide decreases with the increasing con-
centration of the oxidizing agent. It should be noted
that hydrogen peroxide at a concentration of 150 uM
had a more significant effect on the structure of the
central region E of the FG molecule than hypochlorite
at the same concentrations, which is reflected in the
value of the enthalpy of the high-temperature transi-
tion. Thus, the oxidative modification caused by the
studied oxidants at these concentrations leads to dam-
age of the native structure of FG.

Earlier in the work concerning the melting of
ozonized FG [4], in the unoxidized protein, in addi-
tion to two main peaks, minor peaks with melting tem-
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Fig. 2. DSC thermograms of FG denaturation (6.5 mg/mL,
50 mM phosphate buffer, 0.15 M NaCl, pH 7.4) in the
absence of (/) and in the presence of hypochlorite oxidants
(curves 3—5) and hydrogen peroxide (6, 7) at their various
concentrations: 50 UM (3, 6), 150 uM (4, 7), 300 uM (5);
(2) thermogram of repeated scanning of FG solution (1).
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Table 1. Thermodynamic parameters of denaturation (temperature 7y and enthalpy A ;H) of FG (6.5 mg/mL, 50 mM phos-
phate buffer, 0.15 M NaCl, pH 7.4) in the absence and in the presence of oxidants in various concentrations (hypochlorite

and hydrogen peroxide)
Oxidant Low temperature transition High temperature transition
Sample concentration, R AH,, .
uM Ty, °C ijmlol T, °C AyH,, kJ/mol
FG 0 52.2+0.1 1580 £ 70 9530 930 + 55
FG + HOCl/~0Cl 50 52.3+0.1 1610 £ 60 9530 950 + 10
150 5200 1410 = 40 95.0+£0.1 870 =90
300 51.1 £0.2 760 £ 30 94.6 £ 0.1 840 £ 40
FG + H,0, 50 51.5+0.2 1530 + 30 96.2 +0 890 £ 10
150 51.6 £ 0.1 1536 £+ 120 95.6 £ 0.1 730 £ 30

peratures of 62.5 and 73.0°C were found, correspond-
ing to the unfolding of the structure of the C- and
N-terminal subdomains of the aC-domain [4, 17, 27].
These peaks are absent on the thermograms (Fig. 2),
which is explained in [4] and in this study by the dif-
ferent buffer composition.

It is known that the oC-region of human FG
(amino acid residues 221—610) consists of a flexible
NH,-terminal connector (221—391) and a compact
COOH-terminal of the auC-domain (392—610), which
can contain only some part of the regular structure [28].
The cooperative structure in the isolated oC-domain
is inherently unstable and extremely sensitive to the
concentration and composition of the buffer, and also
has low thermal stability and can unfold even at room
temperature [29]. It should be added that, according
to an alternative point of view, oC-domains are “free-
floating regions” devoid of any ordered structure [30],
which is confirmed by the X-ray diffraction studies of
intact chicken FG, in which ooC-domains are not found
on electron density maps [31]. Although it is believed that
the alC domains of human FG form relatively compact
structures [1], their ordered structure is still unidentified.
Thus, the question of whether these regions contain a
compact ordered structure remains controversial [32].

The studies performed have convincingly shown
that the oxidative modification of FG causes rear-
rangements in the structure of the D and E regions of
the protein, an indicator of which, according to the
DSC data, is a decrease in its thermal stability. It was
previously shown [18, 19] that FG, being a highly vul-
nerable target for hypochlorite- and peroxide-induced
oxidation, undergoes significant modification, affect-
ing multiple amino acid residues that belong to all
three polypeptide chains of the protein and are local-
ized in all structural regions of FG, including regions
D and E. The electrophoresis data indicate the preser-
vation of the integrity of the polypeptide chains of
oxidized FG; however, the decrease in the content of
o—o polymers and y—y dimers (Fig. 1) indicates a vio-
lation of the reactivity of the sites involved in the cova-
lent crosslinking of chains.
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As shown by us earlier [17], oxidation increases the
hydrophobicity of FG. It is known that the oxidation of
methionine residues in proteins induced by the reactive
oxygen species leads to an increase in their surface hydro-
phobicity [33]. The mass spectrometry data indicate [18,
19] that the most common modification in FG during its
treatment with HOCI/~OCl or H,0, is the conversion of
methionine to methionine sulfoxide (MetSO). Since the
formation of MetSO is correlated to an increase in protein
hydrophobicity [34], accompanied by partial denatur-
ation of the protein globule and its dehydration [35], it is
obvious that these effects cause a decrease in the thermal
stability of FG, observed in calorimetric experiments.

Our data indicate a significant effect of oxidation
on the thermodynamic characteristics of unfolding of
the E region of FG, despite the fact that for both oxi-
dants this region was least susceptible to posttransla-
tional modifications [18, 19]. In this study, it is rather
difficult to unambiguously explain the nature of this
phenomenon. It can be assumed that this is due to the
structural features of region E, which is a complex
multidomain complex [3]. It is not yet clear how oxi-
dation can affect the structure and stability of individual
domains of region E. In addition, it is possible that due to
the high conformational lability of both the FG molecule
itself and its individual structures, this effect can be
mediated, i.e., caused by oxidation and, as a conse-
quence, damage to protein structures that do not belong
to region E. For example, this can be caused by damage
to coiled-coil structures (about 17 nm long) formed by
the residues of all three, Ao, BB, and 'y chains, which, on
the one hand, according to the mass spectrometry data
[18, 19], are actively involved in oxidative modification,
and on the other hand, they can affect the structure of the
latter, holding together the regions D and E. Of course,
this assumption requires a special study.

CONCLUSIONS

In conclusion, we would like to note the following-
points: DSC is a thermodynamic method for the
direct measurements of thermal effects related to
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intra- and inter-molecular processes using diluted
polymer solutions [36]. In accordance with the virial
equation for the osmotic pressure of a polymer solu-
tion, the criterion for the ideality of a solution is the
small value of product A,c compared to the molecular
weight of the polymer, i.e., A,c <€ 1/M [35], where ¢
and M are the concentration and molecular weight of
the polymer and A4, is the second virial coefficient. The
latter in the case of FG is vN,/2M? [37], where v is the
excluded volume of the molecule and N, is the Avoga-
dro number. In turn, quantity v can be calculated as
v=0.5tLD? where L and D are the length and diam-
eter of the rod-shaped molecule. If we take into
account the values of the length and diameter of the
FG molecule, 45 and 2 nm, respectively [2], we can
obtain the value A,c, which is not more than a few per-
cent of the value 1/M. This indicates that the FG solu-
tion is diluted. It should also be taken into account that
quantity 4, was estimated for an unhydrated particle,
while the FG molecule, like other soluble proteins, is
covered with a hydration shell. However, the values of
the hydrodynamic constants of FG (the coefficients of
sedimentation, translational diffusion, intrinsic vis-
cosity [38]) indicate that with an extremely high
degree of asymmetry of the molecule, the degree of
hydration should be extremely low in order to make
significant corrections to the estimate of value A4,.
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