
ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 3

33

e x p e r i m e n ta l  wo r k se x p e r i m e n ta l  wo r k s

UDC 577.112;612.115

The fibrin Bβ125-135 site is involved in the lateral
association of protofibrils

E. Lugovskoi1, N. Pydiura2, Y. Makogonenko1, L. Urvant1,
P. Gritsenko1, I. Kolesnikova1, N. Lugovska1, S. Komisarenko1

1Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Kyiv;
2Institute of Food Biotechnology and Genomics, National Academy of Sciences of Ukraine Kyiv;

e-mail: ymakogonenko@gmail.com 

Received: 19 May 2020; Accepted: 30 June 2020

Earlier we reported that during the human fibrinogen to fibrin transition a neoantigenic determinant 
was exposed in the Bβ119-133 fragment, where a hinge locus is situated. The fibrin-specific mAb FnI-3c and 
its Fab-fragment with epitope in this fragment inhibited the lateral association of protofibrils. We suggested 
that the epitope coincided with a site involved in this process. In this work we investigated the epitope location 
more precisely and defined a functional role for its exposure in the hinge locus of the molecule. It was found 
that mAb FnI-3c bound to human, horse and rabbit fibrins, all of which have Lys in the position corresponding 
to human BβK130, but not to bovine and rat fibrins, which have other amino acid residues in this position, 
strongly suggesting that BβK130 provides the integral part of the epitope. This fact, homology data, and 
structural biological analysis of the amino acid sequences around BβK130 indicate that the site of interest is 
localized within Bβ125-135. The synthetic peptides Bβ121-138 and Bβ125-135, unlike their scrambled versions, 
bound to mAb FnI-3c in SPR analysis. Both peptides, but not their scrambled versions, inhibited the lateral as-
sociation of protofibrils. The FnI-3c epitope is exposed after fibrinopeptide A cleavage and desA fibrin mono-
mer formation. Structural biological analysis of the fibrinogen to fibrin transition showed a distinct increase 
of flexibility in the hinge locus. We propose that the structural transformation in the fibrin hinge regions leads 
to the conformation necessary for lateral association of protofibrils.

K e y w o r d s: fibrinogen to fibrin transition, coiled-coil connector, protofibril lateral association, hinge re-
gion, neoantigenic determinant.

Introduction

Fibrinogen is a dimer, with each subunit of the 
molecule being formed by three polypeptide chains: 
Aα, Bβ and γ. The molecule consists of a central E, 
two peripheral D, and two extended αC regions [1]. 
The central E-region consisting of (Aα1-104, Bβ1-
133, γ1-72)2 is connected to the two peripheral D-
regions (Aα105-219, Bβ134-461, γ73-411) by two 
long f lexible coiled-coil connectors (Aα48-161, 
Bβ79-193, γ23-135). The N-terminal parts of the 
connectors (Aα48-104, Bβ79-133, γ23-62) belong to 
the E region and the C-terminal parts (Aα105-161, 

Bβ134-193, γ63-135) to the D regions. A hinge locus 
(α99-110, β130-155, γ70-100) is located in the middle 
part of the coiled-coil region [2, 3]. The extended αC 
regions (Aα220-610) consist of unfolded flexible seg-
ments (Aα220-391) and more structured αC-domains 
(Aα392-610).

Intermolecular binding of the fibrin polymeri-
zation sites A:a as well as putative C:c sites [4], leads 
to protofibril formation. The protofibrils associate 
laterally, initially forming fibrils and, subsequently, a 
three-dimensional fibrin net. At the stage of protofi-
brils and fibril formation, inter-protofibril binding 
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Abbreviations: ELISA – enzyme-linked immunosorbent assay; FpA – fibrinopeptide A; FpB – fibrinopeptide B; 
GPRP  – Gly-Pro-Arg-Pro; HEPES – 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid; HF –  hydrogen fluo-
ride; HPLC – high performance liquid chromatography; HRP – horseradish peroxidase; mAb – monoclonal antibody; 
MHBA – Matured Hop Bitter Acids; PAAG – Polyacrylamide Gel; PBS – 0.01 M potassium-phosphate buffer, pH 7.4 
with 0.14 M NaCl; PC – principal component; PCA – principal component analysis; PMSF – phenylmethanesulphonyl 
fluoride; RMSF – root mean square fluctuation; SAS – solvent accessible surface; SDS – sodium dodecyl sulfate; SPPS – 
solid-phase peptide synthesis; SPR – surface plasmon resonance; t-NDSK – NH2-terminal disulphide knot of fibrin 
(Aα17-51, Bβ15-118, γ1-78)2.

of the fibrin polymerization sites B:b increases the 
rate of protofibril lateral association. While the fi-
brin protofibril formation mechanism is relatively 
well-studied, the mechanism of their lateral associa-
tion remains elusive. It has been suggested that the 
lateral association is realized by interactions of the 
DD-regions from neighboring protofibrils [5]. The 
likely sites of interacting regions were determined 
by Yang et al. [5] as γ350-360 and γ370-380. 

Kollman et al. [6] have observed antiparallel 
contacts of fibrinogen coiled-coil regions in crys-
tals of human fibrinogen. The authors proposed that 
fibrin molecules belonging to different protofibrils 
also interacted by their coiled-coil regions during 
the lateral association of protofibrils. It is notable 
that point mutations in the coiled-coil connectors of 
the fibrinogen molecule lead to impairment of fibrin 
polymerization, showing the functional significance 
of this region [7]. Earlier we obtained mAb FnI-
3c, an antibody that reacted with human fibrin but 
not with fibrinogen or the D-dimer, testifying to a 
structural rearrangement in the epitope during the fi-
brinogen to fibrin transition. In a preliminary study, 
the epitope for this mAb in fibrinogen was localized 
in the coiled-coil region of the molecule Bβ119-133 
because the mAb reacted with the fibrin β-chain, but 
not with the Bβ1-118 and Bβ134-461 fragments of 
human t-NDSK and D-dimer fragments, respective-
ly. MAb FnI-3c and its corresponding Fab-fragment 
inhibited the lateral association of fibrin protofibrils. 
We suggested that this inhibition was the result of 
blocking the mAb epitope, which coincided with the 
site involved in the protofibril lateral association [8].

On the basis of primary structural analysis of 
fibrinogen chains, Doolittle [2] proposed the exist-
ence of a hinge region in the coiled-coil region of 
the fibrinogen molecule. Other authors considered 
the fragment of the coiled-coil connector consisting 
of Aα64-114, Bβ100-150, and γ37-87 as a soft hinge 
about which the molecule adopts different conforma-
tions [9]. The crystal structure of human fibrinogen 
provided experimental evidence of the existence and 

flexibility of hinge loci [6]. Kohler et al. [3] localized 
in silico the hinge locus in fibrinogen, although the 
model was lacking residues of βN1-57 and α201-562; 
they investigated the mechanism and the functional 
role of the hinge bending motions in fibrin polyme
rization, fibrinolysis and interaction with the cells. 
Their results define the hinge locus as including 
Aα99-110, Bβ130-155 and γ70-100. Other authors as-
sume that flexibility in the hinge allows the Y-ladder 
single-chain model of protofibrils to be realized, a 
provision not yet generally accepted. 

Taking into consideration the data cited above, 
as well as our previous data on the inhibition of 
lateral association by fibrin-specific mAb FnI-3c, 
we investigated the localization of the mAb FnI-3c 
epitope at Bβ119-133, including the stage of fibrin 
polymerization when the epitope exposure takes 
place, the structure of the hinge itself, and, finally, 
the functional role of the structural rearrangement 
in the hinge locus of the coiled-coil region of the 
fibrin molecule.

Materials and Methods

Tris[hydroxymethyl]aminomethan base, PMSF, 
aprotinin, HEPES, Tween-20, N-(dimethylamino
propyl)-N′-ethylcarbodiimide hydrochloride, 
11-mercaptoundecanoic acid, 6-mercapto-1-hexanol, 
sodium chloride, urea, guanidine chloride, horse fi-
brinogen, and sheep anti-mouse IgG-HRP conjugate 
were obtained from Sigma-Aldrich (St.Louis, Mis-
souri, USA). N-hydroxysuccinimide was obtained 
from ThermoFisher Scientific (Waltham, MA, USA). 

Preparation of fibrinogen, human fibrin, 
thrombin and plasmin. Human, bovine, rat and 
rabbit fibrinogens and human desAB fibrin mono-
mer were obtained as described previously [10, 11]. 
DesA fibrin monomer was prepared with Reptilase 
or thrombin [12]. Thrombin was obtained from blood 
plasma in accordance with published procedure [13]. 
Plasminogen was purified from human plasma using 
lysine-Sepharose [14]. Plasmin was prepared as pre-
viously described [15]. 
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Peptide synthesis. Synthetic peptides Bβ121-
138 and Bβ109-126 were synthesized by a solid-
phase method (Fmoc chemistry) with 96% purity 
and identified by mass-spectrometry (MALDI) 
using the Bruker microflex LT (Billerica, Massa-
chusetts, USA).

Scrambled versions of the peptides Bβ121-138 
and Bβ125-135 were synthesized by a standard Boc-
SPPS procedure on MBHA-modified polystyrol. 
The products were cleaved from the polymer by 
anhydrous HF, purified with HPLC and identified 
by mass-spectrometry (MALDI) using the Bruker 
microflex LT.

Preparation and purification of mAb. Hybri-
domas were obtained as described by Köhler and 
Milstein [16]. Human fibrin desAB in PBS with 2 M 
urea was used as an antigen. MAb FnI-3c [8] was 
isolated from hybridoma culture medium by affinity 
chromatography on protein G-Sepharose 4B (Amer-
sham, Uppsala, Sweden). The determination of im-
munoglobulin class and subclass was performed by 
ELISA using the Isotyping kit (“Clinical Credential; 
ICN Immunobiologicals”, Lisle, IL, USA).

Turbidity analysis of fibrin polymerization. The 
effect of the mAb or its Fab-fragment on fibrin po-
lymerization was studied spectro-photometrically 
at 350 nm [4, 17]. The curve of increasing turbid-
ity during fibrin polymerization has the following 
parameters: τ – the lag time representing the time of 
the protofibril formation; Vmax – the maximum rate 
of the fibrin polymerization defined as a tangent of 
the angle of the turbidity time-dependence at the 
point of maximum steepness; and h – the maximum 
turbidity of fibrin clots [4]. The polymerization of 
desAB fibrins was conducted at 0.1 mg/ml protein in 
0.05 M ammonium acetate, pH 7.4, with 0.1 M NaCl 
and 10-4 M CaCl2. 

SPR analysis. The exposure of the neoanti-
genic determinant in fibrin in real time was de-
tected by the SPR method using the Plasmon 6 de-
vice, developed in the VE Lashkarev Institute of 
Semiconductor Physics of the National Academy 
of Sciences of Ukraine (Kyiv, Ukraine). The gold 
surface of a chip was covered by the self-assembled 
layer formed of 11-mercaptoundecanoic acid and 
6-mercapto-1-hexanol [18]. MAbs were immobi-
lized covalently onto the functionalized chip using 
standard amino group coupling chemistry. The fi-
brin-specific mAb FnI-3c was put into the working 
cell and the fibrinogen-specific mAb FnII-4d into the 
control cell. To study an interaction between pep-

tides and mAb FnI-3c, each peptide was introduced 
into both cells at 0.5 mM concentration in 0.02 M 
HEPES buffer, pH 7.4, 0.15 M NaCl, and 0.005% 
Tween-20. The curves presenting the signals from 
working and control cells and their differences were 
recorded. To study an interaction in situ between 
fibrin and mAb FnI-3c, the latter was immobilized 
into working and control cells. Fibrinogen was intro-
duced into the control cell at 1 µg/ml concentration 
in 0.02 M HEPES buffer, pH 7.4, 0.3 M NaCl, and 
0.005% Tween-20. In the working cell, fibrinogen 
was introduced in the same medium with the addi-
tion of 0.001 NIH units/ml of Reptilase. Each curve 
in the figures represents the typical curve for 2-3 ex-
periments. In the SPR and ELISA experiments, we 
used human fibrinogen passed through a Sepacryl 
S-300 was obtained from Sigma-Aldrich (St.Louis, 
Missouri, USA) for removal of denaturated and ag-
gregated protein molecules that appear in fibrinogen 
preparations after the thawing procedure. 

Electrophoresis and ELISA. SDS electropho-
resis in PAAG was performed in accordance with 
the Laemmli method [19]. The exposure of the neo-
antigenic determinant during human, horse, bovine, 
rabbit and rat fibrinogen transformation into fibrin 
was determined by ELISA. Fibrinogen was added 
at the concentration of 0.2 mg/ml to the medium, 
containing 0.02 M HEPES buffer, pH 7.4, and 0.3 M 
NaCl. The reaction was initiated by thrombin or 
Reptilase at 0.005 NIH units/ml. At a given time, 
the reaction was stopped by adding PMSF and apro-
tinin to final concentrations of 1 mM and 10 µg/ml 
respectively. Aliquots were withdrawn for electro-
phoretic and ELISA analysis. Aliquots for ELISA 
were placed into microtiter plate wells. Neoantigenic 
determinant exposure was analyzed with mAb FnI-
3c as the primary- and sheep anti-mouse IgG-HRP 
conjugate as the secondary antibodies.

Lysis of fibrinogen and fibrin by plasmin. Lysis 
of fibrinogen and fibrin by plasmin was performed 
as previously described at a protein to plasmin molar 
ratio of 1000:1. The plasmin activity was 15 caseino-
lytic units per mg of the protein [15]. 

Bioinformatics analysis. Data on fibrinogen 
mutations were collected with the help of the GEHT 
fibrinogen variants database [7] and additional litera-
ture searching. Homology models of the human frag-
ments X of fibrinogen and fibrin were constructed 
using the crystallographic model, Protein Data 
Bank ID (PDB ID): 3GHG [6], as a template. Model 
3GHG contains no coordinates for the unstructured 
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fragments Bβ1-57, Aα1-26, and Aα213-610 region 
and thus closely coincides with the structure of the 
fibrin(ogen) fragment X2 which lacks the residues 
Bβ1-53 and Aα221-610 [20]. The structure of the 
FpA (Aα1-16) and residues Aα17-26 were modeled 
de novo and optimized using Modeller9v10 soft-
ware (Ben Webb, San Francisco, CA 94143, USA) 
[21-24]. The all-atom contacts model and the geome
try evaluation were done with MolProbity (Duke, 
US) [25]. The dynamical properties of the fragments 
X of fibrinogen and fibrin were further analyzed by 
conformational analysis using the package CON-
COORD 2.1 (Max Planck Institute for Biophysical 
Chemistry, Göttingen, Germany) [26]. Ensembles 
of 100 conformations were obtained for fibrinogen 
fragment X and fibrin fragment X. Principal com-
ponent analysis (PCA) was performed using ProDy 
with NmWiz plugin [27] for VMD (University of 
Illinois at Urbana-Champaign, Urbana and Cham-
paign, Illinois, USA) [28]. Solvent accessible sur-
face (SAS) area calculations and the preparation 
of illustrations were carried out in PyMol (Schro-
dinger, New York, USA) [29]. For fast and sensi-
tive detecting rigid blocks in large macromolecular 
complexes used method RigidFinder (Yale Univer-
sity, New Haven, Connecticut, USA) [30]. For finge 
prediction by network analysis of individual protein 
structures we used StoneHinge (Yale University, 
New Haven, Connecticut, USA) [31]. 

Statistical analysis was performed using 
standard Excel software (Microsoft, Redmond, 
USA). Mean values and their standard deviations 
were calculated.

Results and Discussion

Inhibition of protofibril lateral association by 
synthetic peptides. In order to obtain direct evidence 
that the epitope of mAb FnI-3c is located in Bβ119-
133 and coincides with the site involved in the lateral 
association of protofibrils, we synthesized three pep-
tides corresponding to amino acid sequences Bβ109-
126 (QTSSSSQFVMVLLKDLWQ), Bβ121-138 
(LKDLWQKRQKQVKDNENV) and a scrambled 
version of Bβ121-138 (DKWVQVELKKQKRNDL-
NQ).

The synthetic peptide Bβ121-138, as opposed 
to its scrambled version, reacted with mAb FnI-3c 
in SPR analyses (Fig. 1), confirming the localization 
of the mAb epitope in this fragment. The Bβ121-138 
peptide also inhibited the lateral association of fibrin 
protofibrils. Based on the results of turbidity analysis 

Fig. 1. Binding of synthetic peptide Bβ121-138 and 
its scrambled version to mAb FnI-3c as detected by 
the SPR method. Fibrin-specific mAb FnI-3c was 
immobilized into the working cell and fibrinogen-
specific mAb FnII-4d into the control cell of a bio-
sensor chamber. Each peptide was introduced into 
cells at 0.5 mM concentration in 0.02 M HEPES 
buffer, pH 7.4, 0.15 M NaCl, with 0.005% Tween-20. 
The curves of the difference between signals from 
working and control cells are presented: curve a 
denotes synthetic peptide Bβ121-138 and curve b its 
scrambled version. Each curve is an average of 2 
repeats
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(Fig. 2), we calculated the parameters of the polyme
rization process: Vmax, τ and ∆h. The peptide at a 
concentration of 2.5×10-4 M caused a 6-fold decrease 
of the protofibril lateral association rate (Vmax), in-
creased the lag time (τ) by 2.5 times, and decreased 
the final clot turbidity (∆h) by 1.4 times. In contrast, 
the scrambled versions of peptide Bβ121-138 (Fig. 2) 
and peptide Bβ109-126 (data not shown) did not in-
hibit fibrin polymerization, testifying to the specific 
inhibitory activity of peptide Bβ121-138.

The preferential inhibition of the lateral as-
sociation of protofibrils by mAb FnI-3c, its Fab-
fragment, and the peptide Bβ121-138 suggests this 
site is involved in the process of fibrin protofibril 
lateral association. Further localization of the FnI-
3c epitope in the Bβ121-138 site was based on the 
observation that the peptide Bβ109-126 did not in-
hibit fibrin protofibril lateral association, indicating 
that residues Bβ127-138 must contain the epitope of 
mAb FnI-3c. To test this hypothesis, we studied the 
binding of FnI-3c mAb to fibrins of mammalian spe-
cies that differ in sequence in this region: horse, rab-
bit, bovine, and rat. FnI-3c bound to human, horse 
and rabbit fibrins, but not to bovine and rat (Fig. 3, 
A). An alignment of the amino acid sequences shows 
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that residue BβK130 is always presents in the Bβ127-
138 site in fibrins that bind to mAb FnI-3c (Fig. 3, 
B) but is substituted in bovine and rat fibrins by N 
and A, respectively, fibrins that do not bind to mAb 
FnI-3c (Fig. 3, A). This fact and the nature of the 
amino acid sequences around BβK130 indicates that 
the site of interest is localized within Bβ125-138 of 
human fibrin. 

Taking into consideration that BβLys130 is 
an integral part of the fibrin-specific mAb FnI-3c 
epitope, together with analysis of the crystallographic 
structure of this locus [6], we concluded that the 
epitope is formed by exposing residues Bβ125-135: 
Bβ W125 Q126, K127, R128, K130, Q131, K133, 
D134, and N135 (Fig. 3, B, C) during the conver-
sion of fibrinogen to fibrin. To verify this possibili
ty, we synthesized an undecapeptide corresponding 
to fibrinogen Bβ125-135 (WQKRQKQVKDN) and 
analyzed its binding to mAb FnI-3c as well as its in-
fluence on fibrin polymerization. The peptide bound 
to mAb FnI-3c (Fig. 4), supporting the localization 
of the epitope in the Bβ125-135 site. The Bβ125-135 
peptide at a concentration of 2.5×10-4 M caused a 
2-fold decrease of the protofibril lateral association 
rate (Fig. 5). The scrambled version of Bβ125-135 
did not bind to FnI-3c (Fig. 4) and did not inhibit fi-
brin polymerization (Fig. 5). The Bβ125-135 peptide 
did not affect the lag time (τ) and decreased the final 
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Fig. 2. Turbidity analysis of the inhibition of fibrin 
desAB polymerization by the synthetic peptide 
Bβ121-138 and its scrambled version. Curves: a, fi-
brin desAB polymerization (100 μg/ml) without pep-
tides, b, fibrin desAB polymerization with scram-
bled peptide (0.5 mM), fibrin desAB polymerization 
with c, 0.125 mM  peptide, d, 0.25 mM peptide, e, 
0.375  mM peptide, and f, 0.5 mM peptide. Each 
curve is an average of 2 repeats

clot turbidity (∆h) by 1.4 times. Probably, Bβ125-135 
is the site where the structural rearrangement takes 
place during the transformation of fibrinogen to fi-
brin, which is to say the formation of the epitope of 
mAb FnI-3c occurs simultaneously with the lateral 
association of protofibrils. 

Structural rearrangements in Bβ125-135 of the 
monomeric fibrin desA. The question arises, exact-
ly which step of fibrin polymerization involves the 
structural rearrangement that forms the epitope in 
Bβ125-135? It seemed possible that the Bβ125-135 
site is shielded by the αC region in native fibrinogen, 
and that the Bβ125-135 site becomes exposed after 
dissociation of the αC region from the bulk of the 
molecule. However, in ELISA experiments we did 
not observe FnI-3c epitope exposure during the hy-
drolysis of fibrinogen by plasmin, which in the initial 
step of digestion cleaves αC regions from the mole
cule (Fig. 6, A, B). This indicates that the removal 
of the αC region from the bulk of the molecule does 
not lead to the exposure of epitope during fibrinogen 
to fibrin transformation. In contrast, the results pre-
sented in Fig. 6C and 6D show that the slow cleavage 
of FpA from fibrinogen by small concentrations of 
thrombin (0.005 NIH units/ml) at the ionic strength 
0.3 correlates with a gradual increase of FnI-3c 
binding to fibrin desA immobilized on wells of the 
microplate [11]. Tests with Reptilase produced the 
same results (data not shown). This clearly indicates 
that the epitope exposure correlates with FpA cleava
ge and the conversion of fibrinogen to fibrin desA.

Does the exposure of the epitope take place 
at the level of the fibrin monomer, or require fibrin 
oligomer formation when the interactions of the A 
knob and a hole are realized? To answer this ques-
tion, we used a molecular system containing fibrino
gen (5  mkg/ml) and Reptilase (0.001 NIH units/
ml) in 0.02 M HEPES, pH 7.4, 0.3 M NaCl, 0.005% 
Tween-20, in the absence or presence of 1 mM 
GPRP peptide. The latter inhibits fibrin polymeriza-
tion, keeping fibrin in solution. SPR analysis (Fig. 7) 
did not show any significant difference in the bind-
ing of fibrin desA formed in situ to mAb FnI-3c im-
mobilized on the chip in the absence or presence of 
GPRP peptide. Hence, exposure of the epitope and 
the site involved in the lateral association of protofi-
brils must be in Bβ125-135 of the fibrin coiled-coil 
connector at the stage of the fibrin desA monomer 
formation. 

In silico comparison of conformational changes 
in the hinge loci of the fibrinogen and fibrin frag-

Molecular and clinical studies of hemostasis
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Fig. 3. Binding of mAb FnI-3c to human and animal fibrins as detected by ELISA. (A) Binding of mAb FnI-3c 
with human, horse, rabbit, bovine, and rat fibrins immobilized in microtiter plate wells. (B) Alignment of frag-
ments of human, rabbit, horse, bovine, and rat fibrin(ogen) sequences homologous to the Bβ118-138 fragment 
of human fibrin(ogen). The percent identity with the human sequence is shown. Identical residues are shown 
with grey background. The sequences for fibrin(ogen)s binding and non-binding to mAb FnI-3c are marked 
with “+” or “-” respectively. (C) Cartoon of coiled-coil region corresponding to Bβ118-138 based on the crys-
tallographic model of human fibrinogen (PDB ID: 3GHG). The side chains of Bβ chain residues postulated 
to form the epitope are shown in stick form. Data represent 3 independent experiments. Error bars represent 
the standard deviations
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ments X. An investigation of the mechanism of con-
formational changes in the region Bβ125-135 was 
performed by modeling human fibrinogen and fibrin 
fragments X. To this end we used the CONCOORD 
package to obtain ensembles of the two conforma-
tions (100 conformations each) and compared their 

structural properties. We used PCA to specify the 
localization and the conformational properties of 
the hinge region, assuming that the hinge would 
be identified by an extremum on a plot of RMSF 
of C-alpha atoms. The RMSF of C-alpha atoms of 
the 20 slowest modes identified the principal com-
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Fig. 4. Binding of synthetic peptides Bβ125-135 and 
its scrambled version to mAb FnI-3c as detected by 
the SPR method. Fibrin-specific MAb FnI-3c was 
immobilized into the working cell and fibrinogen-
specific mAb FnII-4d into the control cell of a bio-
sensor chamber. Each peptide was introduced into 
cells at 0.5 mM concentration in 0.02 M HEPES 
buffer, pH 7.4, 0.15 M NaCl, with 0.005% Tween-20. 
The curves of the difference between  signals from 
working and control cells are presented: curve a de-
notes synthetic peptide Bβ125-135 and curve b its 
scrambled version. Each curve is typical for 3 simi-
lar experiments 

Fig. 5. Turbidity analysis of inhibition of fibrin desAB 
polymerization by the synthetic peptide Bβ125-135 
and its scrambled version. Curves: a, fibrin desAB 
polymerization (100 μg/ml) without peptides, b, fi-
brin desAB polymerization with scrambled peptide 
(0.5 mM), and fibrin desAB polymerization with c, 
0.125 mM peptide, d, 0.25 mM peptide, e, 0.375 mM 
peptide, and f, 0.5 mM peptide. Each curve is an 
average of 2 repeats
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ponent 7 (PC7) from the fibrinogen ensemble and 
PC6 from the fibrin ensemble as the slowest modes 
describing the hinge movement in the Bβ115-150 
sector of the coiled-coil domain in one of the halves 
of the dimeric fibrin(ogen) molecule. Fig. 8,A shows 
that in these cases the hinge corresponds to a mini-
mum on the RMSF of the C-alpha atoms coinciding 
with the residues Bβ125-135 in both fibrinogen and 
fibrin molecules. The correlation coefficient of the 
values of RMSF of the C-alpha atoms of the frag-
ment Bβ115-150 for these two modes is 0.94. Our 
PCA data on the ensembles of the fibrin(ogen) con-
formations and the RigidFinder and StoneHinge 
web-server predictions allowed us to precisely iden-
tify the hinge region location in the fragment of the 
fibrin(ogen) coiled-coil connector comprising Aα91-
103, Bβ125-135, and γ69-77. 

The RMSF data showed that the fluctuations of 
the C-alpha atoms on both sides of the hinge axis are 
higher for fibrin conformations compared to fibrino-
gen ones (Fig. 8, A), testifying to higher flexibility 
of the hinge region in fibrin compared to fibrinogen. 
This finding shows an essential increase of molecu-

lar flexibility in the coiled-coil connector in the fi-
brin molecule after its formation from fibrinogen.

The monoclonal antibody designated mAb 
FnI-3c reacts with fibrin in its monomer, oligomer 
and polymer forms, but not with fibrinogen [8]. This 
means that the transformation of fibrinogen to fibrin 
leads to the exposure of a stable neoantigenic deter-
minant that retains its structure during the polymeri-
zation process. The structural rearrangement leading 
to neoantigenic determinant formation was found to 
involve residues Bβ125-135, a region thought to con-
tain a hinge locus for the fibrin molecule.

To identify the possible mechanisms of the 
neoantigenic determinant exposure during the fi-
brinogen to fibrin transformation, we performed a 
comparative conformational analysis of the region 
Bβ125-135 in models of the fragments X of fibrino-
gen and fibrin. The per-residue SAS area of the frag-
ment Bβ125-135 was analyzed and models with the 
lowest and highest areas were selected from ensem-
bles of fibrinogen and fibrin fragments X, respective-
ly (Fig. 8, B, C, D). This structural analysis showed 
(Table) that the amino acid residues Bβ D134 and 
N135 in the α-helix fragment Bβ125-135 are shielded 
by a nearby part of the α-helix formed by Bβ N137, 
V138, V139 in fibrinogen, and that they became 
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Fig. 6. Exposure of mAb FnI-3c epitope during hydrolysis of fibrinogen by plasmin and thrombin. Fibrinogen 
was added at the concentration of 0.2 mg/ml to the medium, containing 0.02 M HEPES buffer pH 7.4, 0.3 M 
NaCl, and the reaction was initiated by plasmin or thrombin/Reptilase at 0.005 NIH/ml. At a given time, the 
reaction was stopped by adding PMSF and aprotinin to final concentrations of 1 mM and 10 mkg/ml, respec-
tively. Aliquots were withdrawn for electrophoretic and ELISA analysis. Aliquots for ELISA were added to 
microtitre plate wells. Neoantigenic determinant exposure was analyzed with mAb FnI-3c as the primary- 
and sheep anti-mouse IgG-HRP conjugate as the secondary antibodies. Samples of mediums of the (A, B) 
fibrinogen-plasmin and (С, D) fibrinogen-thrombin/Reptilase reactions were subjected to electrophoresis (A, 
С) and ELISA (B, D). Data represent 3 independent experiments. Error bars represent the standard devia-
tions of the mean values
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more exposed in fibrin. During the fibrinogen to 
fibrin transformation, the surface of the Bβ125-135 
site flattens due to the emergence of the α-helical 
fragment partially buried in fibrinogen (Fig. 8, B, C, 
D).

The mAb FnI-3c and its Fab-fragment inhibit 
the lateral association of protofibrils in the process of 
fibrin polymerization [8]. We showed that synthetic 
peptides imitating the amino acid sequence of fibrin/
fibrinogen fragments Bβ121-138 and Bβ125-135 also 
inhibit this stage of fibrin polymerization. Initially, 
we supposed that the fragment Bβ125-135 was the 
contact site of the inter-protofibril lateral binding. 
However, several facts now indicate that this site 
of the coiled-coil adopts a structure important for 
the subsequent association of fibrin protofibrils, and 
that the epitope exposure in Bβ125-135 reflects this 
structural rearrangement. In this regard, there are 
known mutations in the α-, β-, and γ-constituents 

T a b l e . Per-residue surface area of the exposed 
residues of Bβ126-139 fragment of fibrinogen (SFg) 
and fibrin (SFn). The surface area changes (SFn–SFg) 
in the models obtained by conformational analysis 
were calculated

Residue SFg (Å
2) SFn (Å

2) ∆S (SFn–
SFg) (Å

2)
BβQ126 107.1 108.0 0.9
BβK127 117.1 107.3 -9.7
BβR128 141.8 144.9 3.1
BβK130 117.7 119.1 1.4
BβQ131 109.8 111.4 1.6
BβK133 118.8 115.7 -3.1
BβD134 88.4 95.0 6.6
BβN135 87.6 98.4 10.8
BβN137 99.8 104.2 4.4
BβV138 89.8 95.1 5.3
BβV139 91.9 97.0 5.1

of the coiled-coil containing Bβ111-141 that im-
pair fibrin polymerization [31-36]. Moreover, our 
structural biological analysis of the Bβ125-135 site 
showed that conformational rearrangements take 
place in the hinge region during the fibrinogen-fibrin 
transition with the accompanying formation of the 
neoantigenic determinant which is preserved in the 
subsequent stages of fibrin polymerization.

We propose that at the start of protofibril 
lateral association, a specific bend and/or twist in 
two coiled-coil hinge regions of the dimeric fibrin 
molecule is required. This structural rearrangement 
provides a necessary mutual spatial orientation of 
the other regions of the molecule, which come into 
direct inter-protofibril contact during protofibril 
lateral association [6]. Our data show that the cleava
ge of Fp A during the fibrinogen-fibrin conversion 
induces the intramolecular structural rearrange-
ment within the monomeric molecule of fibrin desA, 
and increases the flexibility in hinge regions. These 
structural changes are necessary for the subsequent 
protofibril association stage. 

The augmentation of the flexibility in the hinge 
fragments of fibrin causes the increase of bending 
and twisting motions in the coiled-coil connector 
as compared to fibrinogen. Any factor affecting the 
flexibility of fibrin molecules in the hinge region will 
impair protofibril lateral association. The binding of 
the mAb FnI-3c or Fab-fragment to their epitope in 

Fig. 7. Binding of fibrin desA formed in situ to mAb 
FnI-3c in the presence and absence of the GPRP pep-
tide as detected by the SPR method. Fibrin-specific 
mAb FnI-3c was immobilized into working and con-
trol cells of a biosensor chamber. Fibrinogen was 
added to the control cell at 1 µg/ml concentration 
in 0.02 M HEPES buffer, pH 7.4, 0.3 M NaCl, with 
0.005% of Tween-20. In the working cell, fibrinogen 
was added to the same medium with the addition of 
0.001 NIH units/ml of Reptilase in the presence or 
absence of 1 mM GPRP peptide. The interaction 
between fibrin desA, formed in situ, and the mAb 
immobilized on the chip was registered by the SPR 
method. The curves of the difference between sig-
nals from working and control cells are presented. 
Curves: a, fibrinogen + Reptilase; b, fibrinogen + 
Reptilase + GPRP; and c, fibrinogen as a control.  
Each curve represent an average of 3 repeats
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Fig. 8. Comparative RMSF analysis of conformational changes into hinge loci of fibrinogen and fibrin frag-
ments X. (A) RMSF of the Bβ115-150 fragment C-alpha atoms for the principal component 7 for fibrinogen 
(‘Fg’ PC7, ●) and for the principal component 6 for fibrin (‘Fn’ PC6, ▲) ensembles of the conformations. 
Solid and dashed lines represent cubic polynomial approximations of the RMSF data for fibrinogen and fi-
brin, respectively. The coefficient of determination (R2) is 0.87 and 0.81 for fibrinogen and fibrin, respectively. 
The amino acid residues of fragment Bβ118-138 are denoted. The residues postulated to form the epitope for 
fibrin-specific mAb FnI-3c are marked with grey boxes. (B, C) Surface formed by the amino acid residues 
of fragment Bβ126-139 in models of (B) fibrinogen and (C) fibrin obtained by conformational analysis. (D) 
Structurally superimposed alpha-helical fragments Bβ126-139 from the selected models of fibrinogen and 
fibrin obtained by conformational analysis. The view in (D) is rotated by 45° around the long axis of the mole
cule compared to the views in (B) and (C). The residues Bβ Q126, K127, R128, K130, Q131, K133, D134, and 
N135 of fibrinogen and fibrin are assumed to form the epitope for mAb FnI-3c. Residues Bβ N137, V138, and 
V139 shield the residues Bβ D134 and N135 in fibrinogen. The latter become more exposed in fibrin
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the hinge region inhibited the polymerization pro-
cess. The impairment of fibrin polymerization by the 
synthetic peptides Bβ121-138 and Bβ125-135 may be 
caused by decreased flexibility at the hinge loci of 
separate fibrin molecules in forming protofibrils. 
These peptides may bind with the corresponding α- 
or γ-remnants of the hinge region in the fibrin coiled-
coil and block the bending motions. This mechanism 
may be similar to the self-assembly of the coiled-coil 
from peptides described by Jing et al. for the syn-
thetic peptides imitating the human fibrinogen site 
γ23-57 and its modified form [37].

Conclusions

Cleavage of fibrinopeptide A exposes a stable 
neoantigenic determinant in the fibrin desA Bβ125-
135 site. Bβ125-135 is a constituent of the fibrin 
hinge consisting of Aα91-103, Bβ125-135, and γ69-
77. The flexibility of the hinge is increased during 
the fibrinogen to fibrin transformation. We assume 
the increase in flexibility in the fibrin molecule 
around the hinges allows the structural reorganiza-
tion of the fibrin desA molecule during the self-as-
sembling of protofibrils and their lateral association 
into fibrils.
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Bβ125-135 ділянка молекули 
фібрину бере участь у 
латеральній асоціації 
протофібрил
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Раніше ми показали, що в процесі пере-
творення фібриногену людини у фібрин на 
фрагменті Bβ119-133, який розташований у 
шарнірний ділянці молекули, експонується нео
антигенна детермінанта. Фібринспецифічне 
mAb FnI-3c та його Fab-фрагмент, епітоп для 
яких знаходиться в цьому фрагменті, гальмують 
латеральну асоціацію протофібрил. Ми при-
пустили, що епітоп співпадає із сайтом, який 
бере участь у цьому процесі. У цій роботі ми 
більш точно визначили розташування епітопу 
для mAb FnI-3c у молекулі фібрину та встано-
вили його роль у функціонуванні шарнірного 
локусу молекули. Було виявлено, що mAb FnI-3c 
зв’язується з фібрином людини, коня та кроля, 
які мають лізин у положенні, що відповідає та-
кому BβK130 фібрину людини, але відсутній у 
фібрині бика та щура, у яких в цьому положенні 
є інші амінокислотні залишки, що вказує на 
те, що залишок BβK130 є невід’ємною скла-
довою  епітопу. Цей факт, дані гомології та 
структурно-біологічний аналіз амінокислотних 
послідовностей навколо BβK130 свідчать про те, 
що досліджуваний сайт локалізований у межах 
Bβ125-135 молекули фібрину. Синтетичні пепти-
ди Bβ125-135 та Bβ121-138, на відміну від їхніх 
неупорядкованих аналогів, зв’язуються з FnI-
3c в ППР аналізі. Обидва пептиди на відміну 
від їхніх неупорядкованих версій, інгібували 
латеральну асоціацію протофібрил. Епітоп 
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mAb FnI-3c експонується після відщеплення 
фібринопептиду А та утворення мономеру 
desA фібрину. Структурний біологічний аналіз 
переходу фібриногену у фібрин показав чітке 
підвищення рухливості в шарнірному локусі. 
Ми вважаємо, що така структурна перебудова в 
шарнірних областях фібрину спричинює форму-
вання конформації молекули, яка необхідна для 
латеральної асоціації протофібрил фібрину.

К л ю ч о в і  с л о в а: трансформація фібри
ногену у фібрин, суперспіралізований конектор, 
латеральна асоціація протофібрил, шарнірна 
ділянка, неоантигенна детермінанта.
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