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Abstract

Fibrinogen supplies the primary building block of the blood clot or thrombus after a-thrombin converts fibrinogen to fibrin
during the final phases of coagulation. When the homeostasis system is disrupted, blood clots that aggregate in the blood vessels
can lead to thrombosis. Fibrin-degrading enzyme from Bacillus subtilis K2 (Subtilisin K2) of Indonesian moromi has many
excellent characteristics apart from its strong fibrinolytic activity. Bioinformatic analysis using the CDART webserver indicated
that the enzyme appeared to share a conserved domain with the peptidase s8 superfamily also known as the subtilase family.
This study used molecular docking between these fibrin-degrading enzymes and specific substrates (fibrin and fibrinogen)
using the HADDOCK webserver and aimed to predict the enzyme mechanism of action. This analysis revealed that the enzyme
interlocked with the two substrates; however, it suggested no productive interactions between Subtilisin K2 and fibrinogen.
A hydrolysis reaction is suggested between Subtilisin K2 and the fibrin substrate. There was a strong indication that amino acids
Aspl9, His51, and Ser208 in Subtilisin K2’s active site interacts with Leul68, Ile171, and Leul72 of the fibrin substrate with a
AG of -19.4 kcal/mol. Subtilisin K2 tends to act more as a fibrin-degrading enzyme than as a fibrinogen-degrading enzyme.
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Practical Application: Our study on finding fibrin and fibrinogen degrading enzyme from bacteria isolated from Indonesian
fermented food (Moromi) supported by bioinformatic analysis which reveal more important information of the suitable enzyme

characteristics for health applications is useful for remedy of thrombosis healing.

1 Introduction

Fibrinogen and fibrin show overlapping important roles in
wound healing, blood clotting, fibrinolysis, neoplasia, cellular and
matrix interactions, and the inflammatory response. Interactive
sites on fibrinogen and fibrin adjust these functions, some of
which are concealed or otherwise not available on fibrinogen, and
they frequently evolve as a consequence of fibrin formation or
fibrinogen-surface interactions (La Corte et al., 2011). Fibrinogen
is a widely available plasma protein. Fibrinogen provides the
primary building blocks of thrombi during the final phases of
coagulation, when a-thrombin converts fibrinogen into a fibrin
clot. Increased concentrations of fibrinogen in the blood have
been related to the risk for thrombosis. In recent decades, there
have been many related studies on abnormal fibrin structure
as one of the causes of thrombosis. The high fiber density of
fibrin clots and increased resistance to fibrinolysis have been
consistently related to the risk for thrombosis (Hill & Dolan, 2008;
De Moerloose et al., 2010; Bornikova et al., 2011; Ariéns, 2013).

Fibrinogen harbors some structural domains with
different functions. The domain that contains the cleavage
sites for thrombin, the central E domain, is connected to two
D domains consisting of binding pockets for polymerization by
two coiled coil domains that provide elasticity to this molecule
(Yang et al., 2000). The Aa-chain protrudes from the D domain

and forms the flexible aC domain, whereas the Bp- and y-chains
end in the D domain (Tsurupa et al., 2009). Thrombin converts
fibrinogen into fibrin through the cleavage of two fibrinopeptides
A from the Aa chain (16 residues) and two fibrinopeptides
B from the B chain (14 residues) (Yang et al., 2000; La Corte
et al., 2011). Fibrinopeptide A is cleaved first and exposes the
Gly-Pro-Arg (GPR) binding site on the E domain of fibrin for
attaching to the binding pocket in the D domain. This interaction
causes the binding of several fibrin molecules, which results in
the formation of fibrin polymer, also called the protofibril, which
consists of half-staggered, overlapping fibrin molecules (Figure 1).

Fibrin also shows three main chains in its structure, namely,
the a-, -, and y- chains. The fibrin a chain plays a role in clot
formation and accelerates polymerization of the clot structure
(Gorkun et al., 1994). Molecular and cellular interactions take
place on the fibrin B chain in residues 15-42. Fibrin p-15-42
binds to heparin and mediates platelet and endothelial cell
spreading, fibroblast proliferation, and capillary tube formation.
Interactions between vascular endothelial (VE)-cadherin
(an endothelial cell receptor) and fibrin f15-42 promote capillary
tube formation and angiogenesis (Mosesson, 2005).

Our earlier work has shown that the Subtilisin K2 enzyme
of Indonesian moromi is capable of hydrolyzing fibrin, as shown
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Figure 1. Fibrinogen and fibrin structures.

by the fibrin plate assay (Syahbanu et al., 2020a), as well as
hydrolyzing fibrinogen in fibrinogen zymogram analysis (Syahbanu
et al., 2020b). The present bioinformatic work was carried out
to elucidate in more detail the mode of this interaction with the
substrates fibrin and fibrinogen. This information will be useful
and used as the basis for further strategies in drug development
for diseases related to thrombosis and atherothrombosis such
as CVD. The three-dimensional model of the Subtilisin K2
protease from Bacillus subtilis K2 was developed by using the
SWISS-MODEL Workspace (Schwede et al., 2003; Arnold et
al., 2006; Benkert et al., 2011; Biasini et al., 2014). Our previous
study revealed that Subtilisin K2 possesses active site residues
Asp19, His51, and Ser208, which are typical of the serine protease
family (Syahbanu et al., 2020b). Preliminary bioinformatic
analysis suggested that Subtilisin K2 interacts with Leul68,
Ile171, and Leul72 of fibrin substrates with high binding
affinity (AG = -19.4 kcal/mol) (Syahbanu et al., 2020b). In this
study, we further analyzed the interactions that occur between
the enzyme and several domains of the fibrin substrate and
fibrinogen substrate.

2 Materials and methods
2.1 Materials

The protein sequence of the fibrin-degrading enzyme
Subtilisin K2 from Bacillus subtilis K2 (this isolate originated from
moromi and was previously collected (Syahbanu et al., 2020a))
was retrieved from GenBank (accession number: MN294987).
Subtilisin K2 consists of 262 amino acids, and the sequence data
were saved in the FASTA format. The 3D structure of Subtilisin
K2 was constructed using the SWISS-MODEL Workspace (Swiss
Institute of Bioinformatics, 2020) program (RRID:SCR_018123)
(Schwede et al., 2003; Arnold et al., 2006; Benkert et al., 2011;
Biasini et al., 2014) as reported by Syahbanu et al. (2020b). The
fibrin and fibrinogen structures were retrieved from RCSB PDB
(PDBIDs: 2HLO (fibrin) and 3GHG (fibrinogen)) as receptors for
the molecular docking experiments with Subtilisin K2 as aligand.

Alpha chain

Beta chain

2.2 Prediction of motifs and conserve domain

The presence of motif seequence in Subtilisin K2 protease
was assessed by MyHits (2020; Sigrist et al., 2010), and the
conserved domain was predicted using the Conserved Domain
Architecture Retrieval Tool (CDART) (National Center for
Biotechnology Information, 2020; Geer et al., 2002).

2.3 Molecular docking study

Molecular docking was performed between the Subtilisin
K2 model and either the fibrin or fibrinogen substrate. Docking
analysis predicted the interaction site of Subtilisin K2 with fibrin
and fibrinogen using the Consensus Prediction Of interface
Residues in Transient complexes (CPORT) web server (Utrecht
University, 2020a; De Vries & Bonvin, 2011). This method is a
physical and knowledge-based approach to predict the interactive
or binding sites for protein interactions. The High Ambiguity
Driven protein-protein DOCKing (HADDOCK) web server
(Wassenaar et al., 2012; Van Zundert et al., 2016) was used to
perform protein docking. The HADDOCK (High Ambiguity Driven
protein-protein DOCKing) web server (Wassenaar et al., 2012;
Van Zundert et al., 2016; Utrecht University, 2020b) use chemical
shift perturbation data resulting from NMR titration experiments,
mutagenesis data, and bioinformatics predictions. The 3D
Subtilisin K2 structure was docked by a flexible docking method
with fibrin and fibrinogen molecules retrieved from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank (Research Collaboratory for Structural Bioinformatics,
2020) using the HADDOCK web server (Wassenaar et al., 2012;
Van Zundert et al., 2016). Prediction of the binding affinity in
protein-protein complexes was performed using the Prodigy
(Protein Binding Energy Prediction) web server (Vangone &
Bonvin, 2015; Xue et al., 2016; Computational Structural Biology
Group, 2020). Calculation of the predictive value of the binding
affinity (AG) and dissociation constant (Kd) on the Prodigy web
server was performed using the following Equation 1 (Vangone
& Bonvin, 2015; Xue et al., 2016):
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Based on the prediction of binding affinity (AGpredicted)
according to the above equation, the dissociation constant (Kd) was
calculated using the following Formula 2 (Vangone & Bonvin,
2015; Xue et al., 2016):

AG = RT InKd @)

where Ris the ideal gas constant (in kcal K'mol™!), T is temperature
(in K) and AG is the predicted free energy. In this study, the
temperature was adjusted according to the normal human
body temperature at 309.5 K (36.5 °C). LigPlot+ Version v.2.1
(European Molecular Biology Laboratory, 2020; Wallace et al.,
1995) was used to generate schematic diagrams of protein-
protein interactions.

3 Results and discussion
3.1 Prediction of motif and conserved domain

The prediction of the conserved domains in Subtilisin
K2 was performed earlier through the CDART web server
(Geer et al., 2002). In this study, analysis of the enzyme encoded
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by the fibrinolytic gene revealed a conserved domain shared
with the peptidase s8 superfamily, which is also known as the
subtilase family, the second largest family of serine peptidases,
both in terms of the number of sequences and the characterized
peptidases. Determination of the protein motif was also carried
out earlier using the MyHits (2020) website (Sigrist et al., 2010).

Based on the results of the motif search, several short
motifs were found in the Subtilisin K2: an Asp subtilase motif
(VAVIDSGIDSsH), a His subtilase motif (HGTHVAGTIAA), a Ser
subtilase motif (GTSMATPHVAG), an ASN_GLYCOSYLATION
motif, a CK2_PHOSPHO_SITE motif, and MYRISTYL motif.

3.2 Molecular docking analysis

The fibrin structure consists of three chains, namely the
a chains (domain A and domain D),  chains (domain B and
domain E), and y chains (domain C and domain F). Application
of LigPlot+ provided information on the possible interactions
occurring between enzymes and substrates through hydrogen
bonds and hydrophobic interactions. The greater the formation
of hydrogen bonds and hydrophobic interactions is, the better the
interactions between enzymes and substrates. This bioinformatic
study implies that domains A and D of the a chains of the fibrin
molecule have favorable interactions with the enzyme (Figure 2).
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Figure 2. Interaction between the enzyme model with the alpha chain of fibrin (A and D domains) (blue circles and pink sticks = active site of
the enzyme; red circles and orange sticks = substrate specificity of fibrin).
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The results from Prodigy (Vangone & Bonvin, 2015;
Xue etal., 2016) show a high binding affinity energy (AG) and low
dissociation constant (Kd) with the A domain (AG = -14.9 kcal/mol;
Kd = 1.1E-11 M) and D domain (AG = -14.8 kcal/mol;
Kd = 1.4E-11 M). The binding affinity energy of the A and D
domains with the enzyme was higher than that of the C and F
domains of fibrin, and the dissociation constant of the A and D
domains with the enzyme was lower than that of the C and F
domains of fibrin (Table 1).

Table 1. Results of docking the enzyme model with the substrates.

Chain-Domain

Fibrin AG (kcal mol™) Kd (M) RMSD (4)
aA -14.9 1.1E-11 0.7+ 0.5
aD -14.8 1.4E-11 04+0.2
BB -19.0 1.1E-14 0.5+0.3
BE -19.4 6.3E-15 0.8+ 0.6
yC -13.9 6.5E-11 0.5+0.3
YF -13.5 1.3E-10 1.0+ 1.0

Chain Fibrinogen AG (kcal mol™) Kd (M) RMSD (A)
Aa -10.4 2.2E-8 0.7+ 0.5
BB -15.6 3.9E-12 0.4+0.3
Y -15.2 6.7E-12 0.4+0.2

Note: Kd = Dissociation Constant, RMSD = Root Mean Square Deviation.

The binding affinity (or binding free energy) (AG) represents
whether complex formation takes place favorably under specific
conditions (Kastritis et al., 2014). Binding affinity is the strength of
the binding interaction between a single biological macromolecule
(such as protein or DNA) to its ligand/binding partner (such as
a protein, drug, or inhibitor). The more negative the binding free
energy (AG) is, the stronger the interaction/binding between the
receptor and ligand. Binding affinity is used to assess and rank
the order of strengths of binding partner interactions, which is
also measured by the equilibrium dissociation constant (Kd).
Therefore, the higher the Kd value is, the lower the binding
affinity of the ligand to its target site. The binding affinity between
the two molecules is affected by noncovalent intermolecular
interactions, such as hydrogen bonding, electrostatic interactions,
hydrophobic interactions, and van der Waals forces, as well as
the presence of other molecules.

The highest negative value of AG with the lowest Kd
value was found in the B chain (domains B and E) binding of
fibrin (Figure 3) with the Subtilisin K2 enzyme (Table 1). The
hydrolysis reaction is assumed to take place in the E domain
where the catalytic triad residues (Asp19, His51, and Ser208)
of the enzyme model interact with the E domain (Figure 3).
Molecular docking analysis indicated that the three catalytic
triad amino acid residues do not interact with other domains.
This result suggested that no hydrolysis reactions occurred in
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Figure 3. Interaction between the enzyme model with the beta chain of fibrin (E and B domains) (blue circles and pink sticks = active site of the

enzyme; red circles and sticks = substrate specificity of fibrin).
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the four domains because one of three catalytic triad amino acid
residues in the enzyme (Asp19) did not interact with domains
A, D, C, and E The interaction of the C and F domains of the y
chain of the fibrin molecule with the enzyme (Figure 4) showed
the highest AG (low affinity energy) and Kd values (Table 1),
which means that the hydrophobic interactions and hydrogen
bonds occurring between the enzyme and these two domains
are much less favored than those of the other domains.

Hydrogen interactions can take place between the hydrogen of
the -OH or the -NH group with oxygen or nitrogen. Hydrophobic
interactions occur between aromatic rings or other hydrophobic
moieties of the enzyme with hydrophobic side chains of the
protein substrate (Kovalevsky et al., 2006; Bissantz et al., 2010).
Docking results demonstrated that Asp19, His51, and Ser208 of
the Subtilisin K2 active site interacts with Leul68, Ile171, and
Leul72 of the E domain in the fibrin substrate, which might
further drive the hydrolysis reaction.

In this study, hydrophobic interactions occurred more
frequently between the enzyme (fibrin-degrading enzyme) and
substrates (fibrin and fibrinogen) than hydrogen bonds. This
might be because the enzyme and its substrate are large molecules,
and the interactions that occur between two molecules are
interface interactions. The LigPlot+ program has four numeric
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parameters related to the HBPLUS program and was used
in calculating the potential hydrogen bonds and nonbonded
contacts (such as hydrophobic interactions).

The two parameters define the hydrogen bonding and denote
the maximum hydrogen-acceptor (H-A) and donor-acceptor (D-A)
distances, and the default ranges of the maximum H-A and D-A
distance values were calculated as 2.70 A and 3.35 A, respectively.
An increase in these values means additional interactions. The
next two parameters define the distance range of nonbonded
contacts (such as contacts between atoms that are neither
covalently bonded nor interacting via hydrogen bonds), and
the default range of this contact distance value was 2.9-3.9 A.

The LigPlot+ analysis suggested that amino acid residues
located at the active site of the fibrin-degrading enzyme (Ser208
and His51) interacted with amino acid residues of domains
A (Ile154, Glul51, and Argl71) (Figure 2) and D (Ile154,
Leul50, and Glul51) (Figure 2) on the fibrin substrate. The
enzyme’s active site was also suggested to interact with Leul68
of domain B (Figure 3). Residues from the E domain on the
fibrin substrate that were implied to interact with the active site
of the enzyme (Asp19, His51, and Ser208) were Leul68, Ile171,
and Leul72 (Figure 3). Residues from domains C (Leul31 and
Glu132) (Figure4) and F (Leul31, Glu132, and Val128) (Figure 4)
were suggested to interact with the active site of the enzyme.
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Figure 4. Interaction between the enzyme model with the gamma chain of fibrin (C and F domains) (blue circles and pink sticks = active site of

the enzyme; red circles and orange sticks = substrate specificity of fibrin).
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Fibrinogen is composed of two symmetric half molecules
(dimers), and each dimer is composed of one assembly of three
different polypeptide chains, namely, Aa, Bf, and y chains (trimers)
(Figure 1). The fibrinogen a- and B chains are known to play an
important role in thrombin-induced fibrin formation because
fibrinopeptides A and B on the a- and B chains are cleavage sites
of a-thrombin (Zhao et al., 2007). The fibrinogen y chain contains
the main sites for the interaction with membrane receptors in
platelets (Hawiger et al., 1982), where the aggregation process is
mediated by the binding of fibrinogen to a platelet cell surface
receptor, that is, glycoprotein IIb-IITa (Farrell et al., 1992). The six
peptide chains are held together by 29 disulfide bonds, and
sulthydryl groups are not contained in this fibrinogen chain.
The half-cysteine residues are more concentrated in the three
clusters along each chain (one N-terminal, one intermediate,
and one C-terminal cluster) in the fibrinogen primary structure
(Henschen et al., 1983; Herrick et al., 1999). Based on analysis
using Prodigy (Vangone & Bonvin, 2015; Xue et al. 2016), the
interaction between the Bf chain and Subtilisin K2 showed a
more negative AG value (high binding affinity) (-15.6 kcal/mol)
and low Kd value (3.9E-12 M), followed by the y and Aa chains.

The catalytic triad residues were not indicated in the docking
between Subtilisin K2 and the three chains of fibrinogen (Figure 5,
Figure 6). Interactions between the active site residues of the
enzyme with residues of the fibrinogen chain (Aa, B, and y chains)
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are implied. However, only the His51 and Ser208 residues of the
enzyme’s active site were suggested to interact with residues on
the Aa, BB, and y chains, namely, Phel17 of the a chain, Trp125
and Leul21 of the B chain, and Phe54, Asp53, and Thr57 of the
y chain.

Based on the bioinformatic study, the interaction between
the Subtilisin K2 enzyme and the E domain of the fibrin substrate
showed AG and Kd values 1.2 times greater and 0.0016 times lower
than similar AG and Kd values of the interaction between this
enzyme and the Bp fibrinogen chain, respectively. This implied
that the Subtilisin K2 enzyme tends to interact more strongly
with the fibrin substrate, and thus, this enzyme seems to actas a
fibrin-degrading enzyme than as a fibrinogen-degrading enzyme,
as the catalytic reaction was suggested to occur on domain E of
the fibrin B chain. Our earlier study showed the fibrin-degrading
activity in the fibrin plate assay and fibrinogen-degrading
activity in zymogram analysis (Syahbanu et al., 2020a, b).
This bioinformatic study added information on the stronger
interaction of the enzyme with fibrin than with fibrinogen at
the molecular level. As previously mentioned, molecular and
cellular interactions such as fibroblast proliferation and capillary
tube formation occur in the B chain, so the degradation of the
[ chain by this enzyme (Subtilisin K2) can inhibit the occurrence
of molecular and cellular interactions in its excessive action for
individuals with disorders (Mosesson, 2005). In an in vitro study,

Ser208 T
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A

Figure 5. Interaction between enzyme model with the o, B, and y chain of fibrinogen (blue circles = enzyme’s active site; red circles = substrate

residues that interacted with enzyme’s active site).
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Figure 6. Interaction between enzyme model with the a, 3, and y chain of fibrinogen (pink sticks = enzyme’s active site; orange sticks = substrate

residues that interacted with enzyme’s active site).

Fujita et al. (1995) reported that the cleavage of fibrin chains
by nattokinase was 6 times more efficient than that of plasmin,
but the cleavage of fibrinogen chains by nattokinase was only
3 times more efficient than that by plasmin, as measured with
the kcat km™ value. Thus, a nattokinase enzyme similar to
our enzyme (Subtilisin K2) also appeared to be less active in
fibrinogen hydrolysis but more active towards fibrin hydrolysis.
Even though further molecular analyses at the atomic level are
required, the present bioinformatic study is still important to
reveal such a mechanism.

4 Conclusion

Molecular docking analysis showed that Subtilisin K2 and
the substrates fibrinogen and fibrin use an extended binding
pattern in their interactions with important residues to induce the
enzymatic activity. Further analysis demonstrated that a hydrolysis
reaction may occur between Subtilisin K2 and the E domain of
fibrin. Asp19, His51, and Ser208, as Subtilisin K2’s active site,
were suggested to interact with Leul68, Ile171, and Leul72 of
the fibrin substrate, which might have the potential to act with
substrate specificity. There was no indications of a complete
interaction between the catalytic triad residues of Subtilisin K2
and the three chains of fibrinogen. Therefore, it appears that
Subtilisin K2 tends to act more as a fibrin-degrading enzyme
than as a fibrinogen-degrading enzyme.
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