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Abstract: Hypercoagulability and formation of extensive and difficult-to-lyse microclots are a hall-
mark of both acute COVID-19 and long COVID. Fibrinogen, when converted to fibrin, is responsible
for clot formation, but abnormal structural and mechanical clot properties can lead to pathologic
thrombosis. Recent experimental evidence suggests that the spike protein (SP) from severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) may directly bind to the blood coagulation factor
fibrinogen and induce structurally abnormal blood clots with heightened proinflammatory activ-
ity. Accordingly, in this study, we used molecular docking and molecular dynamics simulations
to explore the potential activity of the antiparasitic drug ivermectin (IVM) to prevent the binding
of the SARS-CoV-2 SP to fibrinogen and reduce the occurrence of microclots. Our computational
results indicate that IVM may bind with high affinity to multiple sites on the fibrinogen peptide, with
binding more likely in the central, E region, and in the coiled-coil region, as opposed to the globular
D region. Taken together, our in silico results suggest that IVM may interfere with SP–fibrinogen
binding and, potentially, decrease the formation of fibrin clots resistant to degradation. Additional
in vitro studies are warranted to validate whether IVM binding to fibrinogen is sufficiently stable to
prevent interaction with the SP, and potentially reduce its thrombo-inflammatory effect in vivo.

Keywords: fibrinogen; microclots; docking; molecular modeling; SARS-CoV-2; ivermectin

1. Introduction

Fibrinogen, a large soluble glycoprotein, is the most abundant blood coagulation
factor. It is converted to fibrin, the insoluble polymer scaffolding for blood clots, through
a progressive series of reactions. Blood clots are involved in hemostasis, the protective
response that stops bleeding. An alteration in their structural and mechanical properties
can be associated with bleeding or, conversely, with pathological thrombosis that obstructs
blood vessels, leading to often severe outcomes [1].

A recent study reported that the binding of the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) spike protein (SP) glycoprotein to fibrinogen induces structurally
abnormal, inflammatory blood clots that are common in asymptomatic, convalescent, and
acute COVID-19 patients alike [2]. This binding is of clinical significance since the presence
of SP has been demonstrated in human blood and tissue cells during acute infection [3]
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and for months afterwards in patients experiencing post-acute sequelae of COVID-19
(PASC) [4–6]. PASC, also known as long COVID, may affect 10 to 30% of SARS-CoV-2
infected individuals and is characterized by a myriad of long-term symptoms including
but not limited to breathlessness, “brain fog”, inflammation, coagulopathies, unrelenting
fatigue, neurological symptoms such as loss of smell and taste, tinnitus, and joint or muscle
pain, which may become worse after physical exertion and last for at least 3 months after
the acute infection [7,8].

Multiple research groups, including our own, have recently demonstrated that the
macrocyclic lactone ivermectin (IVM) is able to bind competitively to the SP and limit
its attachment to its host cell targets [9]. Based on these results, taken together with the
reported binding between fibrinogen and the SP, we hypothesize that IVM could have
similar binding activity with fibrinogen. The present study investigates binding sites and
modes of IVM to fibrinogen through molecular docking and molecular dynamics simula-
tions to predict its potential ability to limit SP–fibrinogen binding and potentially reduce
microclotting in PASC patients. We have executed protein–protein docking simulations to
identify which residues are involved in SP–fibrinogen binding and assess whether IVM
could prevent the binding by interacting with the same residues on fibrinogen.

1.1. Structure and Function of Fibrinogen

Human fibrinogen is a 340 kDa glycoprotein composed of two symmetrical halves,
as shown in Figure 1. Each half consists of the Aα, Bβ, and γ chains. The N-termini of
the α and β chains are called fibrinopeptides (Fp) A and B, respectively, and are cleaved
by the enzyme thrombin to form the α and β chains in fibrin. The structure of about 66%
of the human fibrinogen molecule has been resolved by X-ray crystallography (Protein
Data Bank, or PDB, entry 3GHG) at a resolution of 2.90 Å [10]. Some unresolved motifs,
including part of the αC domain and part of the β chain N-terminal domain [1,11], have
been modeled in silico [11,12]. In the most recent modeling study, fibrinopeptides A and B
and other regions of the molecule, such as residues 17–26, 231–412, 473–538, and 602–625
on the α chain, 15–20 and 55–57 on β, and 395–411 on the γ chain, were omitted because
they are highly flexible and the study detected no structural information to guide their
modeling [11].

Figure 1. 3D structure of fibrinogen. The Aα, Bβ, and γ chains are represented in red, blue, and green,
respectively, while the computationally modeled missing regions are shown in grey. The location
of carbohydrate ligands and hinge points is highlighted. P, B, and A correspond to the C-terminal
A-domain, central B-domain and N-terminal P-domain in the γ-nodules. Reprinted with permission
from Springer Nature (Litvinov et al., 2021 [1]). 2023, Springer Nature.
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Fibrinogen Domains and Interactions

Fibrinogen is a 45 nm long, rod-shaped molecule consisting of two lateral D regions
and a central E region. Each D domain contains a globular part consisting of the β- and the
γ-nodules and a coiled-coil portion connecting it with the E region’s central nodule. The
β-nodule and the γ-nodule each consist of three domains: N-terminal A, central B, and
C-terminal P domains.

Each domain contains binding sites mediating the various molecular interactions of
fibrinogen. The E region contains the fibrinopeptides FpA and FpB that are enzymatically
cleaved by thrombin in the first step of the blood clotting process. The release of FpA
exposes a tripeptide motif at the N-terminus of the α chain (‘knob A’) that binds to the
complementary ‘hole a’ located in the γ-nodule of another fibrin molecule’s D domain
during polymerization. Similarly, the release of FpB exposes the ‘knob B’ in the E region that
binds to ‘hole b’ in the β-nodule of the D domain, contributing to the lateral aggregation of
protofibrils. Other structures that are thought to mediate the lateral assembly of protofibrils
are the C-terminal region of the α (αC domains) and γ chains, the coiled-coils connecting
the D and E domains, and the carbohydrate moieties associated with the β-nodules and
the coiled portion of the γ chains.

Additional molecular interactions occur with other proteins, such as the plasma
transglutaminase (factor XIIIa, activated from factor XIII in the presence of calcium ions
Ca2+), which catalyzes covalent crosslinking of fibrin starting in the D domain (‘γ–γ
crosslinking sites’ in Figure 1).

1.2. Fibrin Clot Formation

Figure 2 provides a schematic diagram of the fibrin polymerization process, which
consists of a series of reactions:

1. Formation of monomeric fibrin: thrombin catalyzes the release of the FpA from the
Aα chains, resulting in a fibrin monomer and exposing the ‘knobs A’. The release of
FpB is a slower reaction, not essential for polymerization.

2. Formation of fibrin protofibrils: the fibrin monomers self-assemble so that the ‘knobs
A’ in the E region of one monomer fit into two ‘holes a’ in the D domains of two
other adjacent monomers. Longitudinal growth leads to the formation of double-
stranded protofibrils.

3. Formation of fibrin fibers: protofibrils keep growing linearly and aggregate laterally at
the same time to build a fiber, stabilized by ‘knob B–hole b’ bonds and other interactions.

4. Formation of a fibrin network: a three-dimensional network architecture is achieved
through further longitudinal and lateral growth, as well as branching.

Covalent crosslinking by factor XIIIa occurs consistently during and after polymeriza-
tion, a process which results in a porous, insoluble hydrogel-like network.
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Figure 2. Schematic of the fibrin polymerization process. Reprinted with permission from Springer
Nature (Litvinov et al., 2021 [1]). 2023, Springer Nature.

1.3. Clot Properties and Disease

An essential functional characteristic of clots is that in hemostasis, in order to stop
the bleeding, the clot must be strong enough to resist the force of arterial blood flow. An
altered clot with a looser, more porous and less rigid architecture has been associated
with bleeding in coagulation disorders and hemophilia. In thrombosis, the mechanical
properties of the thrombus determine whether the pressure of the blood flow will cause it
to deform, dislodge, or rupture and embolize, and how it responds to treatment [1,13].

Various cardiovascular and other diseases involve alterations of the fibrin network
architecture. Evidence of stiff clots with thin, closely packed fibers, yielding small pores
and heightened resistance to fibrinolysis, has been found in relation to arterial and venous
thrombosis, atherosclerosis, and chronic inflammatory diseases.

Notably, COVID-19 [14–18] and PASC (long COVID) [19] are characterized by the
formation of microclots that are made by an anomalous amyloid form of fibrin, meaning
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they are non-porous deposits formed by densely matted fibers. These clots contain an
ordered β-sheet architecture that gives them a characteristic affinity to fluorogenic amyloid
stains (such as Congo red dye) and a resistance to proteolysis [20,21].

1.3.1. Role of SP in Microclotting

It has recently been observed that the cause of the formation of these anomalous blood
clots can be traced back directly to the SARS-CoV-2 SP [2,22]. In particular, Ryu et al., 2021
proposed SP binding to fibrinogen and fibrin as a mechanism of action and identified three
binding sites in the Bβ and γ fibrinogen chains [2], shown in Figure 3.

Figure 3. SP binding sites mapped on the fibrinogen structure (PDB entry 3GHG), as identified by
Ryu et al., 2021 [2]. Illustration obtained in MOE v2022.02.

The sites mapped on the γ chain are part of the globular D domain: the γ364–395 site
encompasses the γ377–395 binding site for complement receptor 3 (CR3), a member of the
β2 integrin family that mediates innate immune response functions [23,24]; the function of
the γ163–181 peptide is unknown. The binding site on the Bβ chain contains cleavage sites
for the fibrinolytic protein plasmin. These findings can contribute to explaining the altered
degradation and inflammatory properties of SP-associated fibrin clots.

Ryu et al., 2021 tested a monoclonal antibody generated for the γ377–395 epitope. They
found that it suppressed inflammation without affecting normal hemostasis, suggesting
that pharmacological targeting of the γ377–395 motif inhibits the pro-inflammation action of
the SP [2].

1.3.2. Potential Anti-Thrombo-Inflammatory Action of IVM

IVM is an orally bioavailable drug belonging to the avermectins, a group of macro-
cyclic lactones derived from the fermentation products of the soil bacterium Streptomyces
avermitilis [25]. Approved for human use as an antiparasitic drug by the US Food and Drug
Administration in 1987 [26], it has been used in 3.7 billion human doses since then [27] and
has been proven safe at doses much higher than its standard dose of 200 µg/kg [28,29].
Its discovery and successful containment of two devastating global tropical diseases was
recognized with the Nobel Prize for Medicine in 2015, with its safety record specifically
noted in the announcement of that award [30]. A recent in silico study has predicted strong
or moderate affinity binding of IVM and several related compounds to multiple sites on
the SP, which can potentially interfere with its binding to the host cells [9]. In light of these
findings, the present study explores the hypothesis that docking of IVM on fibrinogen in
the binding sites of SP may prevent SP–fibrinogen binding and reduce microclotting.
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1.4. Overview of Fibrinogen Binding Sites

Because of its multifunctional activity, interactions between fibrinogen and various
small molecules have been reported. Table 1 provides an overview of the identified binding
sites, compared with the results of the Site Finder application in the Molecular Operating
Environment (MOE) 2022.02 [31].

Table 1. Fibrinogen binding sites.

Ligand Site MOE Site Finder Results

Heparin N-terminal regions (residues 15–57) of
the two Bβ chains in the E region [32]. Not modeled

Flavonoids (myricetin, rutin, naringin,
hesperidin, genistein, puerarin) and

phenolic acids (ferulic and caffeic acid)

Hydrophobic cavity of E region near Trp
33 in the N-terminal region of the α chain

[33]; residues 19–22 of the γ chain,
residues 77–78 of the β chain [34].

Sites 1 and 12.

Gastrodin Holes’ a’ and ‘b’ in the γ- and β-nodules
of the D domain [35].

Identifiable with the position of the
ligand chains Q and R for ‘a’ and S and T

for the ‘b’ holes.

Benzothiazole and penicillin β-lactam
antibiotics (cloxacillin and dicloxacillin)

Hydrophobic cavities of E region
(bovine) [36,37]. Sites 1, 3, 12.

Additionally, fibrinogen is involved in several protein–protein interactions (PPI).
Table 2 provides a summary of the PPI sites compared with the results of the Site Finder
application in the MOE 2022.02 software.

Table 2. Sites for protein–protein interactions of fibrinogen.

Interacting Protein Site (s) MOE Site Finder Results

Thrombin
Fibrinopeptides A and B in the N-termini

of chains Aα and Bβ, in the central E
region [1,38].

Not modeled.

Plasma transglutaminase γ–γ crosslinking site, γ-nodule of D
domain [1]. Not modeled.

Complement receptor 3 Residues 377–395 of the γ chain,
γ-nodule of D domain [2]. Not modeled.

Subtilisin K2

Residue PHE117 on the Aα chain,
LEU121 and TRP125 on the Bβ chain, and
ASP53, PHE54, and THR57 on the γ chain

[39].

Part of Sites 2, 11.

Plasmin Residues 119–129 of the Bβ chain [2]. Part of Site 11.

SARS-CoV-2 SP
Residues 163–181 and 364–395 of the γ

chain, in the γ-nodule of D domain;
residues 119–129 of the Bβ chain [2].

γ: part of Sites 7 and 9.
Bβ: part of Site 11.

1.5. Structure of IVM

IVM is a mixture of two avermectins, comprising roughly 90% 5-O-demethyl-22,23-
dihydroavermectin A1a (22,23-dihydroavermectin B1a) and 10% 5-O-demethyl-25-de(1-
methylpropyl)-22,23-dihydro-25-(1-methylethyl)avermectin A1a (22,23-dihydroavermectin
B1b) [40], referred to as IVM_a and IVM_b, respectively, in the following. Its structure is
depicted in Figure 4.
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Figure 4. The structure of IVM is divided into the disaccharide, the lactone, the spiroketal, and the
benzofuran regions. The substituent R in the spiroketal region is -CH2-CH3 in IVM_a and -CH3

in IVM_b.

2. Results
2.1. Molecular Docking

IVM_a and IVM_b were docked to fibrinogen in the binding sites depicted in Figure 5.
Tables 3–5 list the docking scores in the E region, in the MOE Site Finder sites, and in

the SP binding sites, respectively.
IVM_a has similar or higher docking scores than IVM_b in most cases. From the

analysis of the docking results, it emerges that IVM seems to have a preference for the
central E region of fibrinogen, site 1 in particular, that was also investigated with molecular
dynamics (MD). Docking in site 1b (Table 4) also resulted in high scores; this pose was
not simulated since it is located in the coiled-coil region, deemed too flexible to isolate.
Analysis of the interactions did not reveal any evident pattern, though it was observed that
all the investigated poses just participated in hydrogen bonds.

The best-scoring poses that formed at least an interaction in Site 1 of the E region and
in the predicted SP binding sites in the D region were used as input for the subsequent MD
simulations. Their interactions with fibrinogen are summarized in Figure 6.

Table 3. Best-scoring poses of IVM in the E region of fibrinogen.

Site
Score (kcal/mol)

IVM_a IVM_b

Site 1 −10.971 −9.959

Site 3 −6.567 −6.426

Site 12 −10.142 −5.207
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Figure 5. Location of the investigated binding sites on the fibrinogen structure. (a) E region and
sites for SP binding; and (b) sites identified by MOE Site Finder on the two halves of the structure,
numbered from 1 to 7 according to their ranked propensity for ligand binding (PLB) score as provided
by the MOE 2022.02 Site Finder application.

Table 4. Sorted scores for IVM in the sites identified by MOE Site Finder.

Site
Score (kcal/mol)

IVM_a IVM_b

Site1b −10.428 −9.506

Site4a −9.202 −8.957

Site6b −9.155 −8.223

Site3a −8.820 −8.338

Site1a −8.820 −6.385

Site5a −8.800 −8.453

Site3b −8.324 −7.875

Site7b −8.288 −8.626

Site2a −7.673 −8.056

Site4b −7.058 −8.019

Site5b −6.892 −6.802

Site6a −6.844 −6.675

Site2b −6.768 −7.039
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Table 5. Sorted scores for IVM in the sites identified by Ryu et al., 2021 [2].

Site
Score (kcal/mol)

IVM_a IVM_b

gamma1 (163–181) −9.281 −8.915

gamma2a (377–395) −7.136 −6.791

gamma2b −7.448 −7.834

beta (119–129) −9.921 −8.529

Figure 6. (a) Interactions of the docked pose of IVM_a in Site 1 of the central E region; (b) interactions
of the docked pose of IVM_a in site gamma1; and (c) interactions of the docked pose of IVM_a in
site gamma2.

2.2. Molecular Dynamics
2.2.1. E Region

Figure 7a shows the root-mean-square deviation (RMSD) plots of the E region in
complex with IVM_a and of the ligand alone. The averaged poses of the three most
populated clusters are compared with the docking result in Figure 7b.
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Figure 7. (a) RMSD plots of the E region in complex with IVM_a and the ligand alone; and (b) visual
comparison of the docked pose (gray) with the averaged poses from the three largest clusters. The
pose resulting from the most populated cluster is represented in magenta, the second-largest in cyan,
and the third-largest in blue. The averaged structures of the clusters are color-coded according to the
RMSD between them: green for low values, and red for high values.

As shown in Figure 7b, the ligand does not fully retain the space occupied by the
docked pose, but buries itself further into the binding site. While both the spiroketal
and disaccharide portions of IVM_a are involved in interactions in the docked pose, just
the disaccharide region interacts in the clustered poses. The analysis of the interactions
revealed that both the docked pose and all three clusters formed hydrogen bonds with the
residue CYS3 in the N-terminal region of the α chain. The first cluster also made contact
with ALA27 and LYS29, which are both involved in interactions with the docked pose
as well.

Other residues involved in interactions in the MD snapshots are LYS58 and PRO60 in
the β chain.

2.2.2. D Region—Gamma1 Site

Figure 8a shows the RMSD plots of the D region in complex with IVM_a and of the
ligand alone; the averaged poses of the most populated clusters are compared with the
docking result in Figure 8b. The simulation shows a replacement of the ligand within
the first 5–10 ns; therefore, the analysis of the interactions revealed no common residues
between the docked pose and the clusters, although both interact with a cysteine residue.
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Figure 8. (a) RMSD plots of the D region in complex with IVM_a and the ligand alone; and (b) visual
comparison of the docked pose (gray) with the averaged poses from the largest clusters. The pose
resulting from the most populated cluster is represented in magenta, the second-largest in cyan, and
the third-largest in blue. The averaged structures of the clusters are color-coded according to the
RMSD between them: green for low values, and red for high values.

2.2.3. D Region—Gamma2 Site

Figure 9a shows the RMSD plots of the D region in complex with IVM_a and of the
ligand alone. The averaged poses of the most populated clusters are compared with the
docking result in Figure 9b. In this case, the clustered poses overlap with the docked one,
and formed more interactions than the docked pose, especially with aspartic acid and
arginine residues.

Figure 9. (a) RMSD plots of the D region in complex with IVM_a and the ligand alone; and (b) visual
comparison of the docked pose (gray) with the averaged poses from the largest clusters. The pose
resulting from the most populated cluster is represented in magenta, the second-largest in cyan, and
the third-largest in blue. The averaged structures of the clusters are color-coded according to the
RMSD between them: green for low values, and red for high values.
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2.3. Protein–Protein Docking

The interactions between fibrinogen and the free SP were predicted using the software
PatchDock (http://bioinfo3d.cs.tau.ac.il/PatchDock/patchdock.html, accessed on 15 June
2023) [41]. The results were then refined and rescored using FireDock (http://bioinfo3d.
cs.tau.ac.il/FireDock/firedock.html, accessed on 15 June 2023) [42]. We investigated both
the closed state as represented by PDB entry 6VXX, and the open state, also known as the
pre-fusion state with a single receptor-binding domain (RBD) up, which corresponds to
PDB entry 6VSB.

The binding energy contributions of the top three refined and rescored outputs of
FireDock are listed in Table 6 for the closed and open state of the SP.

Table 6. Energies of the refined and rescored protein–protein docking results obtained with FireDock,
reported in terms of global energy glob, attractive and repulsive van der Waals energy (aVdW and
rVdW), and atomic contact energy (ACE).

Structure Pose glob aVdW rVdW ACE

6VXX
1 −62.17 −65.02 38.94 4.11
2 −49.83 −57.34 42.31 −4.01
3 −46.34 −38.48 18.94 −3.99

6VSB
1 −54.06 −36.10 43.10 −9.79
2 −55.15 −40.59 23.31 −3.11
3 −35.48 −59.01 68.62 −1.01

The most relevant interactions of the poses reported in Table 6 are listed below and
illustrated in Figures A1 and A2 in Appendix A.

Figure A1 emphasizes the IVM binding sites on fibrinogen, as previously demonstrated
in Figure 5. It showcases that these sites are precisely located at the interface between SP
and fibrinogen. This significantly supports our hypothesis: if we ascertain that the same
residues implicated in the binding of SP and fibrinogen are also those inhibited by IVM on
fibrinogen, we can infer that IVM could possibly interrupt the SP–fibrinogen interaction by
interacting with these same residues on fibrinogen. As a result, this could potentially stave
off the development of microclots.

Figure A2 effectively displays the contact residues at the interface of the SP and
fibrinogen.

The following relevant interactions have been identified between fibrinogen and 6VXX
(closed state SP):

1. The S2 subunit of the SP contacts Sites 3 and 12 in the central E region of fibrinogen.
In particular, both the SP and the docked pose of IVM_a in Site 12, which had high
affinity for fibrinogen in terms of docking score, are predicted to interact with two
aspartic acid residues and an arginine residue in the γ chains, forming Site 12 (Asp27
in chain I and Asp6 and Arg14 in chain L);

2. The N-terminal domain (NTD) region of the S1 subunit of the SP contacts the γ chain
of fibrinogen. Interacting residues belong to both the gamma1 (Leu172 and Lys173)
and gamma2 (Phe389, Asn390, Thr393, Ile394) sites, and Site 3b (Lys173 and Glu231)
from Site Finder;

3. Residues in the S1 subunit of the SP, neighboring the S2 cleavage site, contact chains
α in the coiled-coil region and β in the globular D region.

Regarding 6VSB (pre-fusion state with a single RBD up), ithe NTD region of the two
top poses contacts fibrinogen in the coiled-coil region. The third-best pose makes extensive
contact with both the predicted SP binding sites in the γ chain of fibrinogen and with Site
5a from Site Finder. Specifically, it interfaces with residues Lys170, Leu172, Lys173, Ala174,
Asn175, and Gln177 in the gamma1 site, along with residues Phe389, Thr393, and Ile394 in
the gamma2 site. The docked pose of IVM_a in Site 5a, which yielded moderate docking
scores (Table 4), also interacts with the Asn175 residue in the γ chain.

http://bioinfo3d.cs.tau.ac.il/PatchDock/patchdock.html
http://bioinfo3d.cs.tau.ac.il/FireDock/firedock.html
http://bioinfo3d.cs.tau.ac.il/FireDock/firedock.html
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3. Discussion

Although the respiratory epithelium is typically the portal of infectious penetration
of COVID-19, vascular abnormalities, including blood clots, constitute a major morbidity
of this disease [43–50]. More generally, extensively damaged endothelium of pulmonary
capillaries adjoining relatively intact alveoli has been observed in COVID-19 patients [51,52],
which correspond to clinical symptoms of hypoxemia accompanied by normal breathing
mechanics in such patients [47,49–51,53,54]. Another blood-based abnormality of COVID-
19 related to, and perhaps a precursor to, blood clotting is the formation of clumps of red
blood cells (RBCs), or rouleaux, as have been found prevalent in the blood of COVID-
19 patients in three studies [55–57]. Even when loosely bound and reversible in their
initial stages, rouleaux cause decreased efficiency of RBC oxygenation [57–59] and may
be a key cause of decreased peripheral oxygen saturation, another major morbidity of
COVID-19 [43].

The biochemical underpinning of rouleaux formation in the blood of COVID-19
patients is the binding of the SP glycoprotein of SARS-CoV-2 (as with the SP of most
coronavirus strains) to host cell glycans, in particular, to those with terminal sialic acid
(SA) moieties, which are densely distributed on RBCs and other blood cells [43]. In silico,
IVM was shown to bind with high affinity to SARS-CoV-2 SP glycan sites [9], the impli-
cations of which were confirmed in a recent in vitro study [60]. Human RBCs mixed with
SARS-CoV-2 SP caused hemagglutination (HA), while IVM added concurrently blocked
HA, and IVM reversed HA when added after it had formed [60]. There are similarities
between the formation of rouleaux and of fibrin-enmeshed blood clots, including the role
of fibrinogen in each [61–64] (although hemagglutination occurs when RBCs and SP are
mixed in the absence of fibrinogen [60]). It was therefore of interest whether IVM might be
able to limit the development of blood clots in COVID-19 patients through inhibition of
binding between blood cells, SARS-CoV-2 SP, and fibrinogen, analogous to its inhibition of
SP-induced rouleaux formation. IVM binding to fibrinogen, if experimentally confirmed
by in silico modeling and in vitro validation studies, may have important therapeutic im-
plications for the large number of PACS patients suffering with prolonged and debilitating
symptoms, since decreased formation of fibrin amyloid/SP microclots, which are able
to block capillaries and limit the passage of red blood cells [2,17–21], may significantly
increase oxygen diffusion and extraction in the peripheral microcirculation of PACS pa-
tients. Accordingly, in this study, we used molecular docking and molecular dynamics
simulations to evaluate the capacity of IVM to bind to fibrinogen, the main clotting protein
known to form “fibrinaloids” (i.e., fibrin amyloid microclots) resistant to fibrinolysis in the
microcirculation of PACS patients [2,17–21].

Our in silico results comparing the docking scores of the two forms of IVM present
in the clinical drug formulation demonstrated that IVM_a binds with a higher predicted
affinity than IVM_b in most simulations. Of interest, we found IVM to bind preferentially
to the central E region of fibrinogen, in particular to sites 1 and 12 (Table 3). IVM_a’s best
pose was further investigated through molecular dynamics. It was observed that the ligand
remained inside site 1 throughout the simulations, though did not retain the orientation of
the docked pose, as shown in Figure 6.

The docking results in the Site Finder binding sites other than the E region (Table 4)
indicated IVM’s predicted preference towards the coiled-coil regions of fibrinogen, though
binding was generally not as strong as in the E region.

Docking in the SP binding sites (Table 5) yielded intermediate results in terms of
binding scores; nevertheless, since these regions were predicted to interact with the SP,
they were also simulated to evaluate the stability of IVM’s binding. In the case of the
gamma1 site (centered on residues 163–181), the simulation shows a replacement of the
ligand within the first 5 ns, before progressively stabilizing on the reached binding mode.

The analyzed simulations in the gamma2 site (centered on residues 377–395) show that
the ligand tends to occupy the same space as in the docking simulation, although with more
fluctuations and pose changes. Of interest, this binding area of IVM on fibrinogen overlaps
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with that of 5B8, a monoclonal antibody targeting the cryptic inflammatory fibrin epitope
and able to inhibit thrombo-inflammation, as recently described by Ryu et al., 2021 [2].

The predictions derived from our protein–protein docking simulations exhibited some
congruence with experimental findings by Ryu et al., 2021 [2]. Moreover, our simula-
tions revealed a potential interaction site for the spike protein within the central E region
of fibrinogen.

Our computational results suggest that IVM may bind with high affinity to multiple
sites on the fibrinogen peptide, with binding more likely in the central, E region, in the
coiled-coil region and in site gamma1, as opposed to site gamma2, in the globular D region.
In light of the predicted interactions from protein–protein docking simulations, which show
some overlap between the fibrinogen residues interacting with both the SP and IVM_a
in the central E region and in the globular D region, these findings indicate, for the first
time, the potential of IVM, an established, safe and widely used antiparasitic medication,
to interfere with SARS-CoV-2 SP’s binding to fibrinogen. This interference may potentially
decrease the formation of fibrin clots resistant to degradation, which may play a central
role in the impaired oxygen extraction and systemic microvascular dysfunction reported in
COVID-19 and PACS patients [65–67].

Additional in vitro studies will be necessary to assess whether IVM binding to fib-
rinogen is sufficiently stable to prevent interaction with the SP and potentially reduce
its thrombo-inflammatory effect in vivo. Among these, binding assays to fibrinogen and
albumin could be performed to evaluate whether albumin affects the bindings of IVM to
fibrinogen, given that 93% of IVM binds to albumin in blood [68]. Other experimental
testing can be sought to evaluate whether IVM lessens clot formation in the presence of
SARS-CoV-2 SP, and if it does so at physiological concentrations.

4. Materials and Methods
4.1. Human Fibrinogen Structure

The PDB entry 3GHG representing a human fibrinogen structure is available in the
Protein Data Bank [10]. It contains two copies of the fibrinogen structure; due to its lower
number of missing residues, the second one was selected as a model. It is composed of
chains G and J (corresponding to the Aα chains), H and K (Bβ), and I and L (γ), along
with the co-complexed carbohydrates and calcium ions; it corresponds to the molecule as
represented in Figure 1. A comparison between the numbers of missing residues of the two
molecules in 3GHG is provided in Table 7.

Table 7. Missing residues in the 3GHG structures.

Chain N-Terminus Out-Gap C-Terminus Out-Gap

A (Aα) 26 residues 362 residues
B (Bβ) 57 residues 3 residues
C (γ) 13 residues 17 residues

D (Aα) 26 residues 362 residues
E (Bβ) 57 residues 3 residues
F (γ) 13 residues 16 residues

G (Aα) 26 residues 362 residues
H (Bβ) 57 residues 3 residues

I (γ) 1 residue 16 residues
J (Aα) 26 residues 350 residues
K (Bβ) 57 residues 3 residues
L (γ) 4 residues 16 residues

We prepared the structure of human fibrinogen in MOE using the Structure Prepa-
ration panel. There were some challenges involving the unmodeled out-gaps in the C-
and N-termini of all chains; however, no other regions needed addressing. Due to a lim-
ited number of viable templates, homology modeling of the out-gaps was not feasible.
Meanwhile, the unconstrained nature of the termini introduced a wide range of possible
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conformations, making de novo modeling of the out-gaps a complex process. To navigate
around these complexities, the out-gaps were removed from the termini and the terminus
was subsequently capped for this preliminary study, laying the groundwork for future
analysis. Note that the C-terminus out-gap on the gamma chain is in close proximity to
the gamma 364–395 SP binding site identified by Ryu et al., 2021 [2]. The protein was
protonated using the Protonate 3D application in MOE, and system settings include a pH
of 7 and temperature of 300 K, while the default electrostatics model was used.

4.2. Molecular Docking
4.2.1. Identification of Fibrinogen Binding Sites

The MOE Site Finder application was used to predict the most probable binding sites
on the full structure of fibrinogen. This application employs a geometric method, implying
that it does not depend on energy models for the identification of potential active sites in a
receptor. The underlying concept is based on α-shapes, a family of piecewise linear curves
in the Euclidean plane, which are intricately linked to the shape of a finite set of points [69].
The method identifies regions of tight atomic packing and proceeds to filter out unlikely
sites such as protrusions, inaccessible regions, or too solvent-exposed ones. The potential
sites are then ranked according to their propensity for ligand binding (PLB), based on their
amino acid composition, which was implemented from [70]. The identified sites with a
PLB score around or greater than 1 are listed in Table 8.

We utilized Sites 1, 3, and 12 to define the binding sites in the E region. To investigate
sites beyond the E region in greater detail, we employed the Site Finder tool separately
on the two halves of the fibrinogen structure. However, as the Site Finder application
is primarily geared towards identifying small molecule binding sites, it may not fully
encapsulate the sites for protein–protein interactions. As a result, the regions that interact
with the SP were examined by positioning the docking box around the residues identified
by Ryu et al., 2021 [2]. AMDock software v1.5.2 [71] was used to compute the optimal box
placement with the “Center on Residues” option. Table 9 summarizes the investigated
binding sites with the coordinates of the docking boxes, and Figure 5 maps their locations
on the structure.

4.2.2. Ligand Preparation

The ligand molecules were constructed from the SMILES strings obtained from Drug-
Bank. The three-dimensional structures were prepared in MOE using the Wash procedure.
Ligands were protonated as the most abundant protomers (dominant) at a pH of 7, hydro-
gens were explicitly added, and coordinates were calculated using the Rebuild 3D option.

4.2.3. Molecular Docking Simulations and Analysis of Results

Molecular docking simulations were performed on each binding site listed in Table 9
by centering a cubic box of size 30 × 30 × 30 Å on the identified coordinates. The prepared
structures of the receptor and ligands were converted to pdbqt format using the software
OpenBabel v3.1.0 [72] before proceeding with docking using the software AutoDock Vina
v.1.2.3 (latest stable) [73]. The exhaustiveness parameter was increased to 16 and the
maximum number of output poses (num_modes) was increased to 20.

The docking results were analyzed in terms of predicted binding affinities (docking
scores, expressed in kcal/mol) and ligand interactions with the receptor.
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Table 8. Results of the MOE Site Finder with PLB around or over 1. Aα1 and 2 correspond to chains
G and J, Bβ1 and 2 to chains H and K, and γ1 and 2 to chains I and L in the model. Boldened sites
have correspondence, even partial, in the literature; green colored text indicates sites in the E region.

Site PLB Residues

1 5.64

Aα1:(ACE26 ALA27 CYS28 LYS29 ASP32 TRP33 SER47 CYS49 ARG50)
Bβ1:(LYS58 ALA59 PRO60 ASP61 CYS65 LEU66 HIS67 ASP69 PRO70 ASP71 GLY73 VAL74 LEU75 CYS76)
Aα2:(ALA27 CYS28 LYS29 ASP30 SER31 TRP33 CYS45 PRO46 SER47 CYS49 ARG50 LEU54)
Bβ2:(LYS58 ALA59 PRO60 ASP61 PRO70 ASP71 LEU72 GLY73 VAL74 CYS76)

2 3.97

Aα2:(ILE93 ASP97 PHE98 ALA101 ASN102 ARG104 ASP105 ASN106 TYR108 ASN109 SER112 ARG116 HIS201
PRO203 LEU204 ILE205 MET207 LYS208 PRO211)
Bβ2:(TRP125 ARG128 GLN129 VAL132 LYS133 ASN135 GLU136 VAL139 TYR142 SER143)
γ2:(THR67 TYR68 ASN69 PRO70 ASP71 GLU72 SER73 LYS75 ASN77 MET78 ILE79 ASP80 THR83)

3 2.50
γ1:(CYS8 CYS9 ILE10 TYR18)
Bβ2:(CYS80 GLN83)
γ2:(ACE4 ARG5 ASP6 CYS8 CYS9 SER17 TYR18 CYS19 PRO20)

4 1.91
Aα1:(ILE156 SER160)
Bβ1:(ARG255 ASP257 GLY258 SER259 VAL260 ASP261 PHE262 GLY263 GLU291 GLY399 ASN413 GLY414 ARG415
TYR416)

5 1.87 Bβ1:(PRO204 VAL206 LYS217 GLY218 GLY219 GLU220 THR221 GLU223 TYR225 TYR285)
γ1:(VAL202 ASP203 LYS206 ILE209 GLN210 GLU213 GLY214 PHE215 GLY216 HIS217)

6 1.72
Aα2:(LEU73 TYR76 GLN77 ASN79 ASN80 LYS81 SER83 HIS84 THR87 THR88 MET91)
Bβ2:(ASN103 VAL104 VAL107 SER108 THR110 SER111 SER114 PHE115 GLN116 TYR117 MET118)
γ2:(LEU47 VAL50 GLU51 THR54 VAL57)

7 1.63
Bβ2:(ILE203 PRO204 VAL205 VAL206 SER207 GLY208 LYS209 GLU213 LYS217 LEU226)
γ2:(PRO171 LYS173 ALA174 ASN175 GLN176 GLN177 PHE178 LEU179 LYS212 GLU213 LEU218 LEU228
GLU231 LYS232 LEU235)

8 1.38
A α1:(ASP153 ILE156 LYS157 SER160)
Bβ1:(ASP261 GLY263 ARG264 TYR378 SER395 LYS396 GLY399 GLY400 GLY401 ARG415 LYS428 HIS429)
γ1:(GLU132 GLN136)

9 1.32 γ2:(PHE295 ASP297 ASP298 SER300 ASP301 PHE304 THR305 PHE322 CYS326 GLN329 ASP330 LYS338
CYS339 HIS340 TYR363 ASP364 ILE368 ARG375)

10 1.20
Aα2:(ARG118 ILE119 LEU122 LYS123 LYS125 VAL126 LYS129 VAL130)
Bβ2:(GLN150 ILE153 THR156 VAL157 ILE161)
γ2:(ILE93 TYR96 GLU97 ILE100 HIS103 ASP104)

11 1.08
Aα2:(THR87 ILE90 MET91 LEU94 ARG95 PHE98)
Bβ2:(TYR117 MET118 LEU121 LYS122 TRP125 GLN126 ARG128 GLN129)
γ2:(LEU60 ILE61 ILE64 GLN65 THR67 TYR68)

12 0.99

Aα1:(CYS45 PRO46 SER47 GLY48)2:(CYS76 PRO77 THR78 GLY79)
Bβ1:(CYS19 PRO20 THR21 THR22)
Aα2:(CYS45 PRO46 SER47 GLY48)
Bβ2:(CYS76 PRO77 THR78 GLY79 LEU82)
γ2:(CYS19 PRO20 THR21 THR22)

13 0.99
Aα2:(ASP153 LYS157)
Bβ2:(ASP261 GLY263 ARG264 LYS265 TYR378 SER395 LYS396 GLY399 GLY400 ARG415 LYS428 HIS429)
γ2:(LYS125 VAL128 ALA129 GLU132 ALA133 GLN136)
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Table 9. Summary of the investigated binding sites.

Site Site ID
Box Center Coordinates (Å)

x y z

E
re

gi
on

1 90.12 −53.03 −92.61

3 97.22 −28.67 −88.12

12 91.72 −38.97 −92.59

C
ha

in
s

G
,H

,I
1a −62.20 −34.62 −45.53

2a −90.42 −49.52 −36.75

3a −58.83 −27.75 −44.12

4a 10.65 −26.00 −83.01

5a −90.47 −42.66 −22.91

6a −114.10 −62.45 −34.73

C
ha

in
s

J,
K

,L

1b 173.90 −45.87 −107.26

2b 142.69 −43.59 −96.29

3b 272.20 −62.61 −166.68

4b 292.84 −88.07 −160.55

5b 203.59 −44.32 −114.73

6b 158.42 −46.21 −103.52

7b 241.40 −46.07 −144.96

SP
-c

ha
in

I

gamma1
(163–181) −78.32 −29.61 −37.44

gamma2a
(377–395) −99.64 −29.75 −41.74

gamma2b 1 −107.40 −31.20 −44.80

beta (119–129) 4.08 −28.05 −83.39
1 Centered on the pose showing the most interactions in site gamma2a.

4.3. Molecular Dynamics Simulation

In an effort to mitigate the extensive computational demand typically associated with
a comprehensive molecular dynamics simulation of a protein such as fibrinogen, which is
large with a high aspect ratio, we isolated and simulated the D and E regions of interest,
effectively ‘trimming’ the complex. This was accomplished by eliminating the coiled-coil
region and subsequently capping the newly introduced termini. To model the D region, we
utilized only one side of the symmetric fibrinogen structure; specifically, the H and I chains
were selected as they presented smaller unmodeled out-gaps compared with the K and L
chains. For Site 1 in the E region, we executed MD using IVM_a, due to its prominence
as the most dominant form. In the D region, we carried out MD simulations for both
the gamma1 and gamma2 sites, solely using IVM_a as the ligand (detailed binding site
information can be found in Figure 5a and Table 9). The preferred pose for the ligand, used
as the starting point in MD simulations, was determined by the most successful pose from
molecular docking for each respective site. Our investigation encompassed a total of three
site–ligand pairings. We prepared the protein structures and established the ligand poses
using MOE, from which they were exported and set up for MD simulations through the
MDKit Python package [74]. The MD protocol included a sequence of steps that included
system solvation, two minimization stages, a heating stage, an equilibration stage, and,
finally, a production stage. The stages of the protocol consisted of:

1. A minimization with positional restraints of 10 kcal
mol·Å2 applied to the heavy atoms of

the solute;
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2. A full-structure minimization step;
3. A heating phase up to 298 K in the NVT ensemble, using a Berendsen thermostat with

a 2.0 picosecond coupling constant, τ;
4. An equilibration phase reaching 1.0 bar in the NPT ensemble, with constant pressure

and temperature maintained with a Berendsen barostat (employing isotropic position
scaling) and a Langevin thermostat, respectively. A pressure relaxation time of 2.0 ps
was applied;

5. Finally, a 100 ns production run was performed.

The Amber20 software package [75] was used to run the MD simulations. Through-
out all dynamic stages, a non-bonded cutoff distance of 10.0 Å and periodic boundary
conditions were used. The structures were solvated in a truncated octahedron box with a
minimum 10.0 Å distance from the protein to the box boundaries, employing a three-point
water model (TIP3P). An ionic concentration of 0.15 M was achieved by adding appropriate
amounts of sodium and chloride ions. The minimizations were carried out in two phases:
initially, 5000 iterations of steepest descent, followed by 5000 iterations of conjugate gradi-
ent. The heating and equilibration phases each employed a time step of 2 fs and spanned
500 ps. The production runs adhered to the same settings as the equilibration stage, with
the exception of returning the nonbonded skin to its default thickness of 2 Å. For each
run, 1000 frames were saved to a trajectory file. The resulting trajectories were analyzed
using the CPPTRAJ module of the Amber20 software package. The root-mean-square
deviation (RMSD) was computed for each trajectory using the first frame as the reference.
Subsequently, a clustering analysis was conducted to identify representative MD poses,
facilitating comparison with the initial docked poses.

4.4. Protein–Protein Docking

The software PatchDock is a geometry-based algorithm aimed at finding good molecu-
lar shape complementarity [41]. It takes in two protein structures as input. In this scenario,
fibrinogen serves as the “receptor” and remains stationary, while the SP is subjected to
a sequence of transformations intended to align complementary surface patches on both
proteins. The candidate transformations are evaluated and undergo an RMSD clustering
analysis to eliminate any redundant results.

The outputs generated by PatchDock underwent additional refinement and re-scoring
using FireDock [42]. The re-scored outputs were then ranked based on the global energy
glob, or the binding energy of the docked pose, which encompasses both attractive and
repulsive van der Waals energy (aVdW and rVdW) as well as atomic contact energy (ACE).
We scrutinized the top three results from each simulation using the MOE Contacts applica-
tion, focusing on factors such as hydrogen bonds, ionic bonds, arene interactions, covalent
bonds, and distance interactions, associated with van der Waals distance interactions.

5. Conclusions

This in silico study follows up on recent experimental findings, which indicate that
the SARS-CoV-2 SP may directly bind to fibrinogen and induce structurally abnormal
blood clots with heightened proinflammatory activity. These blood clots are important
features of both COVID-19 and PASC (long COVID), which are both characterized by
hypercoagulability and the formation of microclots that can limit oxygen diffusion in the
peripheral circulation, and can lead to symptoms including breathlessness, “brain fog”,
inflammation, and fatigue, and lead to pathological thrombosis.

Several research groups, including our own, have recently demonstrated that iver-
mectin is able to bind competitively to the SP and limit its attachment to its host cell target,
and we hypothesized that it could have similar binding activity with fibrinogen. Therefore,
we undertook finding a molecular-level elucidation of the possible binding sites and modes
of IVM on fibrinogen to predict its potential ability to limit SP–fibrinogen binding and
potentially reduce microclotting. Our in silico analysis, utilizing both molecular docking
and molecular dynamics simulations, indicates that IVM could bind with high affinity to
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the central E region of fibrinogen and with moderate-to-high affinity to the SP binding sites
experimentally predicted by Ryu et al., 2021 [2]. Experimental testing of these computed
binding affinities would help determine if IVM does indeed bind to fibrinogen, and, if so,
whether it provides the indicated inhibition of SP-related microclotting.
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Appendix A

Figure A1. Depiction of the three top-scoring poses emerging from protein–protein docking of
fibrinogen with both closed (a) and open (b) states of the SP. The fibrinogen molecule is colored in
grey. The highest scoring pose of the SP in both states is illustrated in green, the second pose in blue,
and the third in orange. The binding pockets where IVM inhibits fibrinogen, which happen to be
situated at the interface of SP and fibrinogen, are emphasized as follows: Site 3 and Site 12, both
located in the central E region, are highlighted in yellow and dark green, respectively. Meanwhile,
the gamma1 site stands out in cyan, and the gamma2 site in purple; Site 3b, as identified by the Site
Finder, is emphasized in dark blue, and Site 5a in red.
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Figure A2. Contact residues at the interface of fibrinogen (depicted in grey) and the three top-scoring
poses of the SP in its closed (a) and open (b) states. The highest scoring pose is illustrated in green,
the second pose in blue, and the third place pose in orange. The residues participating in these
interactions are prominently highlighted in red.
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Antioxidant, Binding and Health-Protecting Properties of Phenolic Compounds of Beers with Main Human Serum Proteins: In
Vitro and In Silico Approaches. Molecules 2020, 25, 4962. [CrossRef]

35. Liu, Y.; Tang, X.; Pei, J.; Zhang, L.; Liu, F.; Li, K. Gastrodin Interaction with Human Fibrinogen: Anticoagulant Effects and Binding
Studies. Chem. Eur. J. 2006, 12, 7807–7815. [CrossRef] [PubMed]

36. González-Durruthy, M.; Scanavachi, G.; Rial, R.; Liu, Z.; Cordeiro, M.N.D.S.; Itri, R.; Ruso, J.M. Mapping the Underlying
Mechanisms of Fibrinogen Benzothiazole Drug Interactions Using Computational and Experimental Approaches. Int. J. Biol.
Macromol. 2020, 163, 730–744. [CrossRef]

37. González-Durruthy, M.; Rial, R.; Cordeiro, M.N.D.S.; Liu, Z.; Ruso, J.M. Exploring the Conformational Binding Mechanism of
Fibrinogen Induced by Interactions with Penicillin β-Lactam Antibiotic Drugs. J. Mol. Liq. 2021, 324, 114667. [CrossRef]

38. Stubbs, M.T.; Oschkinat, H.; Mayr, I.; Huber, R.; Angliker, H.; Stone, S.R.; Bode, W. The Interaction of Thrombin with Fibrinogen.
A structural basis for its specificity. Eur. J. Biochem. 1992, 206, 187–195. [CrossRef] [PubMed]

39. Syahbanu, F.; Giriwono, P.E.; Tjandrawinata, R.R.; Suhartono, M.T. Molecular Docking of Subtilisin K2, a Fibrin-Degrading
Enzyme from Indonesian Moromi, with Its Substrates. Food Sci. Technol. 2022, 42, e61820. [CrossRef]

40. DrugBank Compound Summary for Ivermectin. Available online: https://go.drugbank.com/drugs/DB00602 (accessed on 23
March 2023).

41. Schneidman-Duhovny, D.; Inbar, Y.; Nussinov, R.; Wolfson, H.J. PatchDock and SymmDock: Servers for Rigid and Symmetric
Docking. Nucleic Acids Res. 2005, 33, W363–W367. [CrossRef] [PubMed]

42. Andrusier, N.; Nussinov, R.; Wolfson, H.J. FireDock: Fast Interaction Refinement in Molecular Docking. Proteins 2007, 69, 139–159.
[CrossRef]

43. Scheim, D.E. A Deadly Embrace: Hemagglutination Mediated by SARS-CoV-2 Spike Protein at Its 22 N-Glycosylation Sites, Red
Blood Cell Surface Sialoglycoproteins, and Antibody. Int. J. Mol. Sci. 2022, 23, 2558. [CrossRef]

44. Couzin-Frankel, J. The Mystery of the Pandemic’s ‘Happy Hypoxia’. Science 2020, 368, 455–456. [CrossRef]
45. Rapkiewicz, A.V.; Mai, X.; Carsons, S.E.; Pittaluga, S.; Kleiner, D.E.; Berger, J.S.; Thomas, S.; Adler, N.M.; Charytan, D.M.; Gasmi,

B.; et al. Megakaryocytes and Platelet-Fibrin Thrombi Characterize Multi-Organ Thrombosis at Autopsy in COVID-19: A Case
Series. EClinicalMedicine 2020, 24, 100434. [CrossRef]

46. Price, L.C.; McCabe, C.; Garfield, B.; Wort, S.J. Thrombosis and COVID-19 Pneumonia: The Clot Thickens! Eur. Respir. J. 2020, 56,
2001608. [CrossRef] [PubMed]

47. Huertas, A.; Montani, D.; Savale, L.; Pichon, J.; Tu, L.; Parent, F.; Guignabert, C.; Humbert, M. Endothelial Cell Dysfunction: A
Major Player in SARS-CoV-2 Infection (COVID-19)? Eur. Respir. J. 2020, 56, 2001634. [CrossRef] [PubMed]

48. Gupta, A.; Madhavan, M.V.; Sehgal, K.; Nair, N.; Mahajan, S.; Sehrawat, T.S.; Bikdeli, B.; Ahluwalia, N.; Ausiello, J.C.; Wan, E.Y.;
et al. Extrapulmonary Manifestations of COVID-19. Nat. Med. 2020, 26, 1017–1032. [CrossRef] [PubMed]

49. Becker, R.C. COVID-19 Update: COVID-19-Associated Coagulopathy. J. Thromb. Thrombolysis 2020, 50, 54–67. [CrossRef]
50. Mondal, R.; Lahiri, D.; Deb, S.; Bandyopadhyay, D.; Shome, G.; Sarkar, S.; Paria, S.R.; Thakurta, T.G.; Singla, P.; Biswas, S.C.

COVID-19: Are We Dealing with a Multisystem Vasculopathy in Disguise of a Viral Infection? J. Thromb. Thrombolysis 2020, 50,
567–579. [CrossRef]

https://doi.org/10.1038/ja.2017.11
https://doi.org/10.1016/j.pt.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26552892
https://doi.org/10.1016/j.nmni.2021.100924
https://doi.org/10.1177/009127002237994
https://www.ncbi.nlm.nih.gov/pubmed/12362927
https://doi.org/10.1093/jac/dkz524
https://doi.org/10.1021/bi0344073
https://doi.org/10.1016/j.molstruc.2022.132963
https://doi.org/10.3390/molecules25214962
https://doi.org/10.1002/chem.200600549
https://www.ncbi.nlm.nih.gov/pubmed/16847996
https://doi.org/10.1016/j.ijbiomac.2020.07.044
https://doi.org/10.1016/j.molliq.2020.114667
https://doi.org/10.1111/j.1432-1033.1992.tb16916.x
https://www.ncbi.nlm.nih.gov/pubmed/1587268
https://doi.org/10.1590/fst.61820
https://go.drugbank.com/drugs/DB00602
https://doi.org/10.1093/nar/gki481
https://www.ncbi.nlm.nih.gov/pubmed/15980490
https://doi.org/10.1002/prot.21495
https://doi.org/10.3390/ijms23052558
https://doi.org/10.1126/science.368.6490.455
https://doi.org/10.1016/j.eclinm.2020.100434
https://doi.org/10.1183/13993003.01608-2020
https://www.ncbi.nlm.nih.gov/pubmed/32554532
https://doi.org/10.1183/13993003.01634-2020
https://www.ncbi.nlm.nih.gov/pubmed/32554538
https://doi.org/10.1038/s41591-020-0968-3
https://www.ncbi.nlm.nih.gov/pubmed/32651579
https://doi.org/10.1007/s11239-020-02134-3
https://doi.org/10.1007/s11239-020-02210-8


Int. J. Mol. Sci. 2023, 24, 11449 24 of 24

51. Magro, C.; Mulvey, J.J.; Berlin, D.; Nuovo, G.; Salvatore, S.; Harp, J.; Baxter-Stoltzfus, A.; Laurence, J. Complement Associated
Microvascular Injury and Thrombosis in the Pathogenesis of Severe COVID-19 Infection: A Report of Five Cases. Transl. Res.
2020, 220, 1–13. [CrossRef]

52. Menter, T.; Haslbauer, J.D.; Nienhold, R.; Savic, S.; Hopfer, H.; Deigendesch, N.; Frank, S.; Turek, D.; Willi, N.; Pargger, H.;
et al. Postmortem Examination of COVID-19 Patients Reveals Diffuse Alveolar Damage with Severe Capillary Congestion and
Variegated Findings in Lungs and Other Organs Suggesting Vascular Dysfunction. Histopathology 2020, 77, 198–209. [CrossRef]

53. Gattinoni, L.; Coppola, S.; Cressoni, M.; Busana, M.; Rossi, S.; Chiumello, D. COVID-19 Does Not Lead to a “Typical” Acute
Respiratory Distress Syndrome. Am. J. Respir. Crit. Care Med. 2020, 201, 1299–1300. [CrossRef]

54. Marini, J.J.; Gattinoni, L. Management of COVID-19 Respiratory Distress. JAMA 2020, 323, 2329–2330. [CrossRef]
55. Berzuini, A.; Bianco, C.; Migliorini, A.C.; Maggioni, M.; Valenti, L.; Prati, D. Red Blood Cell Morphology in Patients with

COVID-19-Related Anaemia. Blood Transfus. 2021, 19, 34–36. [CrossRef]
56. Lakhdari, N.; Tabet, B.; Boudraham, L.; Laoussati, M.; Aissanou, S.; Beddou, L.; Bensalem, S.; Bellik, Y.; Bournine, L.; Fatmi, S.;

et al. Red Blood Cells Injuries and Hypersegmented Neutrophils in COVID-19 Peripheral Blood Film. medRxiv 2020. [CrossRef]
57. Melkumyants, A.; Buryachkovskaya, L.; Lomakin, N.; Antonova, O.; Serebruany, V. Mild COVID-19 and Impaired Blood

Cell–Endothelial Crosstalk: Considering Long-Term Use of Antithrombotics? Thromb. Haemost. 2022, 122, 123–130. [CrossRef]
58. Kibria, F.; Hysi, E.; Strohm, E.M.; Kolios, M.C. Identification of Red Blood Cell Rouleaux Formation Using Photoacoustic

Ultrasound Spectroscopy. In Proceedings of the Photons Plus Ultrasound: Imaging and Sensing 2014, San Francisco, CA, USA,
1–6 February 2014; Volume 8943, p. 894367.

59. Hysi, E.; Saha, R.K.; Kolios, M.C. Photoacoustic Ultrasound Spectroscopy for Assessing Red Blood Cell Aggregation and
Oxygenation. J. Biomed. Opt. 2012, 17, 125006. [CrossRef]

60. Boschi, C.; Scheim, D.E.; Bancod, A.; Militello, M.; Bideau, M.L.; Colson, P.; Fantini, J.; Scola, B.L. SARS-CoV-2 Spike Protein
Induces Hemagglutination: Implications for COVID-19 Morbidities and Therapeutics and for Vaccine Adverse Effects. Int. J. Mol.
Sci. 2022, 23, 15480. [CrossRef] [PubMed]

61. Barshtein, G.; Wajnblum, D.; Yedgar, S. Kinetics of Linear Rouleaux Formation Studied by Visual Monitoring of Red Cell Dynamic
Organization. Biophys. J. 2000, 78, 2470–2474. [CrossRef] [PubMed]

62. Baskurt, O.K.; Meiselman, H.J. Erythrocyte Aggregation: Basic Aspects and Clinical Importance. Clin. Hemorheol. Microcirc. 2013,
53, 23–37. [CrossRef]

63. Meiselman, H.J. Red Blood Cell Aggregation: 45 Years Being Curious. Biorheology 2009, 46, 1–19. [CrossRef]
64. Wagner, C.; Steffen, P.; Svetina, S. Aggregation of Red Blood Cells: From Rouleaux to Clot Formation. Comptes Rendus Phys. 2013,

14, 459–469. [CrossRef]
65. Sabioni, L.; De Lorenzo, A.; Lamas, C.; Muccillo, F.; Castro-Faria-Neto, H.C.; Estato, V.; Tibirica, E. Systemic Microvascular

Endothelial Dysfunction and Disease Severity in COVID-19 Patients: Evaluation by Laser Doppler Perfusion Monitoring and
Cytokine/Chemokine Analysis. Microvasc. Res. 2021, 134, 104119. [CrossRef]

66. Biondi, M.A.X.; Gulati, M.; Possick, J.; Joseph, P.; Singh, I.; Lutchmansingh, D. Unexplained dyspnea in a patient with a history of
COVID-19. Chest 2021, 160, A2373–A2374. [CrossRef]

67. Singh, I.; Joseph, P.; Heerdt, P.M.; Cullinan, M.; Lutchmansingh, D.D.; Gulati, M.; Possick, J.D.; Systrom, D.M.; Waxman, A.B.
Persistent Exertional Intolerance After COVID-19: Insights from Invasive Cardiopulmonary Exercise Testing. Chest 2022, 161,
54–63. [CrossRef] [PubMed]

68. Klotz, U.; Ogbuokiri, J.E.; Okonkwo, P.O. Ivermectin Binds Avidly to Plasma Proteins. Eur. J. Clin. Pharmacol. 1990, 39, 607–608.
[CrossRef] [PubMed]

69. Edelsbrunner, H.; Kirkpatrick, D.; Seidel, R. On the Shape of a Set of Points in the Plane. IEEE Trans. Inf. Theory 1983, 29, 551–559.
[CrossRef]

70. Soga, S.; Shirai, H.; Kobori, M.; Hirayama, N. Use of Amino Acid Composition to Predict Ligand-Binding Sites. J. Chem. Inf.
Model. 2007, 47, 400–406. [CrossRef]

71. Valdés-Tresanco, M.S.; Valdés-Tresanco, M.E.; Valiente, P.A.; Moreno, E. AMDock: A Versatile Graphical Tool for Assisting
Molecular Docking with Autodock Vina and Autodock4. Biol. Direct 2020, 15, 12. [CrossRef]

72. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An Open Chemical Toolbox.
J. Cheminform. 2011, 3, 33. [CrossRef]

73. Eberhardt, J.; Santos-Martins, D.; Tillack, A.F.; Forli, S. AutoDock Vina 1.2.0: New Docking Methods, Expanded Force Field, and
Python Bindings. J. Chem. Inf. Model. 2021, 61, 3891–3898. [CrossRef]

74. Preto, J.; Gentile, F. Assessing and improving the performance of consensus docking strategies using the DockBox package. J
Comput. Aided Mol. Des. 2019, 33, 817–829. [CrossRef]

75. Darden, T.A.; Duke, R.E.; Giambasu, G.; Gilson, M.K.; Gohlke, H.; Goetz, A.W.; Harris, R.; Izadi, S.; Izmailov, S.A.; Kasavajhala,
K.; et al. AMBER 2020. Available online: http://ambermd.org/ (accessed on 15 June 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.trsl.2020.04.007
https://doi.org/10.1111/his.14134
https://doi.org/10.1164/rccm.202003-0817LE
https://doi.org/10.1001/jama.2020.6825
https://doi.org/10.2450/2020.0242-20
https://doi.org/10.1101/2020.07.24.20160101
https://doi.org/10.1055/a-1551-9911
https://doi.org/10.1117/1.JBO.17.12.125006
https://doi.org/10.3390/ijms232415480
https://www.ncbi.nlm.nih.gov/pubmed/36555121
https://doi.org/10.1016/S0006-3495(00)76791-9
https://www.ncbi.nlm.nih.gov/pubmed/10777743
https://doi.org/10.3233/CH-2012-1573
https://doi.org/10.3233/BIR-2009-0522
https://doi.org/10.1016/j.crhy.2013.04.004
https://doi.org/10.1016/j.mvr.2020.104119
https://doi.org/10.1016/j.chest.2021.07.2054
https://doi.org/10.1016/j.chest.2021.08.010
https://www.ncbi.nlm.nih.gov/pubmed/34389297
https://doi.org/10.1007/BF00316107
https://www.ncbi.nlm.nih.gov/pubmed/2095348
https://doi.org/10.1109/TIT.1983.1056714
https://doi.org/10.1021/ci6002202
https://doi.org/10.1186/s13062-020-00267-2
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1007/s10822-019-00227-7
http://ambermd.org/

	Introduction 
	Structure and Function of Fibrinogen 
	Fibrin Clot Formation 
	Clot Properties and Disease 
	Role of SP in Microclotting 
	Potential Anti-Thrombo-Inflammatory Action of IVM 

	Overview of Fibrinogen Binding Sites 
	Structure of IVM 

	Results 
	Molecular Docking 
	Molecular Dynamics 
	E Region 
	D Region—Gamma1 Site 
	D Region—Gamma2 Site 

	Protein–Protein Docking 

	Discussion 
	Materials and Methods 
	Human Fibrinogen Structure 
	Molecular Docking 
	Identification of Fibrinogen Binding Sites 
	Ligand Preparation 
	Molecular Docking Simulations and Analysis of Results 

	Molecular Dynamics Simulation 
	Protein–Protein Docking 

	Conclusions 
	Appendix A
	References

