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Abstract
Purpose:

As of July 2022, the Covid-19 pandemic has affected over 555 million worldwide confirmed cases and
caused more than 6.3 million deaths. The studies showed that the D-dimer levels were increased in non-
survivors compared to survivors and heparin treatment has begun to be administered to the patients in
severe clinics. As we knew that the entrance of SARS-CoV2 to the host cell needs to be facilitated by host
proteases; we published our hypothesis that heparin as a serine protease inhibitor may block the
interaction between spike protein receptor-binding domain and host proteases.

Methods:

In this study, docking studies were carried out to evaluate the interactions between low molecular weight
heparins (LMWHSs) (enoxaparin, dalteparin, tinzaparin) direct oral anticoagulant and antiplatelet drugs
with host proteases. Molecular docking studies were performed by using Schrodinger molecular modeling
software. 3D structures of the ligands were obtained from the 2D structures by assigning the OPLS-2005
force field using the Maestro 12.7. The 3D crystal structure of the furin complexed with an inhibitor, 2,5-
dideoksistreptamin derivative was extracted from the Protein Data Bank (PDB ID: 5MIM). Docking studies
were carried out using the Grid-based Ligand Docking with Energetics module of the Schrodinger
Software.

Results:

The docking studies revealed that fondaparinux was the most relevant molecule to interact with furin. It
showed better interaction than the natural ligand of furin with an increased score compared to the
docking score of -8.155 of the natural ligand. AnaGA*IsA structure representing LMWH structure has
shown a docking score of -11.562 which was also better than the score of the natural ligand of furin.

Conclusion:

Our findings have shown that LMWHSs, and fondaparinux can be used for their anticoagulant, anti-
inflammatory and antiviral effects in Covid-19 patients. Clinical experience has shown that heparin and
LMWH have effects of improving the prognosis of Covid-19 patients. A few studies have provided
evidence of the safety and efficacy use of fondaparinux for venous thromboembolism prophylaxis in
hospitalized Covid-19 patients. Our results have shown that in accordance with heparin and LMWH,
fondaparinux can also be a candidate for ‘drug repurposing’ in Covid-19 therapy, not only because of their
anticoagulant but also antiviral effects.
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Introduction

As of July 2022, the COVID-19 pandemic has affected over 555 million worldwide confirmed cases and
caused more than 6.3 million deaths [1]. Many clinical studies have shown that the coagulopathy
associated with COVID-19 (CAC) is quite different from disseminated intravascular coagulation (DIC)
caused by sepsis and early initiation of unfractionated heparin and low molecular weight heparin
(LMWH) provided better prognosis in hospitalized patients [2, 3, 4, 5]. As we had previously hypothesized
that the positive effects of heparins may not only have been caused by anticoagulant but also
antiviral/anti-inflammatory effects [6], and LMWH may have the potential of blocking furin protease
during spike protein-ACE2 receptor interactions, we investigated the interactions between furin and
heparin, direct oral anticoagulant drugs (edoxaban, apixaban, dabigatran, rivaroxaban, argatroban) and
antiplatelet drugs (dipyridamole, acetylsalicylic acid, clopidogrel). Heparin-binding is a common feature
of some viruses as these pathogens use heparan sulfate proteoglycans (HSPGs) on the glycocalyx of the
cell and internalize into the cells. Therefore, heparin and heparan sulfates have been shown to stop the
binding of these pathogens to HSPGs and reduce infectivity [7, 8, 9]. Recent studies have shown that the
spike protein S1 subunit of SARS-CoV2 also interacts with cellular heparan sulfates, thus the addition of
exogenous heparin leads to inhibition of this binding [10, 11, 12]. However, these studies mainly focused
on the HSPG binding of spike protein but not on heparin-protease interactions that may be involved in the
cellular entrance. SARS-CoV2 recognizes ACE2 as a receptor through its receptor-binding domain (RBD),
however, further in addition to receptor binding; protease activators for viral entry are required. Recently
Shang et al, have shown that SARS-CoV2 is activated by not only binding to ACE2 but also the virus
depends on host proteases (TMPRSS2, cathepsin, and furin) activation for infectivity [13]. Undoubtedly,
Covid-19 patients are complicated by thrombotic events. Venous thromboembolism rates ranged from 2-
69% in a pooled analysis by Mayo Clinic including 37 studies [14]. Although there is not yet a consensus
on the dose of heparin in hospitalized Covid-19 patients, studies have shown that these patients
benefited from the usage of LMWH after hospitalization [15, 16, 17]. Recent studies regarding the effect
of anticoagulation before hospitalization (either with heparin, DOACs, or warfarin) have shown that
previous anticoagulation is a potential protector from hospitalization and mortality [18, 19]. Studies
investigating the benefits of usage of aspirin and antiplatelet drugs have shown controversial results,
most not pointing out a clear benefit regarding mortality [20, 21, 22]. Few studies regarding fondaparinux
use in Covid-19 patients exist, supporting its equal benefit with LMWH in anticoagulation [23, 24]. In our
study, we aimed to evaluate the interactions of the mentioned anticoagulant and antiplatelet drugs with
the host protease-furin, to find out their possible antiviral addition to anticoagulant effects.

It is reported that heparin binds to several plasma proteins to show its antithrombotic and anticoagulant
activity. For example, directly related to the antithrombotic properties, heparin enhances approximately
1000-fold the antithrombin (AT) activity, an endogenous coagulation inhibitor to inhibit the key
coagulation proteases: factor Xa and thrombin. Heparin interacts with AT via the ANAGA*ISA
(GlcNAC,6S03-GIcAGIcNS04,3,6S05*-1doA2S05-GIcNS04,6S05) pentasaccharide sequence. Especially in

bovine heparin, the natural variant compatible with high affinity for AT, instead of N-acetylation of the first

Page 3/14



aminosugar residue, having N-sulfation is also present. LMWHs compose of a mixture of different ranges
of fragments, tetra to hexadecasaccharides and little higher oligosaccharides. Besides tetrasaccharides,
about one out of five chains of LMWHSs contain the active sequence ANAGA*ISA [25, 26, 27]. Because of
these reasons, in this study, we used the ANAGA*ISA sequence for representing the LMWHSs for molecular
docking studies on furin protease.

In this study, molecular docking studies were carried out to understand the possible interactions between
LMWHs, fondaparinux, direct oral anticoagulant drugs (edoxaban, apixaban, dabigatran, rivaroxaban,
argatroban), warfarin, and antiplatelet drugs (dipyridamole, acetylsalicylic acid, clopidogrel) and a known
protease inhibitor camostat mesylate with furin were also investigated.

Methods
Molecular Docking Studies

Molecular docking studies were performed by using Schrodinger molecular modeling software [28, 29].
Firstly, the ligands shown in Fig. 1 were prepared by using Schrodinger, LigPrep module [30]. 3D
structures of the ligands were obtained from the 2D structures by assigning the OPLS-2005 force field
using the Maestro 12.7. LigPrep module can generate the expected ionized forms at significant
concentrations corresponding to the pH 7.0 + 2.0, perform verification, generate variations, and optimize
the structures of the ligands. It generates up to 32 different stereochemical structures per ligand. The
bond orders and bond angles were assigned after the ligand minimization step. Epik option was used to
keep the ligands in the right protonation state in biological conditions. The binding of ligands to the
receptors adopts more than one conformation, and the lowest energy conformer is important for docking
studies. The 3D crystal structure of the furin complexed with an inhibitor, 2,5-dideoksistreptamin
derivative was extracted from the Protein Data Bank (PDB ID: 5MIM) [31]. Before docking the ligands onto
the active site of furin, the protein was prepared using the protein preparation wizard in the Schrodinger
software. Hydrogen atoms were added, and the active site of the protein was defined to generate the grid.
The grid box was limited to a size of 20 A in 50.46, -35.68, and - 7.92 directions at the active site. Our
docking procedures were validated by extracting the natural ligand (2,5-dideoksistreptamin derivative)
from the binding site and re-docking it to the furin structure with the Glide XP (Extra precision mode)
mode. Also, before the re-docking process, the natural ligand was minimized with LigPrep module by
using OPLS 2005 force field. Glide generates conformations internally and passes these through a series
of filters. Glide successfully reproduced the experimental binding conformations of natural ligand in furin
with an acceptable root-mean-square deviation (RMSD) value of 1.01 A. Then, docking studies were
carried out using the Grid-based Ligand Docking with Energetics module of the Schrodinger Software, the
ligands were docked into the prepared grid by using “Extra precision mode”, and no constraints were
defined. To predict the spatial fit into the active site of the furin, favorable ligand poses were generated,
and the best-fit conformations of the ligands were evaluated and minimized to generate glide scores. The
hydrogen bonds and other interactions formed with the surrounding amino acids and glide scores were
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used to determine the binding affinities and best alignment of the compounds at the active site of furin.
The results are shown in Table 1.
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Table 1

Glide scores and the interacted residues of the tested compounds.

Compound

5MIM-ligand

Fondaparinux

LMWHs

Edoxaban

Argatroban

Dipyridamol

Dabigatran

Rivaroxaban

Aspirin

Clopidrogel

R-warfarin

Apixaban

Glide
Score

-8.155

-12.754

-12.012

-8.059

-6.880

-5.433

-5.945

-4.746

-3.396

-3.196

-3.003

-1.736

Interactions

Asp1532f Asp1542, His194P€ Cys198¢, Leu227°%, Val231¢, Glu2362,
Ser2539, Trp254°, Gly2559%, Pro256°, Glu2572f, Asp2642f (2), Gly2659,
Tyr308°¢, Ser3689, H,0

Asp1542, Asp1912, Arg193f2) His194P (2), Cys197°f Leu227°V,
Val231¢, Glu2572, Asp2582(3), Asn2959, Gly2969, Trp328°¢, Tyr329¢,
His3649, Thr3659, Gly3669, Ser368¢, H,0

Arg193°f His194°, Leu227°" (1), Asp2282, Gly2299, Trp254¢, Glu2572,
Asp2582%() Asn2959, Trp328¢, Tyr329¢, His3649, Thr36sd, Gly3669,
Ser368¢, H,0 (3)

Asp1542, Arg185P°, Asn1929, His194P, Leu227°%, Asp2282, Val231¢,
Glu236?, Ser2539, Trp254°, Gly2559, Pro256°, Asp2642f, Gly2659,
Asn2959, Tyr308° Thr3659, Gly3669, Ser3689, H,0 (2)

Asp1532, Asp1542, Asp1912, Asn1929, His194P, Leu227¢, Asp2282,
Val231¢, Glu2362f, Ser2539, Trp254°, Gly2559, Pro256°, Glu2572,
Asp2642, Tyr308°, H,0 (3)

Asp1532, Asp1542, Met189° Asp1912, Asn1929, Arg193P°, His1942h(2),
Leu227°€, Asp2282, Gly2299, Ser2539, Trp254°, Asp2582, Gly2949,
Asn2959 Thr3654, Ser3684

Asp1532, Asp1542f Arg185P, Met189¢, Asp1912, Asn1929, His19402(2),
Leu227¢ Asp2282?, Ser2539, Trp254C, Gly2559, Asn2959, Trp328¢, Tyr329¢,
Thr365%%, Gly3669, Ser3684

His194P¢€ Leu227°V, Val231S, Glu2362, Trp254¢, Gly2559, Pro256°,
Asn2959, Thr3659, Gly3669, Thr3679, Ser3689, H,0 (2)

Leu227¢°V%, Val231°¢, Glu2362, Trp254¢, Gly2559, Tyr308¢, H,0 (2)

Leu2(27)c, Val231¢, Glu2362, Trp254C, Gly2559, Pro256°, Asp2642, Tyr308°,
H,0 (2

Asp1532, Asp1542, Arg185°, Asp1912, Asn1929, His1942h, Cys198¢,
Leu227¢, Asp228?, Gly2299, Ser253¢, Trp254¢, Asn2959, Ser3689, H,0

Asp1532, Asp1542, Asp1912, His194h Cys198¢, Leu227¢ Val231¢,
Glu2362, Ser2539, Trp254°, Gly2559, Pro256°, Ser3684
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Compound Glide Interactions
Score

S-warfarin -1.881 | eu227° val231¢, Glu2362, Trp254°, Gly2559, glu2572, Hy0

Bold: H-bond, w: water mediated H-bond, a: negative charge, b: positive charge, c: Hydrophobic, d:
Polar, e: -1t stacking, f: salt bridge g: glycine, h: t-cation interaction

Results

In this study, in order to evaluate the interactions between low molecular weight heparins (LMWHSs),
Fondaparinux, direct oral anticoagulant drugs (edoxaban, apixaban, dabigatran, rivaroxaban, argatroban,
warfarin) and antiplatelet drugs (dipyridamole, acetylsalicylic acid, clopidogrel) with furin docking studies
were carried out. The docking studies revealed that Fondaparinux was the most relevant molecule to
interact with furin. It showed better interaction than the natural ligand of furin with an increased score
compared to the docking score of -8.155 of the natural ligand. AnaGA*IsA structure representing LMWHs
structure has shown a docking score of -11.562 which was also better than the score of the natural ligand
of furin.

Frequently used empirical scoring function, GlideScore approximates the ligand binding free energy and it
has many terms, including force field (van der Waals, electrostatic) contributions and penalizing or terms
rewarding interactions known to impact on binding of the ligand to the protein. It has been optimized for
binding affinity prediction, docking accuracy and database enrichment. To rank the poses of different
ligands, GlideScore should be used. As it simulates a binding free energy, tighter binders were represented
as more negative values. According to our docking results, Fondaparinux and LMWHs showed very
strong interactions with the furin.

According to the docking studies, natural ligand (2,5-dideoksistreptamin derivative) revealed H bonds with
Asp153, Leu227 (water-mediated), Glu236, Gly255 (water-mediated), Asp264, and Tyr308; pi-pi
interactions with His194; and salt bridges with Asp153 and Glu257 (Fig. 2c). The calculated glide energy
of 2,5-dideoksistreptamin derivative (natural ligand) was - 8.155 kcal/mol. Fondaparinux revealed H
bonds with His194, Leu227 (water-mediated), Glu257, Asp258 (water-mediated), and Asn295; salt bridges
with His194 and Arg193 (Fig. 2d). LMWHSs revealed H bonds with Arg193, His194, Leu227, Asp258 (water-
mediated), Thr365, and Ser368; salt bridge with Arg193. The calculated glide energy of Fondaparinux and
LMWHSs were found - 12.754 and - 12.012 respectively. Another tested compound, Edoxaban was found
similar to the natural ligand with a glide score of -8.059 and revealed H bonds with Leu227 and Glu236.
These three compounds (Fondaparinux LMWHSs and Edoxaban) have strong interactions with the furin.
Especially Fondaparinux and LMWHs were found better interactions than the natural ligand. It can be
concluded that they might have significant inhibitory activities on furin.

Discussion
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SARS-CoV2, a single-stranded RNA virus that is characterized by Spike (S) proteins projecting from the
virion surface has two subunits (S1 and S2) at its spike protein. The S1 subunit has a receptor-binding
domain (RBD) and interacts with the host cell receptor which is angiotensin-converting enzyme (ACE2).
As soon as the S2 subunit occurs, it forms a fusion between the virus and host cell membranes. SARS-
CoV has shown that the proteolytic action of host proteases is very important for the viral entry to the
host cell. While the binding to host cell receptor is the first step of infection, the entrance of the virus into
the cell is dependent on the cleavage of the ST1-S2 subunits to expose S2 for fusion to the cell membrane
[13]. A few studies recently have enlightened the cellular heparan sulfates (HS) and receptor-binding
domain (RBD) of the spike protein. Clausen et al have shown that the ectodomain of spike protein
interacts with cell surface HS through the RBD. In this study, they have shown that heparin enhances the
open confirmation of the RBD to bind to ACE2. Unfractionated heparin, non-anticoagulant heparin,
heparin lyases, and lung heparan sulfate potently blocked spike protein binding and/or infection by
pseudotyped and authentic SARS-CoV2 virus [12]. The results made them suggest that manipulation of
heparan sulfate or inhibition of viral adhesion by exogenous heparin may provide new therapeutic
options. Tandon et al, pseudo typed SARS-CoV2 spike glycoprotein on a third-generation lentiviral vector
(pLV) and infected HEK293T cells. They showed that pLV-S particles were efficiently neutralized by
different concentrations of UFH, enoxaparin, 6-O-desulfated heparin, and 6-O-desulfated enoxaparin [11].
Relevant but another hypothesis that anticoagulants may be interfering with the spike binding via host
protease inhibition, in our study, we evaluated the interactions with host protease-furin with anticoagulant
and antiplatelet drugs.

The shape, depth, and charge of furin protease are well known, and it has a canyon-like narrow crack. In
many species, the active site pocket of furin is conserved, it is reported that the catalytic site residues of
furin include Asp153, His194, Ser253, Pro256, Asn295, and Ser368. Besides, Asp153, Ser253, and Ser368
are known as a catalytic triad that is important for the mechanism of action of furin [32, 33]. According to
the docking studies, Fondaparinux and LMWHSs have strong interactions with the active site residues
including the catalytic triad, their calculated glide energies were found - 12.754 and - 12.012 respectively.
The glide scores of these compounds were found better than the natural ligand of 5SMIM structure.
Fondaparinux and LMWHs interfered directly with the catalytic competent conformation of the catalytic
triad. Thus, the strong H-bonds between Asp153, His194, and Ser368 of the catalytic triad of furin might
be disrupted, and the respective proton shuttle mechanism could be inhibited. It can be concluded that
they might have significant inhibitory activities on furin.

Also, our findings have shown that Fondaparinux and LMWHSs could be used not only for their
anticoagulant but also for anti-inflammatory and antiviral effects. Despite we have clinical experience
that heparin and LMWH have effects of improving the prognosis of Covid-19 patients, there are few
studies regarding the use of Fondaparinux. Fondaparinux is a synthetic molecule recommended as
LMWH in prophylaxis and treatment of venous thromboembolism and can be used as an alternative to
heparin in heparin-induced thrombocytopenia (HIT) [34]. Although Fondaparinux was previously shown to
bind to the adeno-associated virus with its sulfated groups; as far as we know, this is the first study

showing the antiviral possible effect of Fondaparinux on SARS-CoV2 [35]. It has been shown that both
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heparins, LMWHs, and Fondaparinux show anti-inflammatory effects during infections [36, 37]. We think
that it is worth noting that, these drugs may play an important role not only in hospitalized but also in
‘risk group’ outpatients preventing them from hospitalization.

Our results have shown that like heparin and LMWH, Fondaparinux can also be a candidate for ‘drug
repurposing’ in Covid-19 therapy not only because of its anticoagulant but also antiviral effects.

Declarations

Funding: The study was supported with grant number Covid-Strategic R&D-9037 by TUSEB (Health
Institutes of Turkey)

Conflicts of interest: The authors declare that they do not have any competing interests.

Availability of data and material: The datasets generated during and/or analysed during the current study
are available from the corresponding author on reasonable request.

Code availability: Not applicable

Authors’ contributions: FBBA implemented the hypothesis of the study and designed the study. TB and
KB performed the conceptualization, methodology of the study. TB, KB and SDE made the investigation
and software analysis. TB and FBBA wrote and edited the manuscript.

Ethics approval: Not applicable
Consent to participation: Not applicable
Consent to publication: Not applicable

Acknowledgment: We would like to thank our team member, Dr. Sitki Doga Elci, whom we lost during the
study period. He will always be remembered in our hearts and minds.

References

1. https://www.worldometers.info/coronavirus/ (accessed at 5.7.2022)

2. Tang N, Li D, Wang X, Sun Z. Abnormal coagulation parameters are associated with poor prognosis
in patients with novel coronavirus pneumonia. J Thromb Haemost. 2020 Apr;18 (4):844-847. DOI:
10.1111/jth.14768.

3. Belen-Apak FB, Sarialioglu F. Pulmonary intravascular coagulation in COVID-19: possible
pathogenesis and recommendations on anticoagulant/thrombolytic therapy. J Thromb
Thrombolysis. 2020 Aug;50(2):278-280. DOI: 10.1007/s11239-020-02129-0. PMID: 32372336;
PMCID: PMC7200048.

Page 9/14


https://www.worldometers.info/coronavirus/

4. Helms J, Tacquard C, Severac F, et al. High risk of thrombosis in patients with severe SARS-CoV-2
infection: a multicenter prospective cohort study. Intensive Care Med;2020; 46:1089-98

5. Fogarty H, Townsend L, Ni Cheallaigh C, Bergin C, Martin-Loeches |, Browne P, Bacon CL, Gaule R,
Gillett A, Byrne M, Ryan K, O'Connell N, O'Sullivan JM, Conlon N, O'Donnell JS. COVID19
coagulopathy in Caucasian patients. Br J Haematol. 2020 Jun;189(6):1044-1049. DOI:
10.1111/bjh.16749. Epub 2020 May 17. PMID: 32330308; PMCID: PMC7264579.

6. Belen-Apak FB, Sarialioglu F. The old but new: Can unfractionated heparin and low molecular weight
heparins inhibit proteolytic activation and cellular internalization of SARS-CoV2 by inhibition of host
cell proteases? Med Hypotheses. 2020 Sep;142:109743. doi: 10.1016/j.mehy.2020.109743. Epub
2020 Apr 20. PMID: 32335456; PMCID: PMC7169882.

7. Compton T, Nowlin DM, Cooper NR. Initiation of human cytomegalovirus infection requires initial
interaction with cell surface heparan sulfate. Virology. 1993 Apr;193(2):834-41. doi:
10.1006/viro.1993.1192. PMID: 8384757.

8. Dogra P, Martin EB, Williams A, Richardson RL, Foster JS, Hackenback N, Kennel SJ, Sparer TE, Wall
JS. Novel heparan sulfate-binding peptides for blocking herpesvirus entry. PLoS One. 2015 May
18;10(5):e0126239. doi: 10.1371/journal.pone.0126239. PMID: 25992785; PMCID: PMC4436313.

9. Ghezzi S, Cooper L, Rubio A, Pagani |, Capobianchi MR, Ippolito G, Pelletier J, Meneghetti MCZ, Lima
MA, Skidmore MA, Broccoli V, Yates EA, Vicenzi E. Heparin prevents Zika virus induced-cytopathic
effects in human neural progenitor cells. Antiviral Res. 2017 Apr;140:13-17. doi:
10.1016/j.antiviral.2016.12.023. Epub 2017 Jan 5. PMID: 28063994; PMCID: PMC7113768.

10. Mycroft-West CJ, Su D, Pagani |, Rudd TR, Elli S, Gandhi NS, Guimond SE, Miller GJ, Meneghetti MCZ,
Nader HB, Li Y, Nunes QM, Procter B Mancini N, Clementi M, Bisio A, Forsyth NR, Ferro V, Turnbull JE,
Guerrini M, Fernig DG, Vicenzi E, Yates EA, Lima MA, Skidmore MA. Heparin Inhibits Cellular Invasion
by SARS-CoV-2: Structural Dependence of the Interaction of the Spike S1 Receptor-Binding Domain
with Heparin. Thromb Haemost. 2020 Dec;120(12):1700-1715. doi: 10.1055/s-0040-1721319. Epub
2020 Dec 23. PMID: 33368089; PMCID: PMC7869224.

11. Tandon R, Sharp JS, Zhang F, Pomin VH, Ashpole NM, Mitra D, McCandless MG, Jin W, Liu H, Sharma
P, Linhardt RJ. Effective Inhibition of SARS-CoV-2 Entry by Heparin and Enoxaparin Derivatives. J
Virol. 2021 Jan 13;95(3):e01987-20. doi: 10.1128/JVI.01987-20. PMID: 33173010; PMCID:
PMC7925120.

12. Clausen TM, Sandoval DR, Spliid CB, Pihl J, Perrett HR, Painter CD, Narayanan A, Majowicz SA,
Kwong EM, McVicar RN, Thacker BE, Glass CA, Yang Z, Torres JL, Golden GJ, Bartels PL, Porell RN,
Garretson AF, Laubach L, Feldman J, Yin X, Pu Y, Hauser BM, Caradonna TM, Kellman BB, Martino C,
Gordts PLSM, Chanda SK, Schmidt AG, Godula K, Leibel SL, Jose J, Corbett KD, Ward AB, Carlin AF,
Esko JD. SARS-CoV-2 Infection Depends on Cellular Heparan Sulfate and ACE2. Cell. 2020 Nov
12;183(4):1043-1057.€15. doi: 10.1016/j.cell.2020.09.033. Epub 2020 Sep 14. PMID: 32970989;
PMCID: PMC7489987.

Page 10/14



13.

14.

15.

16.

17.

18.

19.

20.

Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A, Li F. Cell entry mechanisms of SARS-CoV-2. Proc
Natl Acad Sci U S A. 2020 May 26;117(21):11727-11734. doi: 10.1073/pnas.2003138117. Epub
2020 May 6. PMID: 32376634; PMCID: PMC7260975.

McBane RD 2nd, Torres Roldan VD, Niven AS, Pruthi RK, Franco PM, Linderbaum JA, Casanegra Al,
Oyen LJ, Houghton DE, Marshall AL, Ou NN, Siegel JL, Wysokinski WE, Padrnos LJ, Rivera CE, Flo GL
et al. Anticoagulation in COVID-19: A Systematic Review, Meta-analysis, and Rapid Guidance from
Mayo Clinic. Mayo Clin Proc. 2020 Nov;95(11):2467-2486. doi: 10.1016/j.mayocp.2020.08.030. Epub
2020 Aug 31. PMID: 33153635; PMCID: PMC7458092.

Spyropoulos AC, Goldin M, Giannis D, Diab W, Wang J, Khanijo S, Mignatti A, Gianos E, Cohen M,
Sharifova G, Lund JM, Tafur A et al. HEP-COVID Investigators. Efficacy and Safety of Therapeutic-
Dose Heparin vs Standard Prophylactic or Intermediate-Dose Heparins for Thromboprophylaxis in
High-risk Hospitalized Patients With COVID-19: The HEP-COVID Randomized Clinical Trial. JAMA
Intern Med. 2021 Dec 1;181(12):1612-1620. doi: 10.1001/jamainternmed.2021.6203. Erratum in:
JAMA Intern Med. 2022 Feb 1;182(2):239. PMID: 34617959; PMCID: PMC8498934.

REMAP-CAP Investigators; ACTIV-4a Investigators; ATTACC Investigators, Goligher EC, Bradbury CA,
McVerry BJ, Lawler PR, Berger JS, Gong MN, Carrier M, Reynolds HR, Kumar A, Turgeon AF, Kornblith
LZ, Kahn SR et al. Therapeutic Anticoagulation with Heparin in Critically 1l Patients with Covid-19. N
Engl J Med. 2021 Aug 26;385(9):777-789. doi: 10.1056/NEJMo0a2103417. Epub 2021 Aug 4. PMID:
34351722; PMCID: PMC8362592.

INSPIRATION Investigators, Sadeghipour P, Talasaz AH, Rashidi F, Sharif-Kashani B,
Beigmohammadi MT, Farrokhpour M, Sezavar SH, Payandemehr P, Dabbagh A, Moghadam KG,
Jamalkhani S, Khalili H et al. Effect of Intermediate-Dose vs Standard-Dose Prophylactic
Anticoagulation on Thrombotic Events, Extracorporeal Membrane Oxygenation Treatment, or
Mortality Among Patients With COVID-19 Admitted to the Intensive Care Unit: The INSPIRATION
Randomized Clinical Trial. JAMA. 2021 Apr 27;325(16):1620-1630. doi: 10.1001/jama.2021.4152.
PMID: 33734299; PMCID: PMC7974835.

Chocron R, Galand V, Cellier J, Gendron N, Pommier T, Bory O, Khider L, Trimaille A, Goudot G,
Weizman O, Alsac JM et al. Critical COVID-19 France Investigators. Anticoagulation Before
Hospitalization Is a Potential Protective Factor for COVID-19: Insight from a French Multicenter
Cohort Study. J Am Heart Assoc. 2021 Apr 20;10(8):e018624. doi: 10.1161/JAHA.120.018624. Epub
2021 Feb 8. PMID: 33550816; PMCID: PMC8174166.

Hozayen SM, Zychowski D, Benson S, Lutsey PL, Haslbauer J, Tzankov A, Kaltenborn Z, Usher M,
Shah S, Tignanelli CJ, Demmer RT. Outpatient and inpatient anticoagulation therapy and the risk for
hospital admission and death among COVID-19 patients. EClinicalMedicine. 20271 Nov;41:101139.
doi: 10.1016/j.eclinm.2021.101139. Epub 2021 Sep 24. PMID: 34585129; PMCID: PMC8461367.

Yuan S, Chen B, Li H, Chen C, Wang F, Wang DW. Mortality and pre-hospitalization use of low-dose
aspirin in COVID-19 patients with coronary artery disease. J Cell Mol Med. 2021 Jan;25(2):1263-
1273. doi: 10.1111/jcmm.16198. Epub 2020 Dec 18. PMID: 33336936; PMCID: PMC7812246.

Page 11/14



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Al Harthi AF, Aljuhani O, Korayem GB, Altebainawi AF, Alenezi RS, Al Harbi S, Gramish J, Kensara R,
Hafidh A, Al Enazi H, Alawad A, Alotaibi R, Alshehri A, Alhuthaili O, Vishwakarma R, Bin Saleh K,
Alsulaiman T, Algahtani RA, Hussain S, Almazrou S, Al Sulaiman K. Evaluation of Low-Dose Aspirin
use among Critically Ill Patients with COVID-19: A Multicenter Propensity Score Matched Study. J
Intensive Care Med. 2022 Apr 21:8850666221093229. doi: 10.1177/08850666221093229. Epub
ahead of print. PMID: 35450493; PMCID: PMC9038962.

Zareef R, Diab M, Al Saleh T, Makarem A, Younis NK, Bitar F, Arabi M. Aspirin in COVID-19: Pros and
Cons. Front Pharmacol. 2022 Mar 10;13:849628. doi: 10.3389/fphar.2022.849628. PMID: 35370686;
PMCID: PMC8965577.

Poli D, Antonucci E, Ageno W, Prandoni P, Palareti G, Marcucci R; START-COVID Investigators. Low in-
hospital mortality rate in patients with COVID-19 receiving thromboprophylaxis: data from the
multicentre observational START-COVID Register. Intern Emerg Med. 2022 Jan 1:1-9. doi:
10.1007/s11739-021-02891-w. Epub ahead of print. PMID: 34973126; PMCID: PMC8720160.

Russo V, Cardillo G, Viggiano GV, Mangiacapra S, Cavalli A, Fontanella A, Agrusta F, Bellizzi A,
Amitrano M, lannuzzo M, Sacco C, Lodigiani C, Castaldo G, Di Micco P. Thromboprofilaxys with
Fondaparinux vs. Enoxaparin in Hospitalized COVID-19 Patients: A Multicenter Italian Observational
Study. Front Med (Lausanne). 2020 Nov 27;7:569567. doi: 10.3389/fmed.2020.569567. PMID:
33330530; PMCID: PMC7729125.

Viskov, C.; Just, M.; Laux, V.; Mourier, P; Lorenz, M. Description of the chemical and pharmacological
characteristics of a new hemisynthetic ultra-low-molecular-weight heparin, AVE5026. J. Thromb.
Haemostasis 2009, 7, 1143-1151.

T8 Bisio, A.; Vecchietti, D.; Citterio, L.; Guerrini, M.; Raman, R.; Bertini, S.; Eisele, G.; Naggi, A,;
Sasisekharan, R.; Torri, G. Structural features of low-molecular-weight heparins affecting their affinity
to antithrombin. Thromb. Haemostasis 2009, 102, 865-873.

T9 Marco Guerrini, Stefano Elli, Davide Gaudesi, Giangiacomo Torri, Benito Casu, Pierre Mourier,
Frederic Herman, Christian Boudier, Martin Lorenz, and Christian Viskov Effects on Molecular
Conformation and Anticoagulant Activities of 1,6-Anhydrosugars at the Reducing Terminal of
Antithrombin-Binding Octasaccharides Isolated from Low-Molecular-Weight Heparin Enoxaparin. J.
Med. Chem. 2010, 53, 8030-8040

Friesner, R. A;; Murphy, R. B.; Repasky, M. P; Frye, L. L.; Greenwood, J. R.; Halgren,T. A.; Sanschagrin, P.
C.; Mainz, D. T,, "Extra Precision Glide: Docking and Scoring Incorporating a Model of Hydrophobic
Enclosure for Protein-Ligand Complexes," J. Med. Chem., 2006, 49,6177-6196

Halgren, T. A.; Murphy, R. B.; Friesner, R. A.; Beard, H. S.; Frye, L. L.; Pollard, W. T.; Banks, J. L., "Glide: A
New Approach for Rapid, Accurate Docking and Scoring. 2. Enrichment Factors in Database
Screening," J. Med. Chem., 2004, 47,1750—-1759.

Schrodinger Release 2021-1: LigPrep, Schrodinger, LLC, New York, NY, 2021

Sven O Dahms, Guan-Sheng Jiao, Manuel E Than Structural Studies Revealed Active Site
Distortions of Human Furin by a Small Molecule Inhibitor. ACS Chem. Biol. 2017 May 19;12(5):1211-

Page 12/14



1216.

32. Sven 0. Dahms, Marcelino Arciniega, Torsten Steinmetzer, Robert Huber and Manuel E. Than.
Structure of the unliganded form of the proprotein convertase furin suggests activation by a
substrate-induced mechanism. PNAS 2016, 113 (40) 11196-11201.

33. NaveenVankadari, Structure of Furin Protease Binding to SARS-CoV-2 Spike Glycoprotein and
Implications for Potential Targets and Virulence. J.Phys.Chem.Lett.2020,11,6655-6663

34. Warkentin TE. Fondaparinux for Treatment of Heparin-Induced Thrombocytopenia: Too Good to Be
True? J Am Coll Cardiol. 2017 Nov 28;70(21):2649-2651. doi: 10.1016/j.jacc.2017.09.1098. PMID:
29169471.

35. Mietzsch M, Broecker F, Reinhardt A, Seeberger PH, Heilbronn R. Differential adeno-associated virus
serotype-specific interaction patterns with synthetic heparins and other glycans. J Virol. 2014
Mar;88(5):2991-3003. doi: 10.1128/JVI.03371-13. Epub 2013 Dec 26. PMID: 24371066; PMCID:
PMC3958061.

36. Hippensteel JA, LaRiviere WB, Colbert JF, Langouét-Astrié CJ, Schmidt EP. Heparin as a therapy for
COVID-19: current evidence and future possibilities. Am J Physiol Lung Cell Mol Physiol. 2020 Aug
1;319(2): L211-L217. doi: 10.1152/ajplung.00199.2020. Epub 2020 Jun 10. PMID: 32519894;
PMCID: PMC7381711.

37. Keshari RS, Silasi R, Popescu NI, Georgescu C, Chaaban H, Lupu C, McCarty OJT, Esmon CT, Lupu F.
Fondaparinux pentasaccharide reduces sepsis coagulopathy and promotes survival in the baboon
model of Escherichia coli sepsis. J Thromb Haemost. 2020 Jan;18(1):180-190. doi:
10.1111/jth.14642. Epub 2019 Oct 16. PMID: 31549765; PMCID: PMC6940562.

Figures

Figure 1

Structures of the tested compounds

Figure 2

Docking poses alignment of the natural ligand of 5MIM, Fondaparinux, and LMWHs

a) Docking poses alignment of the natural ligand of 5MIM, Fondaparinux and LMWHs were shown as
pink, green, and yellow respectively. b) Fondaparinux in the active site of furin (5SMIM) c) Docking pose of
the natural ligand of 5MIM d) Docking pose of Fondaparinux

e) Docking pose of LMWHSs.
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Different colors show the expected interactions: positive charge (cyan), negative charge (orange), polar
(turquoise), and hydrophobic (green).
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