FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2022, VOLUME 10, ISSUE 01)

Computational Docking Study of Calanolides as Potential Inhibitors of SARS-

CoV-2 Main Protease
Abdelkrim Benalia®*, Hasnia Abdeldjebar®, Taqiy Eddine Badji®
¢ Environment and Health Research Laboratory (LRES), Faculty of Medicine, University of Djillali
Liabes, Sidi Bel Abbes, Algeria
b Centre de Recherche Scientifique et Technique en Analyses Physico Chimiques, Bou Ismail,
Algeria
¢ Laboratoire Physico-Chimie des Matériaux Avances(LPCMA), Faculté des sciences exactes, Sidi

Bel Abbes, Algeria

Keywords: SARS-CoV-2, 3CLpro, +(-) calanolide A, -(-) calanolide B, antivirals.

Despite the nationwide effort provided to combat the COVID-19 pandemic, we have yet to approve
a specific antiviral treatment against the SARS-CoV-2. We have studied the molecular interactions
between two anti-HIV-1 natural drugs, +(-) calanolide A and -(-) calanolide B, and the active site of
3CLP" through a computational docking method. Our promising results show that the two compounds
of this study are potential inhibitors of the SARS-CoV-2 3CLP™ through strong binding to its catalytic
dyad. Considering its progress in clinical trials as an anti-HIV-1 treatment, we suggest that +(-)

calanolide @~ A is a good candidate for the treatment of COVID-19.

Introduction COVID-19 is high, its fatality rate is lower than

The current emergence of the recent SARS (9.5%) and MERS (34.4%) [2].

Coronavirus outbreak COVID-19 in Wuhan, As of 18 January 2022, data from the
Hubei Province, China has quickly become the WHO indicate that the worldwide total
first coronavirus pandemic according to the laboratory-confirmed COVID-19 cases are
World Health Organization (WHO) [1]. The around 300 million with almost 5.6 million
Previous Coronavirus outbreaks such as Severe deaths. In the same report, new cases seem to be
Acute Respiratory Syndrome (SARS-CoV) in reduced in Western Pacific Region and Africa
China and the Middle East Respiratory compared to Europe and Americas where the
Syndrome (MERS-CoV) in Saudi Arabia were most important numbers of the newly confirmed
less contagious and showed less viral spread cases were reported [3]. The virus transmission
levels compared to the new SARS-CoV2. may occur through exposure to droplets
Although the reproductive number (R0O) of produced by coughing or direct contact with
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infected persons. Symptoms appear after a
medium incubation period of 5.2 days [4]. At the
onset, patients may express cough, fever,
headache, and fatigue. In severe cases, dyspnea
and pneumonia with ground-glass opacities were
observed. However, some patients remain
asymptomatic and do not express any symptoms
all over the infection period [4, 5]. More recently,
it has been noted that patients infected with
COVID-19 may also report anosmia and
dysgeusia [6]. Those symptoms were associated
with thrombocytopenia, lymphopenia, and high
levels of proinflammatory cytokines e.g. IL7,
TNFa [7]. Moreover, new symptoms such as

neuropsychiatric symptoms can appear with the

new variants of the virus e.g 501.V2 and B.1.1.7
[8].

SARS-CoV-2 belongs to the B-
coronavirus genus, the Coronavirinae subfamily
and the Coronaviridae family. Those are
enveloped positive-sense (+) single-stranded
RNA viruses. SARS-CoV-2 main targets are

human lung epithelial cells that express
angiotensin-converting enzyme 2 (ACE2) on

their surface [9].

The receptor-binding domain of the virus
spike glycoprotein binds to ACE2 on the
epithelial cell surface inducing receptor-
mediated endocytosis [10]. The virus then
releases its nucleocapsid in the cytoplasm. Once
there, the viral replication starts involving both
viral and cellular factors. Two open reading

frames ORFal and ORFb1 on the viral RNA are
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translated into replicase polyproteins ppla and
pplab containing nonstructural but functional
polypeptides that are involved in viral replication
and transcription [11]. The SARS-CoV-2 main
protease (MP™), also known as 3-chymotrypsin-
like cysteine protease (3CLP™) accomplishes the
proteolysis of ppal and pplab into functional
polypeptides [12]. 3CLP™ is a cysteine protease
containing a Cysteine (Cys)-histidine (His) dyad
at the active site. HIS residue enhances the
CYS
CYS

nucleophilicity of the the

of the

through

deprotonation thiol. Once
deprotonated, the nucleophilic CYS attacks the
carbon of the reactive peptide bond [13]. The
3CLP™ action on replicase polyproteins is a
fundamental step in the viral cycle, which makes
this enzyme a main target of antiviral therapy

against SARS-CoV-2.

After almost two years of the pandemic,
data indicate that it remains a global health threat.
Basing on the available data about the virus
existing variants and vaccines with multiples
characteristics, a mathematical model was
developed to simulate the virus spread. The
study results showed that a scenario of
uncontrolled new wave of a new variant would
happen even with vaccination and spread control
measures, indicating that the health situation is
still critical [14]. To this day, we have yet to
approve an available treatment against COVID-
19. First-line treatments include acetaminophen
for fever and guaifenesin for nonproductive

cough. Considering their possible adverse effects
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based on previous epidemic [15], corticoids are
applied only in short-term small dosage in severe
cases to restore hemodynamic stability [16].
Melatonin was proposed as a safer anti-
inflammatory agent for managing excessive
of COVID-19 [17].

chloroquine,

inflammation features
Antimalarials, and
hydroxychloroquine were among the most
discussed treatment options against COVID-19
effects. In vitro studies have proved Chloroquine
efficacy against multiple micro-organisms
including coronaviruses via the inhibition of
binding to cell receptors, endosome-mediated
viral entry, post-translational modification of
viral proteins, or blocking the viral replication
cycle. That may depend on the pathogen under
study. It was therefore suggested that
hydroxychloroquine

SARS-CoV-2, but both of them

is more effective against
showed
promising results, and their clinical trials were

highly recommended [18, 19, 20].

Anti-HIV and Broad-spectrum antiviral
agents are also suggested for treating the SARS-
CoV-2 infection. National Health Commission of
the People's Republic of China recommends
IFN- o and Lopinavir/Ritonavir combination as
antiviral treatments. Therefore, Remdesivir, an
eventual treatment of the Ebola virus infection,
seems to provide more efficiency against the
COVID-19 [21]. More recently, anticoagulant
therapy was recommended to control the
thromboembolic complications associated with
the COVID-19 infection

although an
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anticoagulant related hemorrhage may occur

[22].

Furthermore, Traditional Chinese
Medicine (TCM) had a part in coronaviruses
related diseases treatment since  2003.
Nowadays, patient data obtained from clinical
trials in China of more than 60,000 COVID-19
cases showed high effectiveness of TCM against
the disease’s complications when associated with
antiviral treatments [23]. In fact, natural products
may play a crucial role in COVID-19 outbreak
management. Despite their confirmed active
antiviral effects, many bioactive compounds
haven’t been tested yet. Those include
pyranocoumarins, effective antiviral agents with
diverse mechanisms of action and molecular

targets [24].

Calanolides are a family of HIV reverse
transcriptase inhibitor pyranocoumarins isolated
from tropical plants of the genus Calophyllum. In
the last two decades, several in vivo and in vitro
studies have noted that calanolides are potent
tuberculosis,

agents against Mycobacterium

human cytomegalovirus and HIV-1 drug-
resistant mutant strains [25, 26, 27]. Regarding
their promising antiviral activities compared to
other existing antivirals, they may be good
candidates as drugs in COVID-19 treatment.
Hence, we report molecular docking results of
calanolides eventual inhibiting effect of the

SARS-CoV-2 main protease.
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Materials and methods
SARS-CoV-2 3CLP™ three-dimensional structure

SARS-CoV-2 main protease is a dimer
that targets many cleavage sites on the replicase
polyproteins. Each protomer A or B of the dimer
contains B-six-stranded antiparallel barrels
constituting domains I and II where the active
sites are located. A five helices globular cluster
(Domain III) from each protomer is involved in
the dimerization [28]. The dimerization of the
enzyme is important for its activity but only
protomer A is active in the dimer [29]. A 3D
model of the protomer A in the active state based
on a crystal structure (resolution: 1.75 A) was
downloaded from the Protein Data Bank
(http://www.rcsb.org) as a PDB file (PDB

ID:6Y2E) [28].

Preparation of Ligands

Regarding their important action against
HIV-1 strains, enantiomers +(-) calanolide A and
-(-) calanolide B with the molecular formula
(C22H2605) were chosen for the study. +(-)
calanolide A and -(-) calanolide B are the main
pyranocoumarins isolated from various species
of Calophyllum (Fig. 1) [30]. 3D conformers of
the two ligands were obtained from the Pubchem
SDF files
(https://pubchem.ncbi.nlm.nih.gov/) [31] and

open chemistry database as
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then converted into PDB files using Open Babel
2.3.2 software [32]. The chemical structures of
+(-) calanolide A and -(-) calanolide B were
modeled using the Gauss View 5.0 software.
Molecular energy optimization of the ligand
structures was performed using Gaussian 09
software [33] with the density functional theory
(DFT) method using Becke's three-parameter
hybrid functional (B3LYP) through the 6-311G
(d,p) basis set. We used Nelfinavir as a drug
control. Nelfinavir is an approved anti-HIV-1

considered as a potent SARS-CoV-2 3CLP®
inhibitor [11].

Molecular docking

We used Auto dock 1.5.6 applying the
Vina scoring function to perform docking
calculations [34]. After deleting water molecules
and other non-protein atoms, the PDB format of
the protein was modified by adding polar
hydrogens, Kolman and Gasteiger charges. PDB
ligand files were also converted to a PDBQT
format. A grid box of (84 x 88 x 58 A) (x,y,z
sizes), and spacing of 0.375 A was centered at
(X, y, z) (-16.609, -33.619, 17.843) around the
active site of the enzyme. Conformations were
then visualized through Discovery Studio 2020
[35] and PyMOL software [36].
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Figure 1. 2D structure of +(-) calanolide A (a) and -(-) calanolide B (b).

(https://pubchem.ncbi.nlm.nih.gov/) [31]

Results and discussion

Molecular docking provides an essential
piece of information about interactions between
ligands and proteins and predicts the best
conformations according to their interaction
profile. It can improve the knowledge about new
and approved drugs and their ability to modify
proteins functions. In this study, we evaluated
the ability of +(-) calanolide A and -(-) calanolide
B, two patented anti-HIV-1 compounds [37], to
inhibit the SARS-CoV-2 MP™ activity by binding
to its active site using computational docking
based on the enzyme crystal structure. We also
used Nelfinavir as a drug control in our study.
Nelfinavir is a recommended drug for the
COVID-19 treatment [38]. It has provided the
best inhibition activity against the SARS-CoV-2
replication in vitro among a series of HIV-1
protease inhibitors [39]. The best binding

conformations are those in which ligands bind

52

exactly to the conserved dyad or amino acids of
the active site pocket i1.e. Glyl43, Serl44
forming with Cys145, the canonical oxyanion
hole of the enzyme [28]. Docking results show
that the two ligands successfully bind to the
active site with a binding energy of -7.16 and -
6.73 kcal/mol respectively for +(-) calanolide A
and -(-) calanolide B. Calanolide A binds to the
active site of the enzyme as strong as Nelfinavir
that provides the lowest free binding energy of -
7.2. Also, the calculated inhibition constants (Kj)
values of +(-) calanolide A, -(-) calanolide B and
nelfinavir were significantly lower (Tablel) as
compared to other coumarin derivatives that we
have studied (the results are not presented in this
paper). It is well established that the smaller the
Ki the better the affinity of the ligand. In a
comparative study of experimental and
calculated values of monoamine oxidase-B
inhibitors, there was an acceptable correlation
the estimated and the

between docking
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experimental Ki values. Although, Ki We suggestthatthe two compounds may provide
experimental values may be lower and an important antiviral activity against the new
experiments remain the best solution to confirm SARS-CoV-2 as well.

the inhibitors efficiency [40].

Table 1. Interactions characteristic of calanolides A, B, nelfinavir and 3CLP™

Ligands +(-) calanolide A -(-) calanolide B Nelfinavir
Binding energy -7.16 -6.73 -7.20
K) M -6.73 11.73 5.28
Number of H bonds -7.20 4 2

Calanoide A forms three hydrogen bonds two H bonds from the hydroxyl group of the
(H bonds) with the active Cys145. Calanolide A  pyranol moiety of (S...H: 2.34 A) and (N...H:
accepts two H bonds of (H...O: 3.03 A) and 2.58 A) respectively (Fig. 2, b, d).
(H...O: 2.08 A) from the sulfhydryl, and the

amino groups of Cys 145 respectively and

Additionally, four hydrophobic bonds are
formed between calanolide B and His41 (2

donates one H bond from the hydroxyl group of bounds), Cys145 and Met49 (Fig. 3, b). Although
the pyranol moiety accepted by the sulfur of Cys

145(H...S: 2.55 A) (Fig.2, a, ¢). Also, it forms
six hydrophobic bonds with Cys145, His4l,
Met49, Metl165 (2 bonds), and Leu27 (Fig. 3, a).
Calanolide B binds tightly to the active dyad of

H bonds are the strongest bonds formed in the
complex, hydrophobic bonds contribute to the
complex stability by projecting the ligand
thoroughly in the binding site [42]. Moreover,

2D diagrams of calanolides A and B complexes
the enzyme. It accepts two H bonds of (H...O:

3.01 A) and (H...0: 1.93 A) from the sulfhydryl

with the active site of the 3CLP™ show Pi-sulfur

bonds formed between the Cys145, and the two
and the amino groups of Cysl45 respectively.

Cysl45 sulthydryl and the double-bonded

rings of the chromen-2-one moiety of ligands,

which may strengthen the formed complexes
nitrogen of the imidazole ring nitrogen accepts (Fig. 4)
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H-Bonds
Donor

Accaplor.

Figure 2. Docking results of calanolide A (a, c) and calanolide B (b, d) bound to the active site of SARS-CoV-2 main

protease 3CLpro (H bonds are presented in black dashed lines, Carbon atoms in grey, Oxygen in red, Nitrogen in blue,

Sulfur in yellow and Hydrogen in white).

Based on these results, we suggest that interaction characteristics are  promising
+(-) calanolide A and -(-) calanolide B are good compared to those of Nelfinavir used as control.
candidates as antiviral drugs against the COVID- Moreover, according the Lipinski’s rule,
19. With three H bonds, six hydrophobic bonds physicochemical properties of a compound are
and two Pi-sulfur bonds, calanolide A binds more critical determinants of its oral bioavibility. A
tightly to the active site of the SARS-CoV-2 compound with a good oral bioavibility

main protease and may inhibit its activity. These
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Figure 3. Hydrophobic interactions of calanolide A (a) and Calanolide B (b) with the active site amino acids

(hydrophobic bonds are presented in blue dashed line).

must have a molecular weight (MW) < 500
g/mol, no more than 5 hydrogen bond donors
(HBD), 10 hydrogen bond acceptors (HBA) and
2 rotatable bonds (RB); a n-octanol-water
partition coefficient logP < 5 and a polar surface
area (PSA) < 140 A? [43]. Calanolides A and B
characterized by a MW of 370.4 g/mol, one
HBD, five HBA, two RB, logP = 3.8 and a
PSA= 65 A% have no violation of the lipinski’s
rule indicating their good theoretical oral
bioavailability [31]. However, others parameters
may limit the oral bioavailability of drug-like
molecules particularly the intestinal efflux
transporters [44]. Also, 14,6% of available drugs
approved by the Food and Drug Administration
(FDA) don’t obey the Lipinski’s rule perfectly

[45]. Those points implicate further in vitro and
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in vivo pharmacological studies to confirm these
drug-like molecules bioavailability. In fact, +(-)
calanolide A favorable pharmacokinetic profile
was already confirmed in vivo [46], and it had
made significant progress in preclinical and
clinical trials. According to the online clinical
studies database (clinicaltrials.gov), providing
detailed information about drugs under clinical
study, calanolide A completed the phase I as an
anti-HIV treatment. Most of the adverse effects
of Calanolide A especially dizziness, taste
perversion, headache, eructation, and dyspepsia
were considered to be mild (grade 1) [47]. Taken
together, these points support the possibility of
calanolide A to be used as an antiviral treatment
highly spreading COVID-19

against the

pandemic.
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Figure 4. 2D diagram of docking results of calanolide A (a) and calanolide B (b) in the active of SARS-CoV-2 main

protease 3CLP™,

Conclusion

We provide new insight into the COVID-
19 treatment through molecular docking based
on proven anti-HIV natural drugs, +(-) calanolide
A and -(-) calanolide B, Nelfinavir as a drug
control and SARS-CoV-2 main protease 3CLP™
as a drug target. We have studied the molecular
interactions between these compounds and
amino acids of the 3CLP™ catalytic site. As +(-)
calanolide A and -(-) calanolide B bind strongly
to the catalytic dyad of the enzyme, we suggest
that they are potent inhibitors of 3CLP™ and
SARS-CoV-2 viral cycle consequently. Among
these two compounds, we noted that +(-)
calanolide A provides the best binding affinity to
the active site of the virus enzyme. Further

experimental and clinical studies may confirm
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the calanolide A efficiency in the COVID-19
treatment and provide a better contribution to the
ongoing effort to combat the COVID-19

pandemic.

References
(1]

and TCM advantages in treatment of novel coronavirus

infection. Chinese Herbal Medicines 2020;12(2):97-103.

Liu C. Pay attention to situation of SARS-CoV-2

(2]
Petersen E. COVID-19, SARS and MERS: are they closely
related?.

2020;26(6):729-734.

Petrosillo N, Viceconte G, Ergonul O, Ippolito G,

Clinical  Microbiology and  Infection

[3] WHO. Weekly Epidemiological Update, Edition
64, 2 November 2021.

[4] Tian S, Hu N, Lou J, Chen K, Kang X, Xiang Z,
Chen H, Wang D, Liu N, Liu D, Chen G, Zhang Y, Li D,
Li J, Lian H, Niu S, Zhang L, Zhang J. Characteristics of



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2022, VOLUME 10, ISSUE 01)

COVID-19 infection in Beijing. Journal of Infection
2020;80(4):401-406.

[5] Rothan H, Byrareddy S. The epidemiology and
pathogenesis  of (COVID-19)
outbreak. Journal of Autoimmunity 2020;109:102433.

coronavirus  disease

(6]

L, Liu C, Yang C. Nervous system involvement after

WuY, Xu X, Chen Z, Duan J, Hashimoto K, Yang

infection with COVID-19 and other coronaviruses. Brain,

Behavior, and Immunity 2020;87:18-22.

(7]

1s associated with severe coronavirus disease

Lippi G, Plebani M, Henry B. Thrombocytopenia
2019
(COVID-19) infections: A meta-analysis. Clinica Chimica
Acta 2020;506:145-148.

[8]
phenotype of COVID-19: Their roles in pathogenesis.

Mousavizadeh L, Ghasemi S. Genotype and

Journal of Microbiology, Immunology and Infection

2021;54(2):159-163.

[9] Prabakaran P, Xiao X, Dimitrov D. A model of
the ACE2 structure and function as a SARS-CoV receptor.
Biochemical and Biophysical Research Communications

2004;314(1):235-241.

(10]
Hilgenfeld R. Coronavirus Main Proteinase (3CLpro)

Anand K, Ziebuhr J, Wadhwani P, Mesters J,

Structure: Basis for Design of anti-SARS Drugs. Science

2003;300:1763-1767.

[11] Tahir ul Qamar M, Alqgahtani S, Alamri M, Chen
L. Structural basis of SARS-CoV-2 3CLpro and anti-
COVID-19 drug discovery from medicinal plants. Journal
of Pharmaceutical Analysis 2020;10(4):313-319.

[12]
Y, Taguchi A, Takayama K, Yakushiji F, Akaji K, Kiso Y,
Kawasaki Y, Chen S, Naser-Tavakolian A, Schon A, Freire

Thanigaimalai P, Konno S, Yamamoto T, Koiwai

E, Hayashi Y. Design, synthesis, and biological evaluation
of novel dipeptide-type SARS-CoV 3CL protease
inhibitors: Structure—activity relationship study. European

Journal of Medicinal Chemistry 2013;65:436-447.

57

[13]
Modes

Verma S, Dixit R, Pandey K. Cysteine Proteases:

of Activation and Future Prospects as
Pharmacological Targets. Frontiers in Pharmacology

2016;7:1-12.

[14] Ramos A, Vela-Pérez M, Ferrandez M, Kubik A,
Ivorra B. Modeling the impact of SARS-CoV-2 variants
and vaccines on the spread of COVID-19.
Communications in Nonlinear Science and Numerical

Simulation 2021;102:105937.

[15] Auyeung T, Lee J, Lai W, Choi C, Lee H, Lee J,
Li P, Lok K, Ng Y, Wong W. The use of corticosteroid as
treatment in SARS was associated with adverse outcomes:
a retrospective cohort study. Journal of Infection

2005;51(2):98-102

[16] Zhang W, Zhao Y, Zhang F, Wang Q, Li T, Liu
Z,WangJ, Qin Y, Zhang X, Yan X, Zeng X, Zhang S. The
use of anti-inflammatory drugs in the treatment of people
with severe coronavirus disease 2019 (COVID-19): The
Perspectives of clinical immunologists from China.

Clinical Immunology 2020;214:108393.

[17] Zhang R, Wang X, Ni L, Di X, Ma B, Niu S, Liu
C, Reiter R. COVID-19: Melatonin as a potential adjuvant
treatment. Life Sciences 2020;250:117583.

[18]

A, Einav S. A systematic review on the efficacy and safety

Cortegiani A, Ingoglia G, Ippolito M, Giarratano

of chloroquine for the treatment of COVID-19. Journal of
Critical Care 2020;57:279-283.

[19]

Chloroquine and hydroxychloroquine in the treatment of

Singh A, Singh A, Shaikh A, Singh R, Misra A.

COVID-19 with or without diabetes: A systematic search
and a narrative review with a special reference to India and
other developing countries. & Metabolic
Syndrome: Clinical Research & Reviews 2020;14(3):241-
246.

Diabetes

[20]

insights on the antiviral effects of chloroquine against

Devaux C, Rolain J, Colson P, Raoult D. New

coronavirus: what to expect for COVID-19?. International

Journal of Antimicrobial Agents 2020;55(5):105938.



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2022, VOLUME 10, ISSUE 01)

[21] Lu H. Drug treatment options for the 2019-new
(2019-nCoV).

2020;14(1):69-71.

coronavirus BioScience Trends

[22] Sohrabi C, Alsafi Z, O'Neill N, Khan M, Kerwan
A, Al-Jabir A, losifidis C, Agha R. World Health
Organization declares global emergency: A review of the
2019 novel coronavirus (COVID-19). International Journal

of Surgery 2020;76:71-76.

[23] Ren J, Zhang A, Wang X. Traditional Chinese
medicine for COVID-19 treatment.
Research 2020;155:104743.

Pharmacological

[24] XuZ,Kern E, Westbrook L, Allen L, Buckheit R,
Tseng C, Jenta T, Flavin M. Plant-Derived and Semi-
Synthetic Calanolide Compounds with in Vitro Activity
against Both Human Immunodeficiency Virus Type 1 and
and

Human Cytomegalovirus. Antiviral

Chemotherapy 2000;11(1):23-29.

Chemistry

[25] Xu Z, Hollingshead M, Borgel S, Elder C,
Khilevich A, Flavin M. In vivo anti-HIV activity of (+)-
calanolide a in the hollow fiber mouse model. Bioorganic

&amp; Medicinal Chemistry Letters 1999;9(2):133-138.

[26] Xue H, Lu X, Zheng P, Liu L, Han C, Hu J, Liu
Z, Ma T, Li Y, Wang L, Chen Z, Liu G. Highly
Suppressing Wild-Type HIV-1 and Y181C Mutant HIV-1
Strains by 10-Chloromethyl-11-demethyl-12-oxo-
calanolide A with Druggable Profile. Journal of Medicinal

Chemistry 2010;53(3):1397-1401.

(27]

incorporated

Liu Z, Guo X, Liu G. Modified calanolides

with  furan-2-nitro  mimics  against
Mycobacterium tuberculosis. Bioorganic & Medicinal

Chemistry Letters 2015;25(6):1297-1300.

[28] Zhang L, Lin D, Sun X, Curth U, Drosten C,
Sauerhering L, Becker S, Rox K, Hilgenfeld R. Crystal
structure of SARS-CoV-2 main protease provides a basis

for design of improved a-ketoamide inhibitors. Science

2020;368(6489):409-412.

58

[29] Chen H, Wei P, Huang C, Tan L, Liu Y, Lai L.
Only One Protomer Is Active in the Dimer of SARS 3C-
like
2006;281(20):13894-13898.

Proteinase. Journal of Biological Chemistry

[30]

Resolution and comparative anti-HIV evaluation of the

Cardellina J, Bokesch H, McKee T, Boyd M.

enantiomers of calanolides A and B. Bioorganic &amp;

Medicinal Chemistry Letters 1995;5(9):1011-1014.

[31] Kim S, Thiessen P, Bolton E, Chen J, Fu G,
Gindulyte A, Han L, He J, He S, Shoemaker B, Wang J,
Yu B, Zhang J, Bryant S. PubChem Substance and
Nucleic  Acids  Research

Compound  databases.

2015;44(D1):D1202-D1213.

[32]
Vandermeersch T, Hutchison G. Open Babel: An open
of

O'Boyle N, Banck M, James C, Morley C,

chemical toolbox. Journal Cheminformatics

2011;3(1):1-14.

[33] Frisch MJ, Trucks GW, Schlegel HB, Scuseria
GE, Robb MA, Cheeseman JR, et al. gaussian. Inc.
Wallingford C.T 2009;121:150-166

[34]

speed and accuracy of docking with a new scoring

Trott O, Olson A. AutoDock Vina: Improving the

function, and multithreading.

Journal of Computational Chemistry 2010;31:455-461.

efficient optimization,

[35] BIOVIA Dassault Systémes. (2020) Discovery

Studio Visualizer, v17.2.0.16349. San Diego, CA:

Dassault Systémes

[36]

Retrieved from http:/www.pymol.org/pymol.

Schrodinger L, DeLano W. PyMOL. 2020;

[37]
anteretroviral compounds, compositions, and uses thereof.

United States Patent 5,591,770. 1997 Jan 7.

Michael R et al. Calanolide and related

[38] Frediansyah A, Tiwari R, Sharun K, Dhama K,
Harapan H. Antivirals for COVID-19: A critical review.
Clinical Epidemiology and Global Health 2021;9:90-98.

[39]

Yamamoto N. Nelfinavir inhibits replication of severe

Yamamoto N, Matsuyama S, Hoshino T,



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2022, VOLUME 10, ISSUE 01)

acute respiratory syndrome coronavirus 2 in vitro. bioRxiv

2020.

[40] Toprak¢i M, Yelek¢i K. Docking studies on
monoamine oxidase-B inhibitors: Estimation of inhibition
constants (Ki) of a series of experimentally tested
compounds. Bioorganic & Medicinal Chemistry Letters

2005;15(20):4438-4446.

[41] Galinis D, Fuller R, McKee T, Cardellina J,
Gulakowski R, McMahon J, Boyd M. Structure—Activity
Modifications of the HIV-1 Inhibitors (+)-Calanolide A
and (—)-Calanolide B. Journal of Medicinal Chemistry
1996;39(22):4507-4510.

[42] Khan S, Zia K, Ashraf S, Uddin R, Ul-Haq Z.
Identification of chymotrypsin-like protease inhibitors of
SARS-CoV-2 via integrated computational approach.

Journal of Biomolecular Structure and Dynamics

2020;39(7):2607-2616.

[43] Brito M. Pharmacokinetic study  with
computational tools in the medicinal
chemistry course. Brazilian Journal of

Pharmaceutical Sciences 2011;47(4):797-805.

[44] Veber D, Johnson S, Cheng H, Smith
B, Ward K, Kopple K. Molecular Properties
That Influence the Oral Bioavailability of
Drug Candidates. Journal of Medicinal

Chemistry 2002;45(12):2615-2623.

[45] Tian S, Wang J, Li Y, Li D, Xu L,
Hou T. The application of in silico drug-
likeness predictions in pharmaceutical
research.  Advanced  Drug  Delivery = Reviews

2015;86:2-10.

[46] Nahar L, Talukdar A, Nath D, Nath
S, Mehan A, Ismail F, Sarker S. Naturally

Occurring Calanolides: Occurrence,
Biosynthesis, and Pharmacological Properties
Including Therapeutic Potential. Molecules
2020;25(21):4983.

59

[47]  Creagh T, Ruckle J, Tolbert D,
Giltner J, Eiznhamer D, Dutta B, Flavin M,

Xu Z. Safety and Pharmacokinetics
Doses of (+)-Calanolide A, a Novel,
Occurring Nonnucleoside
Transcriptase  Inhibitor, in  Healthy,
Immunodeficiency Virus-Negative
Subjects. Antimicrobial Agents
Chemotherapy 2001;45(5):1379-1386.

of Single

Naturally
Reverse
Human
Human

and



