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the In Silico Research

Abstract

Aim. Using in silico technologies to search for potential SARS-CoV-2 inhibitors among novel tetracyclic ring systems, which
are the common core of Crinipellin.

Materials and methods. The study object was new compounds previously synthesized via oxidative dearomatization of Cri-
nipellin A. The method of the flexible molecular docking was applied in the study.

Results and discussion. Using the molecular docking, the affinity of five compounds for the receptor-ACE2 SARS-CoV-2 (PDB ID: 7DF4),
a spike protein SARS-CoV-2 (PDB ID: 1WNC), a PL protein SARS-CoV-2 (PDB ID: 7CJD) and a reverse transcriptase enzyme SARS-
CoV-2 (PDB ID: 6YYT) was studied. The results of the molecular docking obtained suggest that 8,8-dimethyl-5-(phenylsulfonyl)-
3,33,4,5,8,9-hexahydroindeno[3a,4-b]furan-2(7H)-one may be a potential SARS-CoV-2 inhibitor; it is the basis for its further
experimental pharmacological study.

Conclusions. The study constitutes one of the stages of searching for SARS-CoV-2 inhibitors. According to the results obtained, a
way to search for potential SARS-COV-2 inhibitors based on Crinipellin A derivatives was proposed. Using the most promising
compound with hexahydroindeno[3a,4-b]furan core further studies open up another direction for searching for compounds
of SARS-COV-2 inhibitors and will save time and laboratory animals while conducting targeted experimental research.
Keywords: COVID-19 virus; Crinipellin A; flexible molecular docking; SARS-COV-2 inhibitor

M. M. CyneiimaHn?, A. |. ®egocos!?, P. K. MoxanaTtpa?, I. A. Cuu?, /1. O. piHeBuY?,
H. M. Ko63ap?, B. 4. ApemeHKo?, J1. O. Nepexoga’
1 HauioHanbHul hapmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300p08° YKpaiHu,

syn. MywkKiHcoKa, 53, m. Xapkis, 61002, YkpaiHa
2lepxcasHuli iHxceHepHuli Konedx, KeoHdxcxap, Opicca 758002, IHOis
Mowyk noteHuiiiHuX iHribiTopie SARS-CoV-2 3a gonomoroto in silico metoais
AHoTauinA
MeTa po60THU. 3a BUKOPUCTAHHSA in silico TeXxHONOTiN 34iNCHUTU NOLWYK NOTeHUiMHWUX iHriBiTopis SARS-CoV-2 cepen HOBUX
TETPALUMKNIYHUX KiNbLLEBUX CUCTEM, AKI € 3aralbHUM ALPOM KPUHINeniHy.
Marepianu Ta metogu. O6’eKTOM A0CNIAMKEHHSA € N'ATb HOBUX CNOMYK, OEPMKaHMX LUASXOM AeapomaTtm3alii KpuHineniHy A
i CMHTE30BaHMX Yy NonepeaHix AocniaKeHHAX. B in silico pocnigxeHHAX BUKOPUCTAHO METOZ, FHYYKOro MOJIEKYAPHOIO A0~
KiHry.
Pe3ynbraTi Ta iX 06roBopeHHs. LLInsxom BUKOPUCTaHHA AOKIHIOBUX AOCNIAKEHb BUBYEHO adiHITET N'ATK CNOAYK 40 peLenTopa-
ACE2 SARS-CoV-2 (PDB ID:7DF4), spike npoteiHy SARS-CoV-2 (PDB ID: 1WNC), PL npoTeiHy SARS-CoV-2 (PDB ID: 7CJD) Ta dep-
MEHTY 3BOPOTHOI TpaHcKpunTasn SARS-CoV-2 (PDB ID: 6YYT). OaepkaHi pe3ynbTaT AOKIHTOBMX AOCNIAKEHb 403BONSAOTHL
CTBEpAKYBaTy, LLO 8,8-aumetun-5-(deHincynbdporin)-3,3a,4,5,8,9-rekcarigpoiHaeHo[3a,4-b]dypaH-2(7H)-oH Moxe 6yTv NoTeHLik-
HUM iHri6iTopom SARS-COV-2, Lo € NiACTaBO A4 MOro NoAanblioro eKCnepumMeHTaibHOro GapMaKo/IoriYHOro BUBYEHHS.
BucHoBKU. [NogaHe AOCNiAMXKEHHS € OAHUM 3 eTaniB nolyKy iHribitopis SARS-CoV-2. 3 ornsay Ha ofepkaHi pesynbTaTu 3a-
NPOMNOHOBAHO LLUAAX MOLWYKY NOTEHUiMHMX iHTi6iTopiB SARS-COV-2 Ha 0cHOBI NoxigHMX KpuHineniHy A. Moganblui 4oCNiaKeH-
HS 3 BUKOPMCTaHHAM Halbinbll NepcnekTUBHOI NoXiaHOT rekcarigpoiHaeHo[3a,4-b]bypaHy BiAKpMBaOTH e OAUH Hanpam
NOLLYKY Crnonyk iHribitopis SARS-COV-2 Ta AatoTb MOXAMUBICTb 3a0WAAUTH Yac i 1abopaToOpHUX TBAPUH Y MEXKAX BUKOHAHHSA
LiNlecnpAMOBaHMX eKCNePUMEHTANIbHUX JOCNIAKEHD Y MalibyTHbOMY.
Knrouoei cnoea: COVID-19 Bipyc; KpuHineniH A; rHy4kMii MONEKYNAPHUIA AOKIHT; iHribiTop SARS-COV-2
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B Introduction

Currently, there is no drug that is effective
in various forms of the new coronavirus, se-
vere acute respiratory syndrome, coronavirus 2
(SARS-CoV-2). Since there is no efficient appro-
ved treatment or SARS-CoV-2 inhibitor drugs,
the computational strategy is a promising way
and plays a significant role in the pharmaceuti-
cal industry for the discovery of new drugs [1].

This work is one of the stages of searching for
effective SARS-CoV-2 inhibitors. In this study, we
examined five compounds previously synthesized
and tested their binding affinity for the human
receptor SARS-CoV-2 — ACE2 (PDB ID:7DF4),
a spike protein SARS-CoV-2 (PDB ID: 1IWNC), a PL.
protein SARS-CoV-2 (PDB ID:7CJD), a reverse
transcriptase SARS-CoV-2 (PDB ID: 6YYT) us-
ing the molecular docking research.

B Materials and methods

Continuing the work in the direction of sear-
ching for new antiviral drugs, scientists have syn-
thesized new compounds based on the common
core of Crinipellin A via oxidative dearomatiza-
tion [2]. The structures of the test compounds are
shown in Figure 1.

The target compounds were designed by che-
mical modification of the common core of Crini-
pellin A in such a way that the drug could exhi-
bit the high activity and bioavailability, as well
as the low toxicity. The results of predicting their
antimicrobial, antiviral, antitumor, antifungal
and anti-inflammatory activity and a good phar-
macokinetic profile have been confirmed by the
data provided by the authors in the article [3].

Ligands were prepared using the MGL Tools
1.5.6 program. The ligand optimization was per-
formed using the Avogadro program.

The analysis of literature data shows that it
is the S protein after binding to the ACEZ2 recep-
tor that determines the penetration of the virus
into the cell. This fact indicates that S protein is
the main factor in the pathogenesis of COVID-19;

therefore, it is promising for the development
in silico of specific ligands that can be used as
SARS-CoV-2 inhibitors [4—7].

SARS-S engages angiotensin-converting en-
zyme 2 (ACE2) as the entry receptor and employs
the cellular serine protease TMPRSS2 for S pro-
tein priming. The SARS-S/ACEZ2 interface has
been elucidated at the atomic level, and it has
been found that the efficiency of using ACE2 is a
key determining the SARS-CoV transmissibility
[8, 9]. The papain-like protease (PLpro) of type 2
coronavirus with a severe acute respiratory syn-
drome (SARS-CoV-2) plays an essential role in vi-
rus replication and immune evasion, represent-
ing an attractive drug target. Considering that the
PLpro proteases of SARS-CoV-2 and SARS-CoV
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1,2,3,4,4a,5,7a,8-octahydro- 1,2 3 4,4a,5,7a,8-octahydrospiro-
4,8-ethano-s-indacen- [4,8-ethano-s-indacene-

9-one (1) 10,2"-oxiran]-9-one (2)
H3C
eCHo
0 T
H3C . O:CD"" OH
H3C "’//> l_:' ."’/(
OH
4,4-dimethyl- 4,5-dihydroxy-

2,2-dimethyldecahydro-

3a,7-ethanocyclopenta-

[2,3]cyclopropa[1,2-al-
pentalen-9-one (4)

4,5,6a,9,9a,9b-hexahydro-
1H-cyclobuta[d]-s-indacen-
2(3H)-one (3)

o) 0]

HsC
CH3
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Figure 1. The structural formulas of test compounds
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have significant homology, the PLpro inhibitor de-
veloped for SARS-CoV is a promising starting point
for therapeutic development [10]. The SARS-CoV-2
uses an RNA-dependent RNA polymerase (RdRp)
to replicate its genome and transcribe its genes.
Therefore, we use the SARS-CoV-2 reverse trans-
criptase structure in an active form that mimics
a replicating enzyme [11].

In the present study, to carry out the docking
studies, active macromolecules centers of the
human receptor-ACE2 (PDB ID proteins: 7DF4),
a spike protein SARS-CoV-2 (PDB ID: 1IWNC),
a PL protein SARS-CoV-2 (PDB ID: 7CJD), re-
verse transcriptase SARS-CoV-2 (PDB ID: 6YYT)
domains were chosen as biological targets for the
antivirus activity from the Protein Data Bank
(PDB) [12]. The receptor maps were made in
MGL Tools and AutoGrid programs. Water mol-
ecules, ions, and the ligand were removed from
the PDB file ID: 7DF4, 1WNC, 7CJD, 6YYT.

For the receptor-oriented flexible docking the
Autodock 4.2 software package was used. To per-
form calculations in the Autodock 4.2 program
the output formats of the receptor and ligand
data were converted to a special PDBQT format.
In our previous studies, a similar software pack-
age and docking parameters were used [12].

The following docking parameters were de-
termined: the maximum RMS tolerance for the
conformational cluster analysis — 2 A; the free
energy coefficient for torsional degrees of free-
dom — 0.2983; the cluster tolerance — 2 A; the
external grid energy — 1000; the maximum ini-
tial energy — 0; the maximum number of retries —
10000; the number of individuals in the popu-
lation — 150; the maximum number of energy
evaluations — 2500000; the maximum number
of generations — 27000; the number of top in-
dividuals to survive to the next generation — 1;
the rate of gene mutation — 0.02; the rate of
crossover — 0.8; the crossover mode — arithmetic;

the a-parameter of Gauss distribution — 0; the
B-parameter of Gauss distribution — 1.

The visual analysis of complexes of substan-
ces in the active center of the human receptor-
ACE2 (PDB ID: 7DF4), a spike protein SARS-
CoV-2 (PDB ID: 1WNC), a PL protein SARS-CoV-2
(PDB ID: 7CJD), a reverse transcriptase SARS-
CoV-2 (PDB ID: 6YYT) was performed using the
Discovery Studio Visualizer program.

B Results and discussion

Based on the results of the molecular dock-
ing we calculated the scoring function indicating
the enthalpy contribution to the value of the free
binding energy (Affinity DG) for the best confor-
mation positions; the values of the free binding
energy and binding constants (Edoc (kcal mol™)
and Ki (uM micromolar/ mM millimolar) for a de-
finite conformational position of the ligand. It al-
lowed us to evaluate the stability of complexes
formed between ligands and the corresponding
targets (Table 1).

The inhibitory activity of the test molecules
in relation to the biotargets selected can be ex-
hibited by the formation of complexes between
them; their stability is provided mainly due to
the energetically favorable geometric arrange-
ment of ligands in the active site, as well as the
formation of hydrogen bonds, and intermolecu-
lar electrostatic and donor-acceptor interactions
between them. As a consequence, the thermody-
namic probability of this binding is confirmed by
negative values of the Affinity DG scoring func-
tion (kcal mol™), the calculated values of the free
binding energy Edoc (kcal mol™), and binding con-
stants Ki (uM).

Hence, further experimental studies are re-
quired. The formation of intermolecular interac-
tions, negative values of scoring functions, free bind-
ing energy and the calculated binding constants

Table 1. The values of Affinity DG, free binding energy, and binding coefficients for the best conformational positions
of the test compounds combined with biotargets (PDB ID: 7DF4, 1IWNC, 7CJD, 6YYT)

° 7DF4 1WNC 7CID 6YYT
§ Affinity Edoc . Ki uM Affinity Edoc ' Ki uM Affinity Edoc ' Ki uM Affinity Edoc ' Ki uM
9 DG, micromolar /| DG, micromolar /| DG, micromolar /| DG, micromolar /
s} kcal kcal kcal kcal
s kcal 1 mM kcal 1 mM kcal 1 mM kcal 1 mM
~ | mol - ~, | mol - ~, | mol - ~ | mol -

mol millimolar mol millimolar mol millimolar mol millimolar
1 -6.9 -5.37 | 115.63 uM -5.3 -3.70 1.93 mM -6.1 -5.74 61.84 uM -7.0 -5.45 | 100.60 uMm
2 -6.8 |-5.66 | 70.61uM -5.1 |-3.91 1.36 mM -7.4 |-5.26 | 139.54 uM -7.1 | -5.13 | 174.21 uM
3 -7.2 | -6.24 | 26.82 uM -5.6 | -4.78 | 312.46 uM -7.1 | -6.71| 12.13 uM -7.5 |-6.18 | 29.61 uM
4 -8.3 |-6.08 | 34.89 uM -5.9 |-4.64 | 399.57 uM -6.9 |-6.13| 31.88uM -7.5 |-5.79 | 56.83 uM
5 -8.2 | -7.00 7.37 UM -6.2 |-5.08 | 188.85uM -7.0 |-6.54| 16.10 uM -7.8 | -6.84 9.61 uM
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Figure 2. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with the human

receptor-ACE2 (PDB ID: 7DF4)
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Figure 3. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with a spike protein

SARS-CoV-2 PDB ID: IWNC

have confirmed that the compounds studied have
a significant affinity for the specified biotargets.

As can be seen from the results, molecule 5,
which has the best indicators in relation to all
targets selected, is the leader among the com-
pounds under research (the human receptor —
ACE2 PDBID: 7DF4 (Affinity DG =-8.2 kcal mol ™,
Edoc =-7.00, Ki = 7.37 uM), a spike protein SARS-
CoV-2 PDB ID: 1WNC (Affinity DG = -6.2 kcal mol ™,
Edoc =-5.08, Ki = 188.85 uM), a PL protein SARS-
CoV-2 PDB ID: 7CJD (Affinity DG =-7.0 kcal mol™,
Edoc = -6.54, Ki = 16.10 pM), a reverse trans-
criptase SARS-CoV-2 PDB ID: 6YYT (Affinity DG =
-7.8 kcal mol™, Edoc = -6.84, Ki =9.61 uM)) (Ta-
ble 1).

For hit compound 5, a detailed analysis of
the geometric location in the active sites of the
corresponding targets was performed. This will
provide a complete understanding of which
fragments of the molecule are involved in bind-
ing to biotargets, and will allow giving clear

recommendations for the rational design of fu-
ture candidates.

Molecule 5 with the human receptor-ACE2
PDB ID: 7DF4 forms a complex due to hydrogen
bonds between the oxygen atoms of the sulfonyl
group and the carbonyl oxygen of oxolan-2-one
with residues of His378 and Asn394 amino ac-
ids. Additionally, the complex of the m-mr, m-Alk
interactions occurring between the phenyl resi-
due and the cyclopentane fragment of the mo-
lecule with Phe40 and His401, respectively, is
stabilized (Figure 2).

The active molecule complex with a spike pro-
tein SARS-CoV-2 PDB ID: 1WNC is formed in
the presence of the Alk intermolecular interac-
tion between the cyclopentane fragment of the
molecule and the Lys1172, Vall71 lysine resi-
due (Figure 3).

The complex with a PL protein SARS-CoV-2
PDB ID: 7CJD 1s formed by the participation
of a hydrogen bond and the Alk intermolecular
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Figure 4. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with a PL protein

SARS-CoV-2 PDB ID: 7CJD
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Figure 5. The superposition of molecule 5 and a diagram of intermolecular interactions in the complex with a reverse transcriptase

SARS-CoV-2 (PDB ID: 6YYT)

interaction between the carbonyl oxygen atom of
oxolan-2-one and the metal substitute with the
Thr301 and Pro248 threonine residues, respec-
tively (Figure 4).

Molecule 5 forms a hydrogen bond with the
Pro328 proline residue due to the oxygen atom
of the oxolan-2-one fragment in the active site of
areverse transcriptase SARS-CoV-2 PDBID: 6YYT.
The stabilization of the complex is provided by
Alk interactions with the Pro328, Pro378, Met666,
Val330, Ala382, Ala379 residues (Figure 5).

The values of interatomic distances in active
sites between fragments of molecule 5 and ami-
no acid residues shown in the diagrams (Figures
2-5), categories and types of intermolecular in-
teractions are given in Table 2.

Among all the molecules tested, compound 5
has the best affinity for biotargets (PDB ID:
7DF4, 1IWNC, 7CJD, 6YYT). This is evidenced
by the formation of a number of intermolecular

interactions between them, the negative values
of scoring functions, the free binding energy, and
the calculated values of binding constants.

The final stage of molecular docking results
is to provide certain recommendations for the
rational design of future drug candidates. These
recommendations can be provided on the basis
of the results of the calculated evaluation func-
tions obtained and a detailed analysis of the geo-
metric location of the tested ligands in the acti-
ve site of the target. This approach of using dock-
ing data provides information on the participa-
tion in the creation of appropriate intermolecu-
lar contacts of certain atoms, pharmacophore
groups, functional groups of the test compounds
with amino acid residues of the site. The bind-
ing energy of each individual contact is included
in the total free energy of binding, which is the
main marker for predicting the affinity for a spe-
cific target.
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Using the results of calculation obtained and * introduction of hydrophobic inclusions in the

visualization of molecular docking, it is possible form of methyl and phenyl fragments in or-
to provide recommendations for the rational de- der to form stabilizing contacts of the formed
signing of future SARS-CoV-2 inhibitors, namely: “molecule-target” complex.
+ creation of basic rigid systems using the ex-

ample of tetracyclic ring frameworks; B Conclusions
* saturation of such a system with hydrogen

acceptors, in particular oxygen- and sulfur- According to the results obtained, we have pro-

containing groups in the form of carbonyl frag- posed a way to search for potential SARS-COV-2
ments, sulfonyl and hydroxyl groups, that inhibitors based on Crinipellin A derivatives.
enables the formation of intermolecular Using the most promising compound 5 further
donor-acceptor interactions with amino acid studies open up another direction for searching
residues of the active center; for compounds of SARS-COV-2 inhibitors.
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