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1 | INTRODUCTION

Coronavirus disease-2019 (COVID-19) is a highly contagious dis-

ease caused by a novel virus identified as severe acute respiratory

Abstract

Aims: Flavonoids and related compounds, such as quercetin-based antiviral drug
Gene-Eden-VIR/Novirin, inhibit the protease of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The alkylated chalcones isolated from Angelica keiskei
inhibit SARS-CoV proteases. In this study, we aimed to compare the anti-SARS CoV-2
activities of both newly synthesized chalcone derivatives and these two drugs.
Methods: Determination of the potent antiviral activity of newly synthesized chal-
cone derivatives against SARS-CoV-2 by calculating the RT-PCR cycling threshold (C))
values.

Results: Antiviral activities of the compounds varied because of being dose depend-
ent. Compound 6, 7, 9, and 16 were highly effective against SARS-CoV-2 at the con-
centration of 1.60 pug/mL. Structure-based virtual screening was carried out against
the most important druggable SARS-CoV-2 targets, viral RNA-dependent RNA poly-
merase, to identify putative inhibitors that could facilitate the development of poten-
tial anti-coronavirus disease-2019 drug candidates.

Conclusions: Computational analyses identified eight compounds inhibiting each tar-
get, with binding affinity scores ranging from -4.370 to -2.748 kcal/mol along with
their toxicological, ADME, and drug-like properties.

syndrome coronavirus 2 (SARS-CoV-2). To date, there is no spe-
cific effective antiviral drug against SARS-CoV-2. The pandemic
has adversely affected the global healthcare system. Treatment

options for COVID-19 can be categorized into four types: general
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treatment, coronavirus-specific treatment, antiviral treatment,
and other methods.? General treatment includes nutritional sup-
plements, immune boosters, and some alternative medications in
folk medicine.® Various treatment strategies based on the use of
available drugs have been tried against SARS-CoV-2 globally, but
no effective treatment protocol has been found. There are many
drugs, such as chloroquine/hydroxychloroquine, favipiravir, ribavi-
rin, remdesivir, or combinations of these drugs, which are found to
be effective against SARS-CoV-2.# Although some studies initially
reported that one or more of these drugs were effective against
SARS-CoV-2 in some countries, later some scientific studies re-
ported that these drugs did not have the expected level of effec-
tiveness against SARS-CoV-2.4°

Previous treatments targeting SARS-CoV and Middle East
respiratory syndrome coronavirus may accelerate the develop-
ment of the COVID-19 treatment because of their structural and
genomic similarities. Antiviral effective therapies act by arrest-
ing viral replication stages and the inactivation or inhibition of
the enzymes or steps involved in these stages. One of the best
characterized and conserved drug targets of coronaviruses is in-
tegrase, the main protease proteins. Inhibiting the activity of this
enzyme would block viral replication, for which protease inhibitors
are used. One of the most important targets that can inhibit viral
replication against SARS-CoV-2 is the inactivation of the RNA-
dependent RNA polymerase (RdRp) enzyme. Inactivation of this
enzyme prevents virus replication. Today, some of the available
protease and RNA polymerase enzyme inhibitor drugs are being
redesigned to treat SARS-CoV-2.%

In cases where vaccines against SARS-CoV-2 may be insuffi-
cient, humanity's most important weapon would be an effective
antiviral drug. For this reason, it is crucial to produce an effective
antiviral drug against this highly contagious and deadly virus. Small
modifications to the inhibitory ligand can significantly induce con-
formational changes in the molecules by changing the protein's
binding modes and interactions to the active site and thus their
activity.

In this context, some compounds that inhibit viral RNA
polymerases in the literature were examined to find a scaffold,
which would be active against COVID-19. The scaffold was de-
termined to show the best activity against COVID-19. Various
modifications were made to chalcone structure to design a
newer, more active compound and reach the target molecules.
A target molecule that could be effective against COVID-19
was designed.

Chalcone derivatives are the building blocks of pharmaceutical
raw materials that have long been used to treat various diseases,
and medicinal plants are structural analogs of the flavonoids they
carry. Flavonoids and related compounds, such as quercetin-based
antiviral drug Gene-Eden-VIR/Novirin, inhibit the protease of
SARS-CoV-2.1° Chalcones also exhibit inhibitory activity against
tobacco mosaic virus,* HIV,'? herpes simplex virus,'® and dengue
virus.' It also exhibits antioxidant,!® antimicrobial,* antimycobac-

terial,"” and antileishmanial'® properties. Antiviral properties of

What'’s known

e Chalcone derivatives are the building blocks of pharma-
ceutical raw materials that have been used for a long
time to treat various diseases.

o Alkylated chalcones isolated from Angelica keiskei have
been reported to inhibit SARS-CoV proteases.

e No potent drug or molecule has been found in the world
that is specifically effective against SARS CoV-2.

What'’s new

e In this study, various modifications have been made
to the chalcone structure to design new and active
compounds against SARS CoV-2 and to reach target
molecules.

e |t has been shown that eight new chalcone derivatives
synthesized for the first time have very significant anti-
viral activity against SARS-CoV-2.

e These molecules have been shown to be very promising

syntheses in the treatment of Covid-19 disease.

chalcones have been determined in studies on plant viruses and
human rhinoviruses.'? Studies on hydroxy or methoxy-containing
chalcones have confirmed that these chalcone derivatives show
antiviral properties depending on the positions of the OH/OMe
groups and the nature of the chalcone skeleton.?® Additionally, the
alkylated chalcones isolated from Angelica keiskei inhibit SARS-CoV
proteases.?

The current study aimed to determine the inhibitory activities of
new eight chalcone derivatives against SARS-CoV-2 by calculating
the SARS-CoV-2 RT-PCR Cycling threshold (C,) values. Moreover,
the toxicological, ADME, and drug-like properties of the compounds
were also determined by in silico method.

2 | MATERIALS AND METHODS
2.1 | Chemistry experimental procedure
2.1.1 | General

All reagents used were commercially available unless other-
wise specified, and all solvents were distilled before use. Melting
points were measured with Gallenkamp (UK) melting point de-
vices. IR Spectra: PerkinElmer Spectrum One FT-IR spectrometer
(PerkinElmer Life and Analytical Sciences, Beaconsfiled, UK). H-
and C-NMR Spectra: Varian 400 (Oxford Instruments, England)
and Bruker 400 (Bruker Biospin AG, Fallanden, Switzerland) spec-
trometers. Elemental analysis results were obtained on a Leco
CHNS-932 instrument.
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2.2 | General procedure for preparation of
compounds (6-9)

To a solution of flouro/triflouro-substituted acetophenone derivatives
(2-5) (1 mmol)in THF: H,0 (5:1, 10 mL) 2,4,6-trimethoxybenzaldehyde
(1) (1,5 mmol) and LiOH.H,O (10 mmol) were added, and the result-
ant mixture was sequentially stirred overnight at room temperature.
The solvent was evaporated in vacuum. HCl solution of 2 mol/L (5 mL)
was added, and the crude material was extracted with ethyl acetate
(EtOAC) (25 mL x 3). The combined extracts were dried over Na,SO,.
The solvent was removed in vacuum and the remaining residue was
purified via column chromatography over silicagel using gradient elu-
tion with EtOAc and hexanes to yield compound 6-9.

2.21 | (E)-1-(2,5-Difluorophenyl)-3-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (6)

The above procedure was followed with 2,5-difluoroacetophenone
(2) to yield 6 as a yellow solid (61% vyield). R (EtOAc/Hexanes
20:80)=0.46; mp = 121-123°C; IR (KBr, cm™) Vinax 2239, 2836, 1558,
1204; 'H NMR (400 MHz, CDCl,) §8.20 (d, J = 16.0 Hz, 1H), 7.70 (d,
J = 16.0 Hz, 1H), 7.51-7.43 (m, 1H), 7.19-7.04 (m, 2H), 6.11 (s, 2H),
3.88 (s, 6H), 3.85 (s, 3H); **C NMR (100 MHz, CDCl,) 5 189.3, 163.7,
161.9,158.6 (C-5",d, J. p = 243.5 Hz), 156.9 (C-2",d, J . = 247.2 H2),
137.3, 129.4 (C-1", dd, Jep = 16.2, 6.7 Hz), 124.8, 119.4 (C-4", dd,
Jop = 24.5,89 Hz), 1177 (C-3", dd, J.; = 26.3, 7.8 Hz), 116.9 (C-
6", dd, JC,F = 24.4, 4.2 Hz), 106.3, 90.5, 55.8, 55.4; Anal. calcd for
CygHy F,0,: C, 64.67; H, 4.82; Found: C, 64.71; H, 4.72.

2.2.2 | (E)-1-(3,5-Difluorophenyl)-3-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (7)

The above procedure was followed with 3,5-difluoroacetophenone (3)
toyield 7 as a yellow solid (65% yield). R (EtOAc/Hexanes 20:80) = 0.5;
mp = 173-175°C; IR (KBr, cm™) Vmax 3084, 2942, 1563, 1121; H NMR
(400 MHz, CDCl,) 6 8.29 (d, J = 16.0 Hz, 1H), 7.75 (d, J = 16.0 Hz, 1H),
7.57-7.45 (m, 2H), 7.03-6.93 (m, 1H), 6.14 (s, 2H), 3.92 (s, 6H), 3.87
(s, 3H); 3C NMR (100 MHz, CDCl,) 5 189.4, 163.7, 162.9 (C-3", dd,
Jep=236.1,12.0 Hz), 162.0, 142.5 (C-1"), 137.6, 120.6, 111.3 (C-2",
dd,J = 18.7,6.9 Hz), 107.0 (C-4"),106.4,90.6, 55.9, 55.4; Anal. calcd
for C,gH,(F,0,: C, 64.67; H, 4.82; Found: C, 64.79; H, 4.75.

2.2.3 | (E)-1-(2-Fluoro-5-(trifluoromethyl)phenyl)-3-
(2,4,6-trimethoxyphenyl)prop-2-en-1-one (8)

The above procedure was followed with 2-fluoro-5-trifluoromethylacet
ophenone (4) to yield 8 as a yellow solid (70% yield). R, (EtOAc/Hexanes
20:80) = 0.5; mp = 143-145°C; IR (KBr, cm™) Vinax 2945, 2313, 1566,
1333; 'H NMR (400 MHz, CDCl,) 58.22 (d, J = 15.6 Hz, 1H), 8.11-8.04
(m, 1H), 7.79-7.65 (m, 2H),7.32-7.23 (m, 1H), 6.14 (s, 2H), 3.91 (s, 6H),
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3.89 (s, 3H); *C NMR (100 MHz, CDCl,) 6 189.4, 163.8, 162.0, 159.7
(C-2", Jop = 304.7 Hz), 137.8, 129.7, 128.7, 127.5, 126.8, 124.8 (C-4",
Jep=61Hz),122.2,117.2 (c-3", Jep=24.5Hz),106.2,90.5, 55.9, 55.4;
Anal. calcd for CjoH, ,F,0,: C, 59.38; H, 4.20; Found: C, 59.49; H, 4.22.

2.2.4 | (E)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-
(2,4,6-trimethoxyphenyl)prop-2-en-1-one (9)

The above procedure was followed with 3,5-bistrifluoromethylacetop
henone (5) to yield 9 as a yellow solid (73% yield). R (EtOAc/Hexanes
20:80) = 0.6; mp = 193-195°C; IR (KBr, cm™) Vinax 2994, 2302, 1561,
1278; *H NMR (400 MHz, CDCl,) 6 8.43 (bs, 2H), 8.34 (d, J = 15.6 Hz,
1H), 8.05 (bs, 1H), 7.83 (d, J = 15.6 Hz, 1H), 6.17 (s, 2H), 3.95 (s, 6H),
3.90 (s, 3H); 1*C NMR (100 MHz, CDCl,) 5 189.4, 164.0, 162.1, 140.9,
138.8,132.0, 131.7,128.5, 125.1, 120.3, 106.2, 90.6, 55.9, 55.5; Anal.
caled for C,0H, ,F,O,: C, 55.31; H, 3.71; Found: C, 55.33; H, 3.75.

2.3 | Synthesis procedure for 1-(3-bromo-2-
hydroxy-4,6-dimethoxyphenyl)ethan-1-one (11)

To a solution of ammonium cerium (V) nitrate (1 eq.) and LiBr (1 eq.) in
CH,CN (2.5 mL/1 mmol of substrate) was added 2-hydroxy-4,6-dimet
hoxyacetophenone (10) (1 eq.). The mixture was stirred for 6 hours at
room temperature. After 6 hours, the reaction was monitored by TLC
and stopped with H,O (25 mL), extracted with DCM (3 x 25 mL). The
combined extracts were dried over Na,SO,. The solvent was removed
under reduced pressure to afford 1-(3-bromo-2-hydroxy-4,6-dimetho
xyphenyl)ethan-1-one (11) as a light pink solid (91%). The *H NMR and
13C NMR spectra are in agreement with the reported data.??

2.4 | General procedure for preparation of
Compounds (13-16)

To a solution of 1-(3-bromo-2-hydroxy-4,6-dimethoxyphenyl)ethan-
1-one (11) (1 eq.) in MeOH (20 mL/1.1 mmol of substrate) benza-
Idehyde derivatives (2-4, and 12) (1,6 eq.) and 50% aqueous KOH
solution (7 mL/1.1 mmol of substrate) were added sequentially
stirred for 15 hours at room temperature. After 15 hours solvent
was evaporated. NH,Cl solution (20 mL/1.1 mmol of substrate) was
added, and crude product was extracted with DCM (25 mL/1.1 mmol
of substrate x 3). The combined extracts were dried over Na,SO,.

The solvent was removed in vacuum.

241 | (E)-1-(3-Bromo-2-hydroxy-4,6-
dimethoxyphenyl)-3-(2,5-difluorophenyl)prop-2-en-1-
one (13)

The above procedure was followed with 2,5-difluorobenzaldehyde
(2) to yield 13 as a yellow solid (61% yield). R; (EtOAc/Hexanes
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20:80) = 0.43; mp = 219-221°C; IR (KBr,cm™) Vinax 3076, 1631, 1585,
720; 'H NMR (400 MHz, DMSO) 6 13.83 (bs, 1H), 7.89 (d, J = 15.8 Hz,
1H), 7.71-7.59 (d, 2H), 7.40-7.27 (m, 2H), 6.42 (s, 1H), 4.00 (s, 6H); *C
NMR (100 MHz, DMSO, 55°C) § 192.6, 162.6, 161.6, 161.3 (C-2', d,
Jep=259.3 Hz), 160.2 (C-5',d, Jep=270.6 Hz), 157.7,133.8, 131.5,
124.5(C-1',dd, Jep=199,8.2Hz),119.1 (C-3',dd, Jep=247,8.8 Hz),
118.3 (C-4', dd, J. ; = 25.0, 9.0 Hz), 115.9 (C-6', d, J. = 25.0 Hz),
107.3, 91.2, 89.7, 57.4, 57.2; Anal. calcd for C,,H,;BrF,0,: C, 51.15;
H, 3.28; Found: C, 51.24; H, 3.31.

2.4.2 | (E)-1-(3-Bromo-2-hydroxy-4,6-
dimethoxyphenyl)-3-(3,5-difluorophenyl)prop-2-en-1-
one (14)

The above procedure was followed with 3,5-difluorobenzaldehyde
(3) to yield 14 as a yellow solid (70% yield). R (EtOAc/Hexanes
20:80) = 0.5; mp = 221-223°C; IR (KBr, cm™) Voax 3061, 1631,
1585, 720; 'H NMR (400 MHz, DMSO) § 13.87 (bs, 1H), 7.82 (d,
J=15.6 Hz, 1H), 7.62 (d, J = 15.6 Hz, 1H), 7.55-7.49 (m, 2H), 7.36-7.28
(m, 1H), 6.41 (s, 1H), 3.98 (d, 6H); 3C NMR (100 MHz, DMSO, 55°C)
5193.0, 162.8, 162.7, 163.3 (C-3', dd, J. = 244.6, 13.4 Hz), 161.6,
140.6, 139.2, 130.6, 112. 1 (C-2', d, J.. = 25.7), 107.4, 106.2 (C-4'),
91.1,89.7,57.6, 57.5; Anal. calcd for C,;H,,BrF,0,: C, 51.15; H, 3.28;
Found: C, 51.25; H, 3.40.

2.4.3 | (E)-1-(3-Bromo-2-hydroxy-4,6-
dimethoxyphenyl)-3-(2-fluoro-5-(trifluoromethyl)
phenyl)prop-2-en-1-one (15)

The above procedure was followed with 2-fluoro-5-trifluoromethylb
enzaldehyde (4) to yield 15 as a yellow solid (45% vyield). Rf (EtOAc/
Hexanes 20:80) = 0.56; mp = 206-208°C; IR (KBr, cm™) Vinax 3332,
1630, 1524, 726; *H NMR (400 MHz, DMSO) § 8.14 (s, 1H), 7.91 (d,
J =16 Hz, 1H), 7.87-7.77 (m, 1H), 7.65 (d, J = 16.0 Hz, 1H), 7.59-7.47
(m, 1H), 6.33 (s, 1H), 3.97 (s, 3H), 3.95 (s, 3H); *C NMR (100 MHz,
DMSO, 55°C) § 192.5, 162.4, 163.1 (C-2', d, JC,F = 256 Hz), 162.0,
161.9, 132.9, 132.5, 129.3, 128.5, 127.8, 126.5, 124.4 (C-1', d,
JC,F = 12.1 Hz), 1179 (C-3', d, JC‘F = 23.6 Hz), 108.1, 91.96, 88.9,
57.3, 57.1; Anal. calcd for C,gH,,BrF,0,: C, 48.13; H, 2.92; Found:
C,48.17; H, 3.05.

2.4.4 | (E)-1-(3-Bromo-2-hydroxy-4,6-
dimethoxyphenyl)-3-(2,4,5-trifluorophenyl)prop-2-en-
1-one (16)

The above procedure was followed with 2,4,5-trifluorobenzaldehyde
(12) to yield 16 as a yellow solid (60% vyield). R¢ (EtOAc/Hexanes
20:80) = 0.46; mp = 209-211°C; IR (KBr, cm™) Vinax 3022, 1638,
1316, 869; 'H NMR (400 MHz, DMSO) 5 13.9 (bs, 1H), 8.01-7.96 (m,
1H), 7.86 (d, J = 16 Hz, 1H), 7.71-7.63 (m, 1H), 7.60 (d, J = 16 Hz, 1H),

6.40 (s, 1H), 3.97 (6H); **C NMR (100 MHz, DMSO, 55°C) 5 192.7,
162.7,162.8,161.9,157.2 (C-2', ddd, J = 249.0, 11.1, 2.4 Hz), 151.0
(C-5',dd, Jo = 238.4, 13.7 Hz), 147.2 (C-4', ddd, J ¢ = 257.2, 12.1,
3.0Hz),133.4,131.1,120.3 (C-1'), 117.9 (C-¢',dd, J. ¢ = 20.2, 3.5 H2),
107.6 (C-3', dd, J.p = 28.9, 21.5 Hz), 107.2, 91.1, 89.7, 57.6, 57.4;
Anal. calcd for C;;H,,BrF;0,: C, 48.94; H, 2.90; Found: C, 49.01;
H, 2.95.

2.5 | Biological part
2.5.1 | Viral propagation

The SARS-CoV-2 Hatay strain (SARS-CoV-2, Hatay, 2020), isolated
by Professor Dr Nizami Duran, was used in the study. The SARS-
CoV-2 strain was propagated in the Vero Eé cell line (African green
monkey kidney cells), obtained from the American Type Culture
Collection (ATCC C1008). After 7 days of incubation at 37°C in an
atmosphere of 5% CO,, the supernatant was harvested. All neces-
sary permissions have been obtained for the present study.

Vero E6 cell line was used for viral isolation. Cell cultures were
maintained with 10% fetal calf serum in RPMI-1640 (Sigma-Aldrich,
USA) medium containing 10 mM HEPES, 4 IM glutamine, and
100 1U/mL penicillin/streptomycin. Incubation of cells was carried
out at 37°C in an incubator with 95% air and 5% CO,. Cell density
was adjusted to 1 x 10° cells/mL. Experiments were performed by
adding cell maintenance medium to 10% of the culture dish in culture
dishes. Incubation of cell cultures continued for 96 hours. Cells were
removed from the culture vessels with 0.25% trypsinization solution
and collected in 50 mL centrifuge tubes by centrifugation at 300 g
for 10 minutes at the end of incubation. Cell number and viability
were determined by hemocytometer with 1% trypan blue dye pre-
pared in 0.9% NaCl.

Viral growth was confirmed both by determining the presence of
cytopathological effect (CPE) and by the real-time PCR method. The
formation of CPE was detected on the 4th day in the Vero cell line.

2.5.2 | Proliferation experiments

DMSO was used to dissolve the chemical compounds at a concen-
tration nontoxic to Vero cells. Proliferation experiments in cell cul-
ture were performed on 24-well flat-bottom microplates. The wells
were prepared with RPMI-1640 medium containing 10% fetal calf

serum at a density of 1 x 10° cells/mL.

2.5.3 | Titration of the virus

Stock viral strains (maintained at -80°C) were rapidly dissolved in
37°C water (in a bain-marie) and were re-activated in cell lines (Vero
E6 cell line). The cells were then exploded by “freezing and thawing.”

Cells were collected from the culture dish and centrifuged at 1200
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g for 20 minutes, and the supernatant virus was collected as a stock
solution. Like in our previous study in which TCID, of the virus was
calculated; in the present study, three different titers of SARS-CoV-2
(1, 10, and 100 TCID,) were chosen to be studied.?®

2.6 | Activity studies

2.6.1 | 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide method

This method is based on the principle of the cleavage of the 3-(4
(MTT)
tetrazolium ring in active mitochondria. In this method, cultured live

,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

cells can be detected colorimetrically and quantitatively. The MTT
method, first described by Mosmann and later developed, is a practi-
cal method used to determine cell viability.?*

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide is
a substance that is actively absorbed into cells and is reduced to col-
ored water-insoluble form as a result of its activity in mitochondria.
The MTT reduction feature of cells is considered a measure of cell
viability. The density of the dye obtained as a result of MTT analy-
sis correlates with the number of live cells. This method was used
to detect the presence of living cells to demonstrate the effective-
ness of the chemical compounds at different concentrations against
SARS-CoV-2. As viral replication would decrease the live-cell ratio,
a detected decrease in cell viability was indicated as increased viral
reproduction.

In the MTT assay, the decrease in cell viability was associated
with increased viral replication, whereas high cell viability was con-
sidered as an indicator of antiviral activity. For this purpose, sea-
water at different concentrations was added to the SARS-CoV-2
inoculated cell lines and was incubated for 96 hours in an incubator
with 5% carbon dioxide at 37°C. MTT, 10 uL, was added to each
well, and the plates were incubated for 4 hours under the same
conditions. Absorbance measurements were made at 570 nm on a

spectrophotometer.

2.7 | Real-time PCR

Severe acute respiratory syndrome coronavirus 2 replication in cell
culture was verified by the real-time PCR method. Compared with
the control group using the real-time PCR method, the presence or
increase of viral replication was described as an increased number of
viral copies. Viral RNA extraction was performed using a commercial
kit under the commercial kit procedure. In the studies, the SYBR-
Green RT-gPCR method was performed in accordance with the
QuantiTect SYBR-Green PCR kit (Qiagen, Germany) test procedure.
The PCR cycle starts with an initial denaturation at 95°C for 15 min-
utes, followed by three steps of 45 cycles of 94°C for 15 seconds,
annealing at 60°C for 30 seconds and elongation at 72°C for 30 sec-

onds, and a final extension temperature of 72°C for 10 minutes. The
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Human B-actin gene (QuantiTect Primer Assays; Qiagen) was used as
the reference gene. All reactions were tested in triplicate at different

intervals.?

2.8 | Cycle threshold value

In isolation, “C,” values provide a relative measure of the viral quan-
tity in the sample. Different known quantities of standards were in-
cluded in the same study and tested in parallel with viral cultures.
Thus, the “C,” value could potentially provide some measure of viral
copies.z"’*27 An 8- to 10-fold dilutions series was prepared from the
culture filtrate for SARS-CoV-2. Five replicates of each dilution were
tested in parallel. All replicates were detected at dilutions of 107! to
107528

2.9 | Molecular docking studies

Molecular modeling studies were conducted using Maestro 11.8
(Schrodinger, LLC, New York, NY, USA) software. All ligands were
drawn using the 2D Skether module of the Maestro 11.8. Possible
ionization states and tautomers of the ligands were determined by
LigPrep (Schrédinger, LLC). Then, all ligands were optimized using the
conjugate gradient method with force field parameters MacroModel
and OPLS3 (Schrédinger, LLC).2? After the proteins (PDB ID: 6M71,
6YB7, and 6LZG) were downloaded from the RCSB Protein Database
(www.rcsb.org),%° this version of Protein Preparation Wizard was
used for docking studies (Epik, Prime, Impact: Schrodinger, LLC).3! In
this process, unwanted structures in proteins were removed, hydro-
gen atoms and missing side-chain atoms were added, partial charges
and bonds were assigned, ionization states, hydrogen, and disulfide
bonds were formed. Active regions of proteins were determined for
docking, and grid maps of proteins were created using Maestro's re-
ceptor grid generation panel. Ligands were docked on these maps
100 times in extra precision mode using Glide (Schrodinger, LLC)
software. The poses obtained from docking were examined, and ap-
propriate docking scores were determined, as given in Table 1.32

2.9.1 | Statistical analysis

All data were evaluated by the statistical tests (ie Xz, paired t-test,
and independent sample t-test) using Statistical Package for Social
Sciences (SPSS for Windows. 18.0, Chicago, IL, USA) software. P-

values < .05 were considered to be statistically significant.

3 | RESULTS

The synthesis of the target molecules (6-9) was accomplished in one
step using the Claisen-Schmidt condensation reaction, as illustrated

in Figure 1. The corresponding chalcones were obtained in high
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TABLE 1 Docking scores in kcal/mol for molecules in target
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purity and good yields by treating 2,4,6-trimethoxy benzaldehyde

proteins (1) with fluoro and trifluoromethyl-substituted acetophenone de-
Compound 6M71 6YB7 6LGZ rivatives (2-5) in an aqueous alkali medium. LiOH was the preferred
6 ~4.370 _3.953 _4127 alkaline base in the series. The reason for that nucleophilic aromatic
7 _3991 _3.674 _3.543 substitution product is also obtained in reactions carried out in
8 -3.328 ~3.555 -3.876 methanol and in a strongly basic medium, especially if the aromatic
9 -3.855 ~3.427 ~3.467 benzene ring contains fluorine. As a result of the fluorine atom's sub-
13 -3.266 -2.748 -2.974 stitution by the methoxy group, methoxy chalcone structures arise
14 -3.462 -2.810 2772 as a by-product. To prevent the result from affecting the reaction ef-
15 -3.342 -2.773 -3.666 ficiency, LIOH was used as an alkaline base. Tetrahydrofuran:water
16 -3.768 -3.370 -3.405 mixture (THF:H,0) was determined as the reaction solvent.33
OMe O 0 OMe O
N N
H 4+ LiOH.H,0 | 2R
R > =
MeO OMe THF:H,O,rt  MeO OMe
1 o .
2; R =2,5-diF 6; R = 2,5-diF
3: R = 3,5-diF 7: R = 3,5-diF
4; R = 2-F, 5-CF; 8; R = 2-F, 5-CF4
5; R = 3,5-diCF; 9; R = 3,5-diCF,
HaCu_
F o) o
(71
| on
i o
F CHy

B WY S | L A

ToTT T T &

T T T T T T T T T T T T T T T T T T T T T

10.0 9.5 9.0 8.5 8.0 7.5 70 65 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

"H NMR spectrum of (E)-1-(2,5-difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one (6)

FIGURE 1 Preparation of fluoro/trifluoromethyl-substituted trimethoxy chalcones (6-9)
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FIGURE 1 (Continued)

The synthesis of the second group of compounds (13-16)
was accomplished in two steps using bromination of compound
10 followed by the Claisen-Schmidt condensation reaction, as
shown in Figure 2. By treating 2,4,6-trimethoxyacetophenone
(10) with LiBr and ammonium cerium (V) nitrate in CH,CN,

the corresponding compound 11 was obtained in high yield.
Subsequently, target compounds (13-16) were obtained in high
purity and good yield by the Claisen-Schmidt reaction of com-
pound 11 with the corresponding benzaldehydes in an aqueous
alkali medium (2-4, and 12).
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"H NMR spectrum of (E)-1-(2-fluoro-5-(trifluoromethyl)phenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one (8)

FIGURE 1 (Continued)
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FIGURE 1 (Continued)

Antiviral effects of all newly synthesized compounds against
SARS-CoV-2 were evaluated in comparison with the virus control
group. The highest non-toxic concentrations of the compounds on

Vero cells were selected for antiviral efficacy studies. The antiviral

effects of three different concentrations of chalcone derivatives
have been investigated.

In the study, viral growth in the Vero E6 cell line was de-
tected by CPE in the cells from the 4th day of incubation, as



DURAN ET AL.

10 of 23 @8 THE INTERNATIONAL JOURNAL OF
WILEY-CLINICAL PRACTICE
@] Ohe
F4C =
Me Che
CFq
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FIGURE 1 (Continued)

shown in Figure 3. Activity studies in cell culture were per-
formed after 96 hours of incubation. The characteristic CPE
of SARS-CoV-2 was not detected in cell cultures in which viral
reproduction was inhibited. Morphological analysis was per-
formed by recording the CPE rate in the cells, especially the
presence/absence of CPE.

The “C,” values give a relative measure of the viral copy number in
the sample compared with the curves using the standards. Different
known quantities of standards were included in the same study and
tested in parallel with viral cultures. Therefore, the “C,” value was
evaluated as the potential viral (SARS-CoV-2) copy number. In this
study, the inhibitory activities of new chalcone derivatives against
SARS-CoV-2 were determined by calculating the SARS-CoV-2 RT-
PCR “C,” values.?*?

It has been reported that low C, values (high viral load) can be
considered an indicator of severe disease and high contagiousness.
In contrast, high C, values (low viral load) indicate a decrease in both
the risk of infection and contagiousness.®*

As shown in Figure 4, the efficacy of compounds 6-9, 14, and
16 on SARS-CoV-2 at three different concentrations (0.40, 0.80,
and 1.60 ug/mL) was compared with the virus control group in
terms of “C,” values. When the efficacy of the newly synthesized

compounds was compared with the virus control group (no drugs
or chemicals included), the compounds have been found to ex-
hibit significant antiviral activity against SARS CoV-2. It was de-
termined that the antiviral activities of the newly synthesized
compounds were statistically significantly higher than the virus
control group.

The antiviral activities of compounds 6-9, 14, and 16 at high con-
centrations (1.6 and 0.8 pg/mL) were statistically significantly higher
compared with the virus control group. No statistically significant
difference was found when the antiviral activity of compound 8 at
a concentration of 0.4 ug/mL was compared with the virus control
group. The antiviral activity of compound 8 was lower than that of
the other compounds.

There was also a dose-dependent change in the anti-
viral efficacy of the compounds. While the highest effi-
cacy was determined at a concentration of 1.60 ug/mL, it
was evinced that antiviral activity decreased at a concen-
tration of 0.8 and 0.4 pg/mL. Comparing the antiviral ac-
tivities of the compounds at different concentrations,
compound 6 > 7 > 16 > 9 > 14 > 8 at 1.60 pg/mL; com-
pound 7 > 6 > 9 > 16 > 14 > 8 at 0.80 pg/mL; compound
7>6=9>16 =14 > 8 at 0.40 pg/mL ranking has been
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FIGURE 2 Preparation of bromo/fluoro/trifluoromethyl-substituted chalcones (13-16)

determined. After evaluating the results, it was found that higher antiviral activities than compound 8 against SARS-
the antiviral activities of 6, 7, 9 and 16 of the first group CoV-2 at all concentrations.

compounds were remarkable. Hence it was noted that com- The antiviral effects of the second group of compounds (13
pounds 6, 7, 9, 14, and 16 exhibited statistically significantly and 15) at three different concentrations (2.0, 1.0, 0.5 pg/mL) have
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FIGURE 2 (Continued)
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FIGURE 2 (Continued)

been examined. As shown in Figure 5, there was no significant dif-
ference between the 2.0 and 1.0 pg/mL concentrations of com-
pound 13 against SARS-CoV-2. Compound 13 was found to exhibit
a dose-dependent antiviral activity. However, at a concentration
of 0.5 ug/mL, antiviral efficacy was not different from the virus
control group. Also, the antiviral efficacy of compound 15 was
statistically significantly higher than the virus control group at all
three tested concentrations. It was determined that the antiviral
efficacy of compound 15 at a concentration of 2 ug/mL against
SARS-CoV-2 was not significantly different from that of a concen-
tration of 1 ug/mL. It was also noted that the compound exhibited
a dose-dependent antiviral activity like other compounds.

In this study, eight new chalcone derivative compounds, ex-
pected to be effective against SARS-CoV2, have been synthesized.
Molecular docking studies examine the binding of these compounds
to target proteins and their interactions with essential residues in
the proteins’ active regions at the atomic level. Also, the structure-
activity relationships (SAR) in this group of compounds were ana-
lyzed by comparing docking scores with in vitro results, as given in
Table 1.

The primary targets of drugs developed against SARS-CoV2

are specified as MP™, RdRp, and spike proteins in the literature.

(15)

In silico studies have investigated the SARS-CoV2 inhibition
potential of newly synthesized compounds using the target
prc»teins.35 In this context, 6M71 PDB-encoded protein (SARS-
CoV-2 RdRp in complex with cofactors) was used for RdRp, 6YB7
PDB-encoded protein (SARS-CoV-2 main protease with unli-
ganded active sites) for MP™, and 6LZG PDB-encoded protein
(Structure of novel coronavirus spike receptor-binding domain
complexed with its receptor angiotensin-converting enzyme 2
[ACE2]) was used for spike protein. The interactions of synthe-
sized compounds and reference molecules with target proteins
are given in Table 2.

The replication mechanism of SARS-CoV-2 is mainly governed
by RdRp, the nsps 12, 8, and 7 complexes.36 This 6M71 PDB-
encoded RdRp protein is mainly extracted from SARS-CoV2.% It
has been reported that Ser759, Asp760, Asp761, Asp618, residues
located in the catalytic region of the protein, are required for
replication.”®” The docking scores of the compounds varied be-
tween -4,340 and -3,266 kcal/mol. As a result of docking studies,
compound 6 made a hydrogen bond with Ser814; a charged (neg-
ative) interaction with Asp760, Asp761, Asp618, and its binding
affinity was determined at -4,370 kcal/mol, as shown in Figure 6.

It has been reported that quercetin is a potential inhibitor of
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FIGURE 3 Cytopathological effects of the SARS-CoV-2 in Vero E6 cells compared to the control group. A, Control group, (B) cytopathological
changes caused by SARS-CoV-2. A, Image of Vero cells at the end of the 96th hours of incubation (RPMI-1640 medium contained 1% fetal calf
serum). B, Picture of Vero cells infected with SARS CoV-2 at the end of 96th hours of incubation (RPMI-1640 medium contained 100 TCID,,
virus and 1% fetal calf serum). A, B, Under of inverted microscope at 100-fold magnification. SARA-CoV-2, severe acute respiratory syndrome
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FIGURE 4 The effect of compounds 6, 7, 8, 9, 14, and 16 at three different concentrations on severe acute respiratory syndrome
coronavirus 2 replication. P values: C6 (1,60) & VC: P < .01; C6 (0,80) & VC: P < .05; C6 (0,40) & VC: P > .05; C7 (1,60) & VC: P < .01; C7 (0,80)
&VC: P <.01; C7(0,40) & VC: P > .05; C8 (1,60) & VC: P < .05; C8 (0,80) & VC: P > .05; C8 (0,40) & VC: P > .05; C9 (1,60) & VC: P < .05; C9
(0,80) & VC: P < .05; C9 (0,40) & VC: P < .05; C14 (1,60) & VC: P < .01; C14 (0,80) & VC: P > .05; C14 (0,40) & VC: P > .05; C16 (1,60) & VC:

P <.01; C16 (0,80) & VC: P < .05; C16 (0,40) & VC: P < .05

the 6M71-encoded protein. In the docking study in extra pre-
cision mode, the docking score of quercetin was calculated as
-6,108 kcal/mol.®

Viral RNAs were converted into various polyproteins with
the effect of MP™ of SARS-CoV2. Moreover, 6YB7 PDB-encoded
protein was used as a target protein in docking studies. The dock-
ing scores of the compounds ranged from -3,953 to -2,748 kcal/
mol. It has been reported that Lys5, Ala285, Leu286, Glu288,
Asp289, Glu290, located in the catalytic region of the protein,

were responsible for the disruption of MP™.3> Compound 6 with
the highest activity and docking score of -3,953 kcal/mol made
hydrogen bond with Lys5; hydrophobic interaction with Leu286;
and a charged (negative) interaction with 1u288, Asp289, Glu290,
as shown in Figure 7. Remdesivir and ritonavir are known to be a
potential inhibitor of MP™ and interacts well with 6YB7-encoded
protein. Docking scores of remdesivir and ritonavir were calculated
as -5,317 and 5.098 kcal/mol respectively in the docking study in
extra precision mode.%’
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FIGURE 5 The effect of compounds 13 and 15 at three different concentrations on severe acute respiratory syndrome coronavirus 2 replication. P
values: C13 (2,0) & VC: P < .05; C13(1,0) & VC: P> .05; C13(0,5) & VC: P > .05; C15 (2,0) & VC: P < .01; C15 (1,0) & VC: P < .01; C15 (0,5) & VC: P < .05

TABLE 2

Entry
6

13

Interactions
Type

H-bound

Hydrophobic

Charged (-)

Charged (+)
Polar
H-bound

Hydrophobic

Charged (-)

Charged (+)
Polar
H-bound

Hydrophobic

Charged (-)
Charged (+)
Polar
H-bound
Hydrophobic

Charged (-)

Charged (+)
Polar
H-bound
Hydrophobic
Charged (-)
Charged (+)

Polar

6M71

Ser814

Ala762, Leu758, Cys813, Cys799, Trp800, Trp6é17,
Tyr619

Asp618, Asp761, Asp760, Glu811

Lys798

Ser814

Ala762, Cys813, Cys622, Tyr619, Trp800, Trp6é17,
Tyr619

Asp618, Asp761, Asp760, Glu811

Lys798
His810

Ala762, Phe812, Cys813, Pro620 Trp800, Trp617,
Tyr619, Val763

Asp618, Asp761, Asp760, Glu811
Lys798, Lys621

Ala762, Leu758, Cys813, Phe812 Trp800, Trp617,
Tyr619, Val763 Cys622, Pro620

Asp618, Asp761, Asp760, Glu811

Lys798, Lys621

Trp800

Cys813, Cys799, Phe812, Trp800, Trp617, Ala797
Asp618, Asp761, Glu811

Lys798

Ser814, His810

Interactions of compounds with active sites of the target proteins

6YB7
Lys5
Leu286, Tyr126

Glu288, Asp289, Glu290,
Asp197

Argl131, Lys137

Ser139, GIn127

Lys5

Leu286, Cys128, Ala129

Glu288, Asp289, Glu290,
Asp197

Argl131, Lys137
Ser284

Leu286, Leu287, Cys128

Glu288, Asp289, Glu290
Lys137, Lys5
GIn127, Ser284, Thr199

Leu286, Tyr126, Leu287,
Tyr237, Tyr239

Glu288, Asp289, Glu290,
Aspl197

Arg131, Lys137, Lys5
Asn238, Thr199, Thr198

Leu286, Leu287, Tyr239
Glu288, Asp289, Glu290,
Argl131, Lys137

Ser284, Thr199

6LGZ

Arg403, Gly496

Tyrd95, Tyr505, Phe497, Tyr453, Ala387,
Pro389, Phe390

Asp38, Glu37, Glu35, Glu406

Lys353, Arg393
Serd94, GIn493, His34, Asn33, GIn389
Arg403

Tyrd95, Tyr505, Phe497, Tyr453, Ala387,
Pro389, Phe390

Asp38, Glu37, Glu35, Glu406

Arg393
Serd94, GIn493, His34, Asn33, GIn389

Tyr505, Ala387, Ala386, Phe356, Val503

Asp405
Arg403, Arg393
His34, Thr324

Tyr505, Ala387, Ala387, Tyr453

Glu37, Glu35, Glu406

Arg403, Arg408, Lys353, Lys417
His34

Tyr505, Ala387, Tyr453, Tyr495
Glu37, Asp38, Glu406, Asp405
Arg403, Lys353, Lys414

His34, GIn409

(Continues)
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Interactions
Entry  Type
14 H-bound
Hydrophobic
Charged (-)
Charged (+)
Polar

16 H-bound
Hydrophobic

Charged (-)
Charged (+)
Polar

15 H-bound
Hydrophobic

Charged (-)
Charged (+)

Polar

FIGURE 6
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(Continued)

6M71

Cys799, Tyr619, Phe812, Trp800, Trp617, Ala797
Asp618, Asp761, Glu796, Glug11
Lys798

Ser814
Leu758, Phe812, Cys813, Trp800, Trp617, Tyr619

Asp618, Asp761, Asp760, Glu811
Lys798

Ser814
Cys813, Cys799, Trp800, Phe812, Ala797

Aspé618, Asp761, Glu811

6YB7

Leu286, Leu287, Tyr239
Glu288, Asp289, Glu290
Argl31, Lys137

Ser284, Thr199

Asp289

Leu286, Leu287, Thr126,
Cys128

Glu288, Glu290
Argl131, Lys137, Lys5
Ser139, GIn127

Lys5

Leu286, Leu287, Ala285,
Leu282

Glu288, Asp289, Glu290

Lys798 Lys137, Arg131
His810 Thr199
\ s -
» , F
11
GYS
813 =~ SER
814
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FIGURE 7 Interaction of compound 6 with the active site of 6YB7

The spike (S) protein, one of the target proteins for SARS-CoV2,
gives the virus its typical shape, contains a specific binding site that
allows it to attach to the host cell. It attacks ACE-2 receptors in
the host cell. 6LZG PDB-encoded protein was used as the target
protein. The residues in the protein's catalytic region have been
reported as Argd03, Tyr453, Gly496, GIn498, Asn501, Gly502,
Tyr503, Tyr505. The docking scores of the compounds ranged
from -4.127 to -2.772 kcal/mol. In addition to having a high dock-
ing score of -4.127 kcal/mol, compound 6 made a hydrogen bond
with Arg403 and Gly496, as shown in Figure 6. It has been reported
that lopinavir and kaempferol are a potential inhibitor of the 6LZG-
encoded protein and interacts with the spike protein. The docking
scores of lopinavir and kaempferol were calculated as -5,708 kcal/
mol and 5,266 kcal/mol respectively in the extra precision mode
docking study.*®

Docking studies conducted for different target proteins are in
harmony with biological activity studies. Compound 6 (C, value:
32), the compound with the best activity against SARS-CoV-2, also
has the highest docking scores in all target proteins. The most ac-
tive compound concentration of compound 6 was 4.78 uM. These

results show that the efficacy of compound 6 against SARS-CoV-2
is remarkable. Molecular docking studies also support these activity
results.

Besides bioactivity studies and molecular docking studies,
the physicochemical and ADMET properties of the compounds
are critical in terms of drug-likelihood. Many compounds with
significant biological activity do not make it to clinical trials
because of their unsuitable physicochemical and toxicological
properties. These properties of the compounds are described
in QikProp (Maestro, Schrodinger 11.8), Datawarrior v4.07.02,
and pre-ADMET software (https://preadmet.bmdrc.kr).** The
compounds’ toxicological evaluation shows that none of them
has the potential to be carcinogenic or mutagenic. Also, the
compounds exhibit medium-level ability to inhibit the hERG
potassium channel and CYP450. For ADMET properties, it
has been shown that the properties of all compounds are suit-
able. In addition, all of the synthesized compounds comply
with Lipinski's rule of five. Details of the physicochemical and
ADMET properties of the compounds are given in Tables 3 and
4, respectively.
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Chalcone derivatives were also analyzed in silico for their pharma-
cokinetic properties and were validated as having drug-like nature.
This library was considered for tackling the modern-day issue of
SARS-CoV-2 and further tested against homology modeled MP™,
RdRp, and S proteins. Considering the potential efficacy of these
newly synthesized compounds against SARS-CoV-2, we believe that
these molecules may be the potentially effective drug candidates.
However, further studies are needed to test the effectiveness of

these molecules by in vivo tests.
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