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ABSTRACT

Macromolecules i.e., carbohydrate derivatives are crucial to biochemical and medical research. Herein,
we designed and synthesized eight methyl o-D-glucopyranoside (MGP) derivatives (2-8) in good yields
following the regioselective direct acylation method. The structural configurations of the synthesized
MGP derivatives were analyzed and verified using multiple physicochemical and spectroscopic tech-
niques. Antimicrobial experiments revealed that almost all derivatives demonstrated noticeable antifun-
gal and antibacterial efficacy. The synthesized derivatives showed minimum inhibitory concentration
(MIC) values ranging from 0.75 pg/mL to 1.50 pg/mL and minimum bactericidal concentrations (MBCs)
ranging from 8.00 pg/mL to 16.00 pg/mL. Compound 6 inhibited Ehrlich ascites carcinoma (EAC) cell pro-
liferation by 10.36% with an IC50 of 2602.23 pg/mL in the MTT colorimetric assay. The obtained results
were further rationalized by docking analysis of the synthesized derivatives against 4URO and 4XE3
receptors to explore the binding affinities and nonbonding interactions of MGP derivatives with target
proteins. Compound 6 demonstrated the potential to bind with the target with the highest binding
energy. In a stimulating environment, a molecular dynamics study showed that MGP derivatives have
a stable conformation and binding pattern. The MGP derivatives were examined using POM
(Petra/Osiris/Molinspiration) bioinformatics, and as a result, these derivatives showed good toxicity,
bioavailability, and pharmacokinetics. Various antifungal/antiviral pharmacophore (0°~, 0’°~) sites were
identified by using POM investigations, and compound 6 was further tested against other pathogenic
fungi and viruses, such as Micron and Delta mutants of SARS-CoV-2.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

(Bertozzi and Kiessling, 2001). Carbohydrates are found in DNA
(deoxyribonucleic acid) and RNA (ribonucleic acid), which are fun-

Carbohydrates are known to form glycoproteins when com- damental polymers of D-ribose-phosphate and 2-deoxy-D-ribose
bined with proteins and glycolipids when combined with lipids phosphate to which purine and pyrimidine bases are linked at
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the C-1 position. Carbohydrates are globally accepted as several
groups of compounds that are omnipresent in nature. Approxi-
mately 75% of the dry weight of the plant is technically a carbohy-
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(Chen and Fukuda, 2006). The significance of carbohydrates (aside
from the direct benefits) is that they offer an additional benefit;
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carbohydrate breakdown through various foods leads to the con-
sumption of other needed nutrients. Thus, it is advisable to seek
out unique sources of carbohydrates in the diet. Additionally, car-
bohydrates are regarded as a source of biofuel that powers essen-
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tial biochemical activities such as metabolism (Varki, 1993;
Seeberger and Werz, 2007). Carbohydrate molecule investigations
have offered surprising results in the fields of medicinal chemistry,
and their derivatives have been found to have good antibacterial,
antifungal, antiprotozoal, antitumor, anti-inflammatory, antidia-
betic and antineoplastic activities against human and plant patho-
genic microorganisms (Joshi et al., 2023; Kabir et al., 2004, 2009,
Saha et al., 2021). Since ancient times, scientists have become
interested in carbohydrates because of their broad relevance in
the biomedical sector with regard to bacterial, viral, and fungal
infections as well as cell proliferation (Berredjem et al., 2020;
Jordheim et al., 2012; Judge et al., 2013).

According to a reliable literature review, a variety of biologically
active compounds contain substituents such as aromatic rings
(halobenzoyl, nitrobenzoyl, alkylbenzoyl, and acybenzoyl),
heteroaromatic rings, and aliphatic chains (Bulbul et al., 2021;
Kawsar et al., 2011; Misbah et al., 2020; Shagir et al., 2016). It
was shown that the biochemical and biological activity of com-
pounds based on carbohydrates can be greatly increased by ben-
zene rings, substituted benzene rings, —NO2, S, and X-based
groups, among other things. (Hosen et al.,, 2022; Konze et al.,
2019; Kuzmanic and Zagrovic, 2010). It was also found that the
biological potential of a molecule can be enhanced by connecting
the active moiety with an aromatic and heterocyclic part. This con-
nection is considered a crucial factor in the process (Hasan et al.,
2022; Kawsar et al., 2011; Mahmud et al., 2021a, 2021b; Maowa
et al.,, 2021a, 2021b). According to a study on the regioselective
acylation of carbohydrate derivatives and their antimicrobial activ-
ities (Farhana et al., 2021a, 2021b), attaching two or more highly
electron-rich heteroaromatic nuclei and aliphatic chains signifi-
cantly improves the derivatives’ antimicrobial activity compared
to the parent nucleus (Banerjee et al., 2018; Bechlem et al., 2010;
Daina et al,, 2017; Mahmud et al,, 2021a, 2021b; Kawsar and
Kumer 2021).

Inspired by the abovementioned, a series of MGP derivatives
were synthesized with different acylating agents inserted at posi-
tions 6, 2, 3 and 4 in methyl a-D-glucopyranoside structures to
synthesize novel MGP derivatives. The in vitro antimicrobial evalu-
ation of several MGP-based derivatives 2-8 with different aliphatic
and aromatic chains against seven pathogens, molecular docking
analyses against the 4URO and 4XE3 receptors along with ADMET
(absorption, distribution, metabolism, excretion, and toxicity),
antiproliferative effects and cytotoxicity are reported herein. To
confirm the stability of the docked complexes, molecular dynamics
was performed for 100 ns. Furthermore, we analyzed the POM
studies of MGP derivatives 2-8 to identify their pharmacophore
sites for the first time.

2. Materials and methods
2.1. Materials and chemical reagents

Unless otherwise stated, all reagents were used precisely as
received and were commercially available (Aldrich). "H NMR spec-
tra (400 MHz) and '3C NMR spectra (100 MHz) were recorded for
solutions in deuteriochloroform (CDCls) unless specified, (internal
Me,Si) with a Bruker spectrospin spectrometer at BCSIR Laborato-
ries, Dhaka.

2.2. Synthesis of glucoside derivatives

2.2.1. Methyl 6-O-(triphenylmethyl)-u-D-glucopyranoside (2)

A solution of methyl a-D-glucopyranoside (1) (100 mg, 0.515
mmoL) in dry (CH;3),NC(O)H (DMF: dimethylformamide) (4 mL)
was cooled to 0 °C and treated with 1.1 M equivalents of triphenyl-
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methyl chloride (0.162 g) with continuous stirring while maintain-
ing the °C temperature for six hours [4-dimethylaminopyridine
(DMAP)/tryethylamine (TEA)]. Stirring continued at ambient tem-
perature overnight. The contents of the flask were extracted three
times with ten milliliters of CHCI3 after a few pieces of ice were
placed in the flask to remove the surplus reagent. The obtained
thick liquid was separated by silica gel column chromatography
with CH;OH-CHCl3 (1:24) to yield title compound 2 as a needle.

Yield (109 mg, 79.12%), white solid, m.p. 122-125 °C. FTIR vpax
(KBr): 1689 (—CO0), 3405-3501 (br, —OH) cm~'; 'H NMR (400 MHz,
CDCl3) 8y ppm H 7.70 (6H, m, Ar—H), 7.32 (9H, m, Ar—H), 4.91 (1H,
d,J=3.4Hz,H-1),4.76 (1H, dd, ] = 5.2 and 12.2 Hz, H-6a), 4.55 (1H,
dd,] = 2.1 and 12.1 Hz, H-6b), 3.94 (1H, t, ] = 9.2 Hz, H-3),3.90 (1H,
t,J = 9.5 Hz, H-4), 3.76 (1H, dd, ] = 3.3 and 10.0 Hz, H-2), 3.62 (1H,
ddd, ] = 2.8, 9.6 and 12.8 Hz, H-5), 3.21 (3H, s, 1-OCH3); '3C NMR
(100 MHz, CDCl3) 8¢ ppm 137.09 (x3), 133.05, 129.69, 129.26
(x2), 129.18 (x3), 126.11 (x3), [(CsHs)3C—], 101.83 [(CeH5)3C—],
99.56 (C-1), 77.34 (C-2), 77.02 (C-4), 76.70 (C-3), 76.48 (C-5),
70.03 (C-6), 68.81 (1-OCH3); LC-MS [M + 1]*: 437.4801; Anal. Calcd
for C;6H,506: C, 71.50; H, 6.40. Found: C, 71.52; H, 6.41%.

2.3. General procedure for the synthesis of methyl 6-O-(triphenylmethyl)-
o-D-Glucopyranoside derivatives (3-6)

Ttriphenylmethyl derivative (2) (80 mg, 0.15 mmoL) in DMF
was cooled to 0 °C, and lauryl chloride (0.07 mL) was added in
the presence of TEA. Lauryl derivative 3 was obtained as a crys-
talline solid after enduring purification by chromatography with
CH30H-CHCl; (1:24) as the eluent. Compounds 4-6 were synthe-
sized and obtained as needles using similar reaction and purifica-
tion techniques.

2.3.1. Methyl 2,3,4-tri-O-lauryl-6-O-(triphenylmethyl)-o-D-glucopy-
ranoside (3)

Yield (91.23 mg, 96.17%), white solid, m.p. 127-128 °C. FTIR
Vmax (KBr): 1701 (C=0) cm~'; 'TH NMR (400 MHz, CDCl5) &y ppm
7.74 (6H, m, Ar—H), 7.38 (9H, m, Ar—H), 5.01 (1H, d, J = 3.3 Hz,
H-1), 497 (1H, dd, J] = 3.4 and 10.0 Hz, H-2), 490 (1H, ¢,
J =9.4 Hz, H-3), 4.51 (1H, t, ] = 9.5 Hz, H-4), 4.37 (1H, dd, ] = 2.1
and 12.1 Hz, H-6b), 3.61 (1H, dd, ] = 4.6 and 10.2 Hz, H-6a), 3.58
(1H, m, H-5), 3.38 (3H, s, 1-OCH3), 2.36 {6H, m, 3 x CH3(CH;)9CH,-
CO—}, 1.65 {6H, m, 3 x CHs(CH,)sCH,CH,CO—}, 1.28 {48H, m,
3 x CHg(CHz)SCHchzco—}, 0.90 {9H, m, 3 x CH3(CH2)10CO—},
13C NMR (100 MHz, CDCl;) 8¢ ppm 172.50, 172.48, 172.46
{3 x CHs(CH3);0C0—}, 145.44, 145.21(x2), 129.04(x6), 127.86
(x3), 126.77(x6) [(CsHs)3C—], 81.35 [(CeHs)3C—], 97.11 (C-1),
72.90 (C-2), 71.34 (C-4), 71.04 (C-3), 69.11 (C-5), 63.12 (C-6),
55.11 (1-OCH3), 34.38, 34.12 (x2), 31.90 (x3), 29.59 (x3), 29.45,
29.32 (x2), 29.24 (x3), 29.15, 25.01 (x2), 24.96, 22.67(x3),
22.65, 22.62 (x3), 21.72, 21.69, 20.09 (x2) {3 x CH3(CH3);0CO0—},
13.51, 13.50, 13.48 {3 x CH3(CH;);0CO—}; LC-MS [M + 1]*:
984.4204; Anal. Calcd for Cg;Hg409: C, 75.65; H, 9.56. Found: C,
75.64; H, 9.57%.

2.3.2. Methyl 2,3,4-tri-O-myristoyl-6-O-(triphenylmethyl)-o-D-glucopy-
ranoside (4)

Yield (95 mg, 96.43%), white solid, m.p. 118-120 °C. FTIR Vax
(KBr): 1707 (C=0) cm™"; 'H NMR (400 MHz, CDCl;) 5 ppm 7.68
(6H, m, Ar—H), 7.31 (9H, m, Ar—H), 5.07 (1H, d, J = 3.4 Hz, H-1),
4.99 (1H, dd, J = 3.2 and 10.1 Hz, H-2), 493 (1H, t, ] = 9.3 Hz, H-
3), 457 (1H, t, ] = 9.5 Hz, H-4), 4.41 (1H, dd, ] = 2.2 and 12.1 Hz,
H-6b), 3.74 (1H, dd, ] = 4.5 and 10.2 Hz, H-6a), 3.68 (1H, m, H-5),
3.39 (3H, s, 1-OCH3), 2.39 {6H, m, 3 x CH5(CH,);;CH,CO—}, 1.66
{GH, m, 3 x CH3(CH2)]0CH2CH2CO_}, 1.27 {48H, m, 3 x CH3(CH2)]O-
CH,CH,CO—}, 0.88 {9H, m, 3 x CH5(CH,);2C0—}; 3C NMR
(100 MHz, CDCls) 3¢ ppm 172.54, 172.48, 172.40 {3 x CH3(CH3)15-
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C0—}, 14522 (x2), 145.18, 129.55, 129.52 (x5), 127.23 (x3),
127.04 (x6) [(CsHs)sC—], 81.13 [(CeHs)sC—], 97.02 (C-1), 72.91
(C-2), 7134 (C-4), 70.66 (C-3), 69.41 (C-5), 63.11 (C-6), 55.12
(1-OCH3), 34.38, 34.36, 34.12 (x2), 31.92, 31.90 (x2), 29.59 (x2),
29.45, 29.37, 29.32 (x2), 29.24 (x3), 29.15, 25.01 (x2), 24.96,
24.92, 22.67(x3), 22.65, 22.64(x3), 22.62 (x3), 21.72, 21.69,
20.09 (x2), 20.07 {3 x CHs(CH,);,CO—}, 14.08, 14.05, 14.01
{3 x CH3(CH,);,CO0—}; LC-MS [M + 1]*: 1062.5311; Anal. Calcd
for CggH10009: C, 76.87; H, 9.42. Found: C, 76.89; H, 9.41%.

2.3.3. Methyl 2,3,4-tri-O-(4-t-butylbenzoyl )-6-O-(triphenylmethyl)-o-
D-glucopyranoside (5)

Yield (129 mg, 76.07%), white solid, m.p. 101-102 °C. FTIR vpax
(KBr): 1711 (C=0) cm™!; 'H NMR (400 MHz, CDCls) &y ppm 8.07
(6H, m, Ar—H), 7.70 (6H, m, Ar—H), 7.55 (6H, m, Ar—H), 7.32 (9H,
m, Ar—H), 5.43 (1H, d, J = 3.6 Hz, H-1), 5.01 (1H, dd, J = 3.5 and
10.6 Hz, H-2), 4.89 (1H, t, ] = 9.1 Hz, H-3), 4.71 (1H, t, ] = 9.5 Hz,
H-4), 4.62 (1H, m, H-6a), 4.51 (1H, m, H-6b), 3.98 (1H, m, H-5),
3.36 (3H, s, 1-OCH;), 1.32 {27H, s, 3x(CHs);C—}; '3C NMR
(100 MHz, CDCl3) 3¢ ppm 174.40, 174.23, 174.11 {3 x(CH3)3CCgHy4-
CO—}, 146.0 (x3), 130.01 (x6), 127.11 (x3), 127.02 (x6)
[(CsHs)3C—], 81.30 [(CeH5)3C—], 132.44 (x3), 132.40 (x2), 132.40,
130.94 (x3), 129.91 (x3), 126.52 (x3), 125.50 (x3) {3 x(CH3)3CCq-
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H,CO—}, 97.01 (C-1), 72.93 (C-2), 71.35 (C-4), 70.61 (C-3), 69.33
(C-5),63.01 (C-6), 55.12 (1-OCH3); 35.60, 35.57, 35.41 {(x3)(CHs)s3-
CCgH4CO—}, 13.67 (x3), 13.65 (x3), 13.42 (x3) {(x3)(CH3)3CCeH4-
CO—}; LC-MS [M + 1]*: 918.1002; Anal. Calcd for Cs9Hg409: C,
77.29; H, 6.90%. Found: C, 77.28; H, 6.91%.

2.3.4. Methyl 2,3,4-tri-O-(bezenesulphonyl)-6-O-(triphenylmethyl)-o-
D-glucopyranoside (6)

Yield (155 mg, 74.15%), white solid, m.p. 111-112 °C. FTIR Vax
(KBr): 1713 (C=0), 1368 (-S0,) cm™'; "H NMR (400 MHz, CDCl5) 8y
ppm 7.75 (6H, m, Ar—H), 7.71 (6H, m, Ar—H), 7.66 (3H, m, Ar—H),
7.53 (6H, m, Ar—H),7.36 (9H, m, Ar—H), 5.18 (1H, d,J = 3.6 Hz, H-1),
5.18 (1H, dd, J = 3.7 and 10.1 Hz, H-2), 5.0 (1H, t, J = 9.5 Hz, H-3),
4.81 (1H, m, H-4), 4.22 (1H, m, H-6a), 4.09 (1H, dd, J = 2.1 and
12.1 Hz, H-6b), 3.91 (1H, m, H-5), 3.38 (3H, s, 1-OCHs); '>*C NMR
(100 MHz, CDCl3) 8¢ ppm 145.55 (x3), 129.76 (x6), 127.65 (x3),
127.51 (x6) [(CeHs)sC—], 81.27 [(CeHs)3C—], 144.35, 144.28,
144.07, 135.40, 135.17, 135.02, 129.79 (x3), 129.11 (x3),126.90
(x3), 126.45 (x3) (x3CsHs550,—); 97.21 (C-1), 72.55 (C-2), 71.23
(C-4), 70.59 (C-3), 69.29 (C-5), 63.13 (C-6), 55.44 (1-OCH3); LC-
MS [M + 1]": 857.9608; Anal. Calcd for C44H40S301,: C, 61.61; H,
4.67. Found: C, 61.60; H, 4.66%.

Glucoside (MGP)
derivatives
Spectral ‘ . LETh!
Characterization Synthesis (petra/osisis/molinspiration)
‘ analyses
Antiproliferative Invitro Antil.nicrobial ‘ Geometry DFT- ]
Activity Screening 1 optimization
Cytotoxicity Evaluation ‘ SAR Study ADMET & Drug
likeness Prediction

{}

Molecular Docking

-

Molecular Dynamics

|

Potent Antimicrobial Agents

Fig. 1. Flow diagram of the whole study.
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2.3.5. Methyl 6-0-(4-methoxybenzoyl)-o-D-glucopyranoside (7)
Methyl a-D-glucopyranoside (1) (100 mg, 0.515 mmol) was dis-
solved in anhydrous DMF (3 mL) and cooled to 0 °C before adding
4-methoxybenzoyl chloride (0.12 mL, 1.1 M eq.) with DMAP. The
samples were stirred at 0 °C for four hours and at room tempera-
ture overnight. A conventional work-up procedure followed by
chromatographic purification with CH30H-CHCl; (1:12) as the elu-
ent afforded the 4-methoxybenzoyl derivative (7). A similar

OH C-(CsHs)s
O cloc-(C¢Hs)
HO 61753 HO
HO _—
HO
OH a
. OMe ) OMe
OC-(C¢Hs)s
R0 0 R,COCI
R,0 b
OR;
OMe
3-6
3.R, =C,,H,;CO-
4.R, = C3H,,CO-
5.R, = C,oH;CO-
6. R,= C¢H,SO,-

Scheme 1A. General procedure for synthesizing derivatives 2-6 (MGP, 1); (a) dry
DMF, 0 °C, 6 h; DMAP, R, = triphenylmethyl chloride; (b) R; = different acyl halides
under the same conditions (3-6).
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experimental and work-up procedure was applied to prepare
compound 8.

Yield (127 mg, 76.90%), white solid, m.p. 108-109 °C. FTIR Vpax
(KBr): 1700 (—CO), 3402-3497 (br —OH) cm~'; "TH NMR (400 MHz,
CDCl5) 8y ppm 8.05 (H, d, J = 8.4 Hz, Ar—H), 7.42 (H, d, ] = 8.1 Hz,
Ar—H), 7.28 (H, d, ] = 8.4 Hz, Ar—H), 6.93 (H, d, J = 7.5 Hz, Ar—H),
5.52 (1H, d, J = 3.7 Hz, H-1), 5.35 (1H, dd, J = 5.1 and 12.1 Hz, H-
6a), 471 (1H, dd, J = 2.1 and 12.2 Hz, H-6b), 4.38 (1H, ¢,
J =9.1 Hz, H-3), 4.24 (1H, t, ] = 9.5 Hz, H-4), 4.22 (1H, dd, ] = 3.7
and 10.0 Hz, H-2), 4.20 (1H, ddd, J = 2.8, 9.8 and 12.7 Hz, H-5),
3.88 (3H, s, Ar-OCH3), 3.38 (3H, s, 1-OCHs); '*C NMR (100 MHz,
CDCl3) &¢ ppm 166.98 (CH30CsH4CO—), 165.50, 133.98 (x2),
125.31, 114.31 (x2) (CH30CsH4CO-), 55.77 (CH30CgH4CO—),
97.17 (C-1), 72.90 (C-2), 71.18 (C-4), 70.43 (C-3), 69.71 (C-5),
63.19 (C-6), 55.22 (1-OCHs); LC-MS [M + 1]*: 329.2913; Anal. Calcd
for C45H,00s: C, 54.82; H, 5.50. Found: C, 54.80; H, 5.51%.

2.3.6. Methyl 2,3,4-tri-O-lauroyl-6-0-(4-methoxybenzoyl)-o-D-
glucopyranoside (8)

Yield (103 mg, 94.96%), white solid, m.p. 110-112 °C. FTIR Vpax
(KBr): 1713 (C=0) cm™!; '"H NMR (400 MHz, CDCl; &, ppm 8.04 (H,
d, J = 85 Hz, Ar—H), 7.71 (H, d, J = 8.1 Hz, Ar—H), 7.54 (H, d,
J = 8.4 Hz, Ar—H), 6.93 (H, d, J = 7.5 Hz, Ar—H), 5.21 (1H, d,
J =3.3 Hz, H-1), 4.96 (1H, dd, ] = 3.4 and 10.0 Hz, H-2), 4.91 (1H,
t, ] = 9.4 Hz, H-3), 490 (1H, t, J = 9.5 Hz, H-4), 4.58 (1H, dd,
J = 2.1 and 12.1 Hz, H-6b), 4.55 (1H, dd, ] = 4.6 and 10.2 Hz, H-
6a), 3.88 (3H, s, Ar-OCHs), 3.51 (1H, m, H-5), 3.21 (3H, s, 1-
OCH3), 2.35 (6H, m, 3 x CH3(CH,)9CH,CO-), 1.66 (6H, m, 3 x CH5(-
CH,)sCH,CH,CO-), 1.31 (48H, m, 3 x CH3(CH;)sCH,CH,CO-), 0.91
(9H, m, 3 x CH3(CHs)10CO-); 3C NMR (100 MHz, CDCl5) 8¢ ppm
172.50, 172.48, 172.46 {3 x CH3(CH;),0C0—},166.66 (CH30CsH,4-
CO—), 165.52, 133.75(x2), 125.30, 114.22(x2) (CH30CgH4CO-),
55.62 (CH50CgH4CO—); 97.17 (C-1), 72.88 (C-2), 71.12 (C-4),
70.55 (C-3), 69.41 (C-5), 63.22 (C-6), 55.11 (1-OCH3), 34.38, 34.12
(x2), 31.90 (x3), 29.59 (x3), 29.45, 29.32 (x2), 29.24 (x3),
29.15, 25.01 (x2), 24.96, 22.67(x3), 22.65, 22.62 (x3), 21.72,

A\

OR, OH
HO O B R,COCl HO 0
HO c
OH OH
OMe OMe

7 1

R,= CgH70,-

R;COC1
d OMe

8. R3 = C] ]H23CO-

J

Scheme 1B. General procedure for synthesizing derivatives 7-8 (MGP, 1); (c) dry DMF, 0 °C, 6 h, R, = 4-methoxybenzoyl chloride; (d) R3 = lauroyl halide.
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21.69, 20.09 (x2) {3 x CHs(CH;);0CO—}, 13.51, 13.50, 13.48
{3 x CH3(CH,);0CO—}; LC-MS [M + 1]*: 876.2206; Anal. Calcd for
Cs1HgsO11: C, 69.92; H, 9.83. Found: C, 69.93; H, 9.82%.

2.4. Antimicrobial screening

Test chemicals comprising partially protected derivatives of
MGP (2-8) were utilized. A total of five human pathogenic bacteria
and two plant pathogenic fungi were utilized for antimicrobial
screening, as illustrated in Table S1.

2.4.1. Antibacterial activity

The in vitro antibacterial activities of the synthesized MGP
derivatives (2-8) were determined by the disc diffusion method
(Bauer et al., 1966). Standard nutrient agar (NA) was used as the
basal medium for antibacterial tests throughout the study.

2.4.2. Microbroth dilution method for MIC and MBC

The minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC) of two test compounds (5 and 6)
against the tested microorganisms were investigated by the Clini-
cal and Laboratory Standards Institute (CLSI) method (CLSI, 2012).

Table 1
Antibacterial screening for gram-positive and gram-negative bacteria.
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2.4.3. Screening of mycelial growth

MGP derivatives (2-8) were tested for in vitro antifungal activ-
ity against two plant pathogenic fungi. The investigation was based
on the poisoned food technique (Grover and Moore, 1962).

2.5. Antiproliferative activity

The MTT colorimetric assay (Islam et al., 2022) was used to
determine the in vitro antiproliferative activity of compounds 1-
8 against Ehrlich ascites carcinoma (EAC) cells. The cells
(5 x 10°) were seeded in 200 pL RPMI-1640 medium in 96-well
plates with different concentrations of compound 6 and incubated
for 24 h at 37 °C, 5% CO, and 100% relative humidity.

2.6. Structure-activity relationship (SAR)

Structure-activity relationship (SAR) analysis was performed to
identify the active component of the synthesized molecule.
According to the membrane permeation concept of (Ingodlfsson
and Andersen, 2011), this well-known technique is frequently
employed in the drug design process.

Diameter of Inhibition Zones (in mm)

Entry B. subtilis (G + ve) S. aureus (G + ve) E. coli (G-ve) S. typhi (G-ve) P. aeruginosa (G-ve)
1 NI NI NI NI NI

2 8+05 NI 9+0.2 NI 9+0.1

3 NI NI NI 10+ 0.1 *12+£0.3

4 10+ 03 NI NI 9105 8102

5 *13+04 *17 £ 0.1 *15+0.2 10+ 04 NI

6 *14 £ 0.5 *15+0.3 *12£03 *14 £ 0.5 *17 £ 0.5

7 *12+0.2 10+ 0.1 9+04 NI + 0.1 NI

8 9+03 1102 10 £ 0.1 NI+ 0.3 NI

Azithromycin **19 £ 0.6 **18 £ 0.5 17 £ 0.4 19 £ 0.5 17 £ 0.5

All experimental triplicate values are shown. Asterisks (*) and double asterisks (**) indicate significant inhibition (p < 0.05). NI = No inhibition.

12
T 10.56
10 [ F
T 831
~ 8 s
<
g
= 5.45
s 6 o -
& I
S
2 4
)
&) 2.22
T o E"“
0
500 250 125 62.5 31.25 15.625
Compound concentration (ug/mL)

Fig. 2. Inhibition of EAC cell growth after treatment with MGP derivative 6.
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2.7. Cytotoxic activity evaluation

The toxicity of glucopyranoside (MGP) derivatives was evalu-
ated using the brine shrimp lethality assay (BSLA) technique as
outlined by McLaughlin (1991). The evaluated MGP derivatives
were dissolved in DMSO and prepared at four different concentra-
tions: 20, 40, 80, and 160 pL. This was achieved by adding 5 mL of
NaCl solution to each vial. The vials labeled A, B, C, and D contained
sample concentrations of 4, 8, 16, and 32 pL, respectively. The
experiment was conducted in triplicate for every concentration,
and each vial was inoculated with 10 brine shrimp nauplii. The
mortality rate of nauplii was determined for each concentration,
and the average percentage was calculated. No fatalities were
observed within the control group.

2.8. Molecular docking, protein selection and visualization

In a molecular docking study, ligands and proteins interact with
each other to produce a best-fitted interactive pose (Opoku et al.,
2019; Saha et al,, 2010). In this study, synthesized molecules were
docked against 4URO and 4XE3 receptors to evaluate their antibac-
terial and antifungal activities, respectively. The 4URO receptor is
the crystal structure of staph gyrase-B, belonging to the Staphylo-
coccus aureus organism, and Escherichia coli BL21 (DE3) as an
expression system. The receptor is composed of four chains with
231 amino acids on each chain. In 4URO, novobiocin is present

Saudi Pharmaceutical Journal 31 (2023) 101804

within the receptor as a cocrystallized ligand. The 4XE3 receptor
is the crystal structure of the cytochrome P450 epoxidase receptor
obtained from Streptomyces antibioticus and Escherichia coli BL21
(DE3) as an expression system. In 4XE3, clotrimazole is present
in the receptor as a complex ligand molecule (Ahmad et al.,
2020; Raies and Bajic, 2016). Swiss PDB viewer software was used
for energy minimization of the proteins. The H++ server was then
used to preserve the ionization state of the receptor’s existing
amino acids after receptors had been verified for missing residues
using PyMol software. After that, Drug Discovery Studio was used
to assess the cocrystallized ligands’ surrounding residues. The MGL
software package’s AutodockVina and AutoDock Tools (ADT) were
used for docking analysis and converting pdb format into Pdbqt
format in both proteins and ligands.

2.9. Molecular dynamic simulations

The thermodynamic properties of the ligand-receptor complex
were studied using GROMACS 20.1 on LINUX UBUNTU. Two inde-
pendent procedures were taken to process the energy minimized
utilizing the steepest descent technique with a 100 ns MD (molec-
ular dynamics) simulation run. The initial phase kept the pressure,
temperature, and particle parameters constant while keeping the
number of particles, volume, and temperature (nvt) constant. A
total of 100,000 energy-saving steps were carried out in this study.
The GROMACS software suite was used to examine the MD simu-

Electron
withdrawing

group

Lauroyl and myristoyl chain
increased the antimicrobial
activity against S. typhi, P.

aeruginosaand A. niger

Electron pushing
group

4 N

Methoxybenzoyl, p-
tolunesulphonyl and 4-t-
butylbezoyl groupsincreased
the antimicrobial activity
against B. subtilisand B. Cereuts,

E. coli and A. niger
) 4

Fig. 3. SAR studies of MGP derivatives 2 against bacterial pathogens.
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lation trajectory. Using the gmx rms and gmx rmsf software, the
RMSD (root mean square standard deviation) and RMSF (root mean
square fluctuation) of the protein-ligand complexes were calcu-
lated. Using the gmx sasa and gmx gyrate tools, the solvent acces-
sible surface area (SASA) and radius of gyration (Rg) were
calculated. The gmx h-bond tool was used to examine hydrogen
bond formation. The graphical representation of the trajectories
was plotted using the Qtgrace program (Rana et al., 2021).

2.10. ADMET profile

Drug-likeness probability, Log S, Log D, Log P, Log Papp (Caco-2
cell permeability), Pgp inhibitor, Pgp substrate, human intestine
absorption, plasma protein binding, blood-brain barrier penetra-
tion, distribution volume, CYP450 1A2, 3A4, 2C9, 2C19, and 2D6
inhibitors, half-life T1/2, clearance, hERG blocker, human hepato-
toxicity, AMES mutagenicity, skin sensitivity, LD50, drug-induced
liver injury, maximum recommended daily dose, molecular
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weight, hydrogen bond acceptor, donor, topological polar surface
area, Chem AGG aggregator, and false positive probability data of
all synthesized molecules were established employing ADMETIab
(Singh and Siddiqi, 2017).

2.11. POM (petra/Osiris/molinspiration) study

The POM (Petra/Osiris/Molinspiration) theory emerged with
the aim of identifying and optimizing pharmacophore sites for
antibacterial (Hadda et al., 2013a, 2013b), antifungal (Mabkhot
et al., 2014), antiviral (Rachedi et al., 2019), antiparasitic (Bhat
et al.,, 2021), and antitumor (Bechlem et al., 2010) agents. POM the-
ory, originally developed for a specific biotarget, has been
expanded to encompass a range of diverse biotargets (Hadda
et al.,, 2020). We are conducting an analysis on compounds 1-8
to determine the appropriate pharmacophore sites.
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Fig. 4. Nonbonding interactions of compounds 6, 8 and 7 with 4URO.
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3. Results
3.1. Chemistry

Following the schematic flow in Fig. 1, derivatives 2-8 were
successfully synthesized by selective tritylation (Scheme 1A) and
4-methoxybenzoylation (Scheme 1B) using a direct acylation
method [50]. The identity of the chemical structures was con-
firmed by multiple spectroscopic methods (Table S1 and
Figs. S1-S3).

3.2. Antibacterial screening

The results of the antibacterial tests for derivatives 1-8 against
seven pathogens are displayed in Tables 1, S2 and Figs. S4 and S5.

3.3. Antifungal susceptibility

All derivatives were tested for their antifungal activity against
Aspergillus niger and Aspergillus flavus, and the results are shown
in Table 1.
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3.4. MTT assay for anticancer activity
The antiproliferative activity of compounds 1-8 was investi-
gated by MTT assay against EAC cells, and the results are depicted
in Fig. 2.

3.5. Structure-activity relationship

The structure-activity relationship (SAR) was studied to explain
MGP derivative antibacterial processes (Fig. 3).

3.6. Cytotoxic activity against saline shrimp

The cytotoxic effects of the synthesized MGP derivatives (2-8)
in the saline shrimp lethality bioassay are depicted in Fig. S8.

3.7. Molecular docking

Molecular docking results against 4URO for the synthesized
compounds 1-8 are shown in Table 3. Types of interactions for
compounds 6, 7 and 8 with URO are demonstrated in Fig. 4 and

LEU
HIS A:65
A:351
PHE ARG
LEU d g GLY
A296 A:298 HIS
A:94 A:354 A:358

GLY ILE

A:294 A:357
LEU
A:396
VAL
A:93
VAL PHE
A:291 A:349
ALA ALA
A:348 A244
THR
A:248
LEU
A:290
2
PHE
A:296
ARG
A:298

Fig. 5. Nonbonding interactions of compounds 6 with 4XE3.
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Fig. 6. MD simulation results of all the molecular complexes with 4URO.

for compound 6 with 4XE3 in Fig. 5 and Table S4. All the binding
energies of the synthesized molecules docked with 4URO and
4XE3 have been inserted in Fig. S10. The validation of the receptor
proteins was also assessed using the Lig-plot and Ramachandran
plot through the PDBsum online server (Fig. S9).

3.8. Molecular dynamics (MD) simulation performance

The RMSD values of the 4URO and 4XE3-ligand complexes were
found to be within 0.11-0.23 nm and 0.144-0.159 nm, respectively
(Figs. 6 and 7).

3.9. ADMET exploration

In silico ADMET profiling of compounds 1-8 was investigated
and is displayed in Table S5.

3.10. POM (petra/osiris/molinspiration)

The identification of the pharmacophore sites of the MGP
derivatives was determined based on their physical and chemical
properties using the Petra, Osiris, and Molinspiration (POM) inter-
face (Fig. 8, Tables 4 and S6) (Grib et al., 2020).

3.11. Identification of combined antibacterial/antifungal/antiviral
pharmacophore sites

The comparison between the pharmacophore of dithymo-
quinone, a promising anti-COVID-19 agent (Hadda et al., 2013a,
2013b, 2019), and the pharmacophore site of compound 6, which
exhibits antibacterial, antifungal, and antiviral properties, has been
studied and is demonstrated in Figs. 9 and S11.

4. Discussion

The main goal of this research was to enact a selective trityla-
tion (Scheme 1A) and 4-methoxybenzoylation (Scheme 1B) of
methyl o-D-glucopyranoside (1) using a direct acylation method
(Shagir et al.,, 2016). The initial step was to prepare the only
intermediate in this research, namely, methyl 6-O-triphenylme
thyl-o-D-glucopyranoside (2). For this purpose, the main attention
was to carry out selective acylation of methyl o-D-glucopyranoside
(1) with triphenylmethyl chloride in dry DMF at —5 °C. The work-
up procedure was achieved by filtration and purification by col-
umn chromatography, and as a result, triphenylmethyl derivative
(2) in 69.0% yield and a melting point of 122-125 °C was obtained
and used for the next step. The FTIR spectrum showed characteris-
tic peaks at 1689 (—CO) and 3405-3501 cm™! (br, —OH stretching).
The 'H NMR spectrum showed two characteristic six-proton mul-
tiplets at 6 7.70 (Ar—H) and nine-proton multiplets at § 7.32
(Ar—H) due to the three phenyl protons of the trityl group. The
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Fig. 7. MD simulation results of all the molecular complexes with 4XE3.

downfield shift of the C-6 protons to 4.76 (as dd, ] = 5.2 and
12.2 Hz, H-6a) and 4.55 (as dd, ] = 2.1 and 12.1 Hz, H-6b) from their
precursor (1) values and the resonances of other protons in their
predicted positions demonstrated attachment of the triphenyl-
methyl group at position 6. The >C NMR spectrum also supported
the presence of one triphenylmethyl group by demonstrating all
the characteristic peaks. The rest of the FTIR, 'H NMR and other
spectra were completely in compliance with the structure accord-
ing to the trityl derivative as methyl 6-O-triphenylmethyl-o-D-glu
copyranoside (2) (Fig. S1). The sterically less hindered primary
hydroxyl group (Islam et al., 2022) of the ring may be more reac-
tive, resulting in the synthesis of the 5-O-triphenylmethyl deriva-
tive (2) (Scheme 1A).

In addition, the structure was confirmed as methyl 6-O-(triphenyl
methyl)-a-D-glucopyranoside by examining its COSY (correlation
spectroscopy), HSQC (heteronuclear single quantum coherence),
and HMBC (heteronuclear multiple bond correlation) spectral data
as well as the >C NMR spectrum (2) (Table S1 and Fig. S2).

The structure of the triphenylmethyl derivative (2) was also
determined by its transformation to and consolidation of its lau-
royl derivative (3). Its 'H NMR spectrum exhibited two six-
proton multiplets at 2.36 {3 x CH3(CH,)oCH,CO—}, 5 1.65 {3 x CH5(-
CH,)sCH,CH,CO—}, a forty-eight-proton multiplet at § 1.25
{3 x CHz(CH;)sCH,CH,CO—} and a nine-proton multiplet at ¢
0.90 {3 x CHs5(CH;);0CO—}, thereby suggesting the presence of
three lauroyl groups. Further support for the structure of com-
pound (2) was achieved by synthesizing its myristoyl (4), 4-t-
butylbenzoate (5) and benzenesulfonyl (6) derivatives by the usual
procedure with good yields (Scheme 1B).

4-Methoxybenzoate with methyl a-D-glucopyranoside 1 was
obtained using 4-methoxybenzoyl chloride by applying direct acy-
lation methods. The corresponding 4-methoxybenzoyl derivative

10

(7) was isolated in good yield. In its 'H NMR spectrum, four char-
acteristic doublets at § 8.05, 7.42, 7.28, and 6.93 and a three-proton
singlet at ¢ 3.88 indicated the presence of the 4-methoxybenzoyl
group in compound 1. The FTIR, 'H- and 3C NMR spectra of lau-
roate 8 admittedly displayed the formation of the 2,3,4-tri-O-
lauroyl-product (8) (Fig. S3).

The antimicrobial results of compounds 1-8 revealed that com-
pound 5 demonstrated the highest zone of inhibition against B. cer-
eus (17 £ 0.1 mm) and B. subtilis (13 £ 0.4 mm), while compound 6
exhibited a considerable zone of inhibition against both B. subtilis
(14 + 0.5 mm) and B. cereus (15 £ 0.3 mm). Remarkably, com-
pounds 7 and 8 exhibited a fluctuating zone of inhibition against
both gram-positive pathogens. On the other hand, compound 3
did not show any inhibitory activity against the tested gram-
positive bacteria. Furthermore, based on the data presented,
derivative 6 revealed a zone of inhibition against all three
gram-negative bacteria: E. coli, S. typhi and P. aeruginosa. Com-
pounds 3 and 4 inhibited two bacteria: P. aeruginosa and S. typhi.
In addition, during the assessment of antibacterial properties
against pathogenic bacteria, the minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC) values of
the most potent derivatives (MGP, 1) were determined (Table S3,
Figs. S6 and S7) (Bulbul et al., 2021; Misbah et al., 2020). In fact,
compounds 5 and 6 exhibited the most effective antibacterial
properties against the tested strains, with minimum inhibitory
concentration (MIC) values ranging from 0.25 to 2.0 pig/mL. Both
compounds exhibited inhibitory activity against all tested bacteria.
Compound 6 demonstrated the highest level of inhibitory activity
against P. aeruginosa, with a recorded value of 0.25 pg/mL. For all
derivatives, the lowest MBC value of 8.00 ng/mL was against B. cer-
eus, while the highest MBC value of 16.00 pg/mL was observed for
these compounds against B. subtilis and E. coli. The minimum bac-
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Fig. 8. Utilizing POM theory, the pharmacophore sites of different drug categories are determined and optimized.

tericidal concentration (MBC) values for these compounds, with
respect to the other tested organisms, fall within the range of 8.0
0-16.00 pg/mL (Kabir et al., 2004, 2008; Sheikh and Hadda, 2013).

In addition, all derivatives constructed, including MGP 1, exhib-
ited significant inhibition of mycelial growth in both A. niger and A.
flavus, as shown in Table 2. Among the tested derivatives, com-
pound 6 inhibited 67.92% of A. niger and 66.46% of A. flavus in their
potential antifungal assessment. Robust mycelial growth preven-
tion was also observed for compounds 5 and 8 against A. niger
(58.41% and 66.41% and 59.54% and 63.31%, respectively). More-
over, promising mycelial growth prevention was observed for com-
pound 5 against A. niger (48.40%) in the mycelial growth test. Most
of the compounds, excluding 4, showed activity against both fungi.
The zone of inhibition for compound 6 was higher than that of the

11

reference standard antifungal drug (nystatin) (Farhana et al,
2021b; Waring et al., 2002).

Moreover, the MTT assay was employed to examine the impact
of in vitro anticancer activity on EAC cells following the screening
of compounds 1-8. The study revealed that EAC cell death occurred
in a dose-dependent manner, as illustrated in Fig. 2. Compound 6
exhibited inhibitory effects of 10.36%, 8.31%, 5.45%, 3.78%, 2.22%
and 1.21% at concentrations of 500, 250, 125, 62.5, 31.25 and
15.625 pg/mL, respectively. As the concentration gradually
decreased, the corresponding inhibitory effect also decreased.
The IC5o of compound 6 was determined to be 2602.23 g/mL.

On the other hand, structure-activity relationship (SAR) analy-
sis explained MGP derivative antibacterial processes (Fig. 3). MGP
(1) did not show any antibacterial activity. In general, compounds



M.R. Kayes, S. Saha, M.M. Alanazi et al.

Saudi Pharmaceutical Journal 31 (2023) 101804

( N
0Ol
2%
03%
04%
1 & 2 & 018
Antifungal pharmacophore site Antifungal pharmacophore site Antiviral pharmacophore site
[POM Theory] [POM Theory] [POM Theory]
3 & 4 5 4 5.
~ J
Fig. 9. Identification of potential antifungal/antiviral (O, O’) pharmacophore sites.
Table 2

Percent inhibition of fungal mycelial growth.

Entry Millimeters of Fungal Mycelial Growth Inhibition
in DMSO (20 pg/uL).
Aspergillus niger Aspergillus flavus
1 NI NI
2 36.43 33.33
3 46.62 41.30
4 31.92 NI
5 *58.41 +0.12 *59.54 + 0.14
6 *67.92 + 0.46 *66.46 + 0.30
7 48.40 £ 0.22 35.38 £0.32
8 *66.41 + 0.37 *63.31 £ 0.51
Nystatin **66.40 + 0.05 **63.10 + 0.09

An asterisk * for test compounds: double asterisk ** for the reference antibiotic, * for
the significant value, NI = No inhibition.

comprising a fused myristoyl moiety were more active than those
comprising a ribose moiety for most tested bacteria. In contrast,
the lauroyl-containing analog (3) was weaker than the myristoyl
derivative (4). On the other hand, aromatic derivatives (5, 6 and
7) were more active against all bacteria than aliphatic derivatives.
The MIC values for the produced compounds in this investigation
ranged from 0.25 to 2.0 mg/L, suggesting that gram-negative bac-
teria were more resistant to the compounds. Gram-positive and
gram-negative bacteria likely behave differently, as they have dis-
tinct cell wall compositions. One possible reason for this is that the
outer membrane surrounding the peptidoglycan of gram-negative
bacteria prevents diffusion through the lipopolysaccharide (LPS)
coating. As a highly effective barrier against the quick penetration
of different chemicals, the LPS layer is crucial in enabling selective
permeability. Hydrophobic interactions cause bacteria to lose

12

membrane permeability, which ultimately results in cell death
(Ing6lfsson and Andersen, 2011; Zhou and Wang, 2020; Li et al,,
2010).

Furthermore, the cytotoxic effect of synthesized MGP deriva-
tives (2-8) in the saline shrimp lethality bioassay method
(Kawsar et al., 2008) is depicted in Fig. S8, which illustrates the
percentage of dead shrimp after 24 and 48 h. Long alkyl chains
increased cytotoxicity, and it was postulated that the addition of
a phenyl ring would enhance hydrophobicity and cytotoxicity.
Based on the data, it was determined that MGP derivative 2 was
the least toxic, causing 32.11% of deaths. Compounds 4 and 5
exhibited the highest levels of toxicity of 47.64% and 48.21%,
respectively. In addition, MGP derivatives (3 and 8) were found
to be less toxic to brine shrimp. Observations revealed that
triphenylmethyl/4-methoxybenzoyl chain derivatives are less
cytotoxic than myristoyl/4-t-butylbenzoyl chain derivatives. In
addition, the cytotoxic effect of alkyl chain derivatives increases
with increasing concentration.

As per the drug discovery studio data, the cocrystallized ligand
novobiocin of the 4URO receptor (Table 3) interacted with ASN 54,
ASP 81, ASP 89, and ARG 144 by hydrogen bond interactions; ARG
84, GLU 58, and ARG 200 by pi-anion/pi-cation interactions; and
PRO 87 and ILE 102 by pi-alkyl interactions. In the case of the
4XE3 receptor, the complex ligand clotrimazole was stabilized by
a pi-sulfur interaction with CYS 356 by pi-alkyl interactions with
amino acid residues of LEU 94, ALA 244 and VAL 291. In addition
to the molecular docking between all the synthesized molecules
and 4URO, molecule 6 was observed as the best-fitting molecule
with a docking energy of —9.8 kcal/moL, followed by compounds
8 and 5 with docking scores of —8.6 kcal/moL and —8.4 kcal/moL,
respectively (Table 3) (Zhang et al., 2011). Compound 6 interacted
with ASN 54, ASP 57, ALA 61, ILE 86, GLN 91, ALA 98, ARG 200, GLU
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Table 3
Molecular docking results of the synthesized molecules against 4URO.

Entry Dock Interacting Residues RMSD RMSF  Lennard-Jones- Coulombic-Short  Average SASA
Score Short Range: Range: Protein- Radius of (nm/S?/
(Kcal/mol) Protein-Ligand Ligand (KJ/Mol) gyration  N)

(KJ/Mol)
1 -5.6 ASN 54, SER 55, ASP 81 by hydrogen bond interactions. ASP  0.163  0.0674  —0.0125425 —0.0346673 1.6582 114.7077
81 by unfavorable acceptor-acceptor interaction.

2 -72 ARG 144 by hydrogen bond interaction, GLU 58 by pi-anion 0.178 0.0817 —37.9322 —10.7936 1.6672 116.9757

interaction, ILE 86, PRO 87, ILE 102 by pi-alkyl interaction.

3 -7.4 ILE 86, PRO 87, ILE 102 by pi-alkyl interaction, TYR 229 by pi- 0.229  0.884 —0.335858 -0.291914 1.6818 129.0015

pi interaction.

4 -82 ARG 144, ASN 145 by hydrogen bond interaction, ASP 89, 0.152 0.078  —18.0879 —0.0175833 1.6472 128.5847

GLU 193 by pi-cation interaction, ARG 84, PRO 87, ILE 86, ILE
102, TYR 227 by pi-pi interaction.
5 -84 TYR 229 by hydrogen bond interaction, GLU 58 by pi-anion 0.111 0.0818  —0.00109673 0.00146823 1.6449 125.8481
interaction, ILE 86, ILE 102, ALA 61 by pi-pi interaction, PHE
204 by pi-pi stacked interaction, ASP 57 by pi-sigma
interaction.
6 -9.8 ARG 84 by hydrogen bond interaction, GLU 58 by pi-anion =~ 0.128 0.0733 —-10.08751 0.431476 1.6478 124.6634
interaction, PHE 204 by pi-pi stacking interaction, ALA 61, ILE
86, ALA 98, ARG 200 by pi-alkyl interaction.

7 -6.2 GLU 58, ARG 84 by pi-anion interaction, PRO 87 by pi-alkyl 0.124 0.0655 —0.00115603 0.000529796  1.6471 115.9002

interaction.

8 -8.6 ARG 84 by hydrogen bond interaction, PRO 87, ILE 86, ILE51, 0.165 0.0799  —0.0349385 0.00970908 1.6353 124.1911

VAL 79, PHE 204 by pi-alkyl interaction.

201, and PHE 204 by different hydrophobic interactions (Fig. 4).
The validation of the receptor proteins was also assessed using
the Lig-plot and Ramachandran plot through the PDBsum online
server (Fig. S9). In the molecular docking analysis of all synthesized
molecules and 4XE3 (Table S4), compound 6 was observed to be
the best-fitted molecule with a docking energy of —10.9 kcal/
moL, followed by compounds 2 and 7 with docking scores of
—8.7 kcal/moL and —7.8 kcal/moL, respectively. Compound 6 inter-
acted well with CYS 396 by a pi-sulfur interaction; PHE 296 by a
hydrogen bond interaction; SER 295 by an amide-pi stacked inter-
action; ALA 244 by a pi-sigma interaction; and VAL 93, LEU 94, LEU
396 by pi-alkyl interactions (Fig. 5). In summary, molecular dock-
ing study data for the assessment of antibacterial and antifungal
activities, 4URO and 4XE3 receptors were used. In the case of the
4URO receptor, compound 6 showed the maximum docking score,
and the surrounding residues of compound 6, such as ARG 84, GLU
58, and ARG 200, were similar to the surrounding residues of novo-
biocin. In the case of the 4XE3 receptor, compound 6 showed the
maximum docking score, and the surrounding residues of com-
pound 6, such as CYS 356, were similar to the surrounding residues
of clotrimazole.

The RMSD values (Almehmadi et al., 2023) of both receptor
(4URO/4XE3)-ligand complexes were within 0.11-0.23 nm and
0.144-0.159 nm, respectively (Figs. 6 and 7). In the case of the
RMSF data of the 4URO-ligand complex, a significant fluctuation
was observed at approximately 1500 atoms with a maximum value
of approximately 0.5 nm. In the case of the RMSF data of the 4XE3-
ligand complex, significant fluctuations were observed at approxi-
mately 1000 atoms and 3000 atoms with a maximum value of
approximately 0.3 nm. These RMSF data confirmed that all ligand
molecules interacted well with the receptor without disturbing
the protein structure integrity. Measurement of Rg values associ-
ated with the receptor (4URO/4XE3)-ligand complex was used to
determine the integrity of the complex with time. In the case of
stable protein structures, the Rg value always maintained a steady
result for the full-time scale, and in the case of unfolded proteins,
the R, values fluctuated over time. Higher R, values correlated with
less stability, and lower R, values indicated more stability of the
protein structure. The Ry values of all ligand-receptor (4URO) com-
plexes were within 1.644823-1.659541 nm, and the Rg values of all
ligand-receptor (4XE3) complexes were within 1.6451-1.6599 nm.
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These data demonstrated the stability of the protein-ligand com-
plex. SASA measurements showed the target protein’s solvent-
accessible area during dynamics. In this work, the SASA values of
the 4URO-ligand complexes were within 114.7077-129.0015 nm/
S?/N, and the SASA values of the 4XE3-ligand complexes were
within 114.7077-129.0015 nm/S?/N. These data confirmed that
ligand molecules did not negatively affect the folding of the protein
structure. As per the Lennard-Jones potential data table, all
receptor-ligand complexes had positive effects on the receptor
affinity of the ligand molecules, whereby in the case of coulombic
interaction energy data for 4URO receptor 4URO-5 (0.000146823),
4URO-6 (0.431476), 4URO-7 (0.000529796), 4URO-8 (0.00970908)
and for 4XE3 receptor 4XE3-1 (0.00126413), 4XE3-3 (0.003529),
4XE3-5 (0.000225823), 4XE3-6 (0.524276), 4XE3-7 (0.0005576),
4XE3-8 (0.0077008) showed less effects on receptor affinity
(Ahmad et al., 2017; Kawsar et al., 2022).

Observation of physicochemical and ADMET profiling data
showed that compound 1 demonstrated the maximum probability
(0.998) with a water solubility value of 0.087. Compound 4 showed
maximum Log P, Log D, blood-brain barrier permeability and
human intestinal absorption of 19.625, 4.572, 0.955 and 0.955,
respectively. The maximum permeation of Caco-2 cells and plasma
protein binding demonstrated that compounds 8 and 6 had values
of —4.786 and 82.712, respectively. The maximum drug-induced
and mutagenicity displayed by molecule 5 was 0.672 and 0.414,
respectively. Compound 7 showed the maximum hepatotoxicity
(with a probability value of 0.736) (Table S5). Based on physico-
chemical and ADMET data, almost all compounds adhered to the
Lipinski rule of five. Compounds 1, 4, 6 and 8 satisfied all criteria
for physicochemical and ADMET data (Afza et al., 2023; Ouassaf
et al., 2022).

The aforementioned POM theory, in its nascent stage, has been
efficaciously expanded to encompass a diverse range of biotargets
(Hadda et al., 2021). In this study, we aimed to identify the phar-
macophore sites of a series of MGP derivatives 1 to 8. Based on
the physical and chemical characteristics of these analogs, the
pharmacophore locations were identified. The Petra, Osiris, and
Molinspiration (POM) platform was employed to do this.

The Osiris analysis conducted on compounds 1-8 revealed that
the majority of the compounds exhibited no adverse effects, with
the exception of compound 4, as indicated in Table S6. Molinspira-
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Table 4
Molinspiration calculations of compounds 1-8.
Entry Geometry and Structure Calculation of Calculation of bioactivity
optimization molecular scores
properties
milogP -2.03 GPCR ligand -0.30
Ion channel modulator ~ 0.00
TPSA 99.38 Kinase inhibitor -0.64
Nuclear receptor ligand  -0.95
1 MW 194.18 Protease inhibitor -0.44
Enzyme inhibitor 0.36
nOHNH 4 “m
nviolations 0
volume 169.34
milogP 343 GPCR ligand 0.04
TPSA 88.39 Ion channel modulator -
MW 436.50 0.13
2 nOHNH 3 Kinase inhibitor -0.11
nviolations 0 Nuclear receptor ligand ~ 0.05
volume 401.03 Protease inhibitor 0.11
¢ Enzyme inhibitor 0.42
milogP 10.66 GPCR ligand -3.54
TPSA 55.40 Ion channel modulator -
3.73
nOHNH 0 Kinase inhibitor -3.70
3 nviolations 2 Nuclear receptor ligand -3.68
volume 1008.07 Protease inhibitor -3.21
Enzyme inhibitor -3.55
milogP 10.85 GPCR ligand -3.71
TPSA 55.40 Ion channel modulator -
3.82
nOHNH 0 Kinase inhibitor -3.81
4 nviolations 2 Nuclear receptor ligand -3.79
volume 1108.88 Protease inhibitor -3.62
Enzyme inhibitor -3.71
miLogP 10.13 GPCR ligand -3.56
TPSA 106.62 Ion channel modulator -
3.73
nOHNH 0 Kinase inhibitor -3.70
5 nviolations 2 Nuclear receptor ligand -3.69
volume 873.67 Protease inhibitor -3.27
Enzyme inhibitor -3.57
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milLogP 7.57 GPCR ligand -2.16
TPSA 157.83 Ion channel modulator -
3.37
nOHNH 0 Kinase inhibitor -3.03
6 nviolations 3 Nuclear receptor ligand -3.04
volume 712.45 Protease inhibitor -1.48
Enzyme inhibitor -2.43
miLogP 0.30 GPCR ligand -0.04
TPSA 122.53 Ion channel modulator -
MW 340.33 0.09
nOHNH 3 Kinase inhibitor -0.30
7 nviolations 0 Nuclear receptor ligand -0.26
volume 296.24 Protease inhibitor -0.06
Enzyme inhibitor 0.17
miLogP 10.41 GPCR ligand -2.40
TPSA 89.55 Ion channel modulator -
341
nOHNH 0 Kinase inhibitor -3.23
8 nviolations 2 Nuclear receptor ligand -3.27
volume 903.28 Protease inhibitor -1.80
Enzyme inhibitor -2.80

tion analysis conducted on the MGP compounds indicated the
presence of superfluous substituents, as the molecular weight
exceeded 500 g/moL. This represents the initial transgression of
Lipinski’s rule of five. A subsequent infraction will manifest if the
calculated logarithm of the partition coefficient (cLogP) exceeds
5. Therefore, compounds 3, 4, 5, 6 and 8 may present a problem
of bioavailability (Table 4).

Dithymoquinone has been identified as a promising anti-
COVID-19 agent, with an MIC in the nanomolar range, as evidenced
by recent research findings (Hadda et al., 2013a, 2013b, 2019). It is
noteworthy that a comparison can be made between the pharma-
cophore site of dithymoquinone (with a distance of dO1-02 = 4.5
A) and the pharmacophore site of compound 6, which exhibits
antibacterial, antifungal, and antiviral properties (with a distance
of dO1-04 = 4.6 A). The significant resemblance prompted us to
proceed expeditiously with the screening of compound 6 for
anti-COVID properties. Who can say? It is possible that a pleasant
surprise awaits our group (Figs. 9 and S11).

Moreover, it is evident that the presence of aromatic sub-
stituents, owing to their high electron density, can significantly
augment both the binding affinity and antimicrobial efficacy of
MGP. In addition, the ADMET analysis conducted to predict the
potential toxicity of the MGP derivatives indicated that all of the
compounds exhibit a nontoxic and noncarcinogenic profile. Fur-
thermore, the investigated compounds exhibited encouraging
pharmacokinetic characteristics. Further investigations on drug-
likeness using in vitro and in vivo experiments, which also consider
nontoxic concentrations toward healthy cells, are likely to be con-
ducted in relation to this fascinating research question. The results
indicate that incorporating multiple electron-enriched and
electron-deficient groups onto the C-6 position followed by the
C-2, C-3, and C-4 positions of MGP structures significantly
improves the antimicrobial efficacy of the synthesized MGP deriva-
tives. The outer membrane of gram-negative bacteria is composed
of phospholipids that exhibit a purely hydrophobic nature
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(Ing6lfsson and Andersen, 2011; Walsh et al., 2019; Zhou and
Wang, 2020). The compounds underwent modification by attach-
ing a lengthy hydrocarbon chain and an aromatic ring at positions
C-6, C-2, C-3, and C-4, thereby conferring hydrophobic interaction
capability. Theoretically, it could be assumed that MGP derivatives
engaged in hydrophobic interactions with the external phospho-
lipid membrane of bacteria. Computational approaches have
demonstrated their efficacy as tools and have yielded noteworthy
accomplishments in the area of in silico investigations.

5. Conclusion

The novel MGP derivatives designed in this study displayed
potent antimicrobial activity, mainly against bacteria and fungi.
The most affected bacterial pathogens were E. coli, P. aeruginosa
and B. cereus. Additionally, both fungi A. niger and A. flavus were
markedly inhibited by the derivatives. In fact, compounds 5 and
6 should be considered potential candidates for designing and
developing more productive and enhanced antimicrobial agents
against several human and plant pathogenic microorganisms.
Molecular docking simulation has revealed the binding energy of
ligand-protein interactions, which ensures the efficacy of all novel
compounds against bacteria and fungi. Compared to parent mole-
cules, the docked complexes of compound 6 against 4URO and
4XE3 demonstrated higher binding scores, with significant non-
bonding interactions, in comparison to the parent molecules (1).
This result firmly supports molecular dynamics investigations up
to 2500 ps in a protein pocket and examines the binding stability
of the docked complex in trajectory analysis, indicating that the
protein-ligand complex is highly stable in biological systems.
Additionally, in silico property analysis indicated that compounds
1, 4, 6 and 8 fulfilled all the required criteria of physicochemical
and ADMET data. Based on the preceding discussion, it can be
inferred that compound 6 has the potential to make a valuable con-
tribution to the field of anticancer drug development within the
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pharmaceutical industry. However, further research is necessary to
substantiate this claim. Finally, a POM study revealed that the anti-
fungal and antiviral efficiency of compound 6 bearing the (0% -
0®") pharmacophore site(s) can be improved by subtle modifica-
tion of the terminal substituents.
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